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ABSTRACT

There is a need to accurately link the water level to the shoreline vertical datum for various applications including coastal
management, lake/river/estuary/wetland hydrological or storm surge modeling/forecasting. Coastal topography is historically
surveyed and referenced to the predetermined vertical datum in terms of orthometric heights, or the heights above the geoid,
which is poorly known in terms of accuracy and lack of adequate spatial resolution for coastal applications such as estuary or
storm surge modeling. We demonstrate an accurate linking of the lake surface to a shoreline datum using satellite techniques,
including GPS buoy and satellite altimetry, water level gauges, and local geoid and lake circulation models. The possible er-
ror sources are analyzed and an error budget is reported in this study. An innovated method to estimate geoid height near the
water level gauge using a GPS buoy is proposed. It is found that at a 95% confidence interval, the method is consistent with
the National Geodetic Survey GEOIDO03 geoid model. The lake surface represented using a lake circulation model provided
by the Great Lakes Forecasting Systems is also verified with kriging based on the data (1999 - 2001) from the water level
gauge, and TOPEX/POSEIDON altimeter. Mean discrepancies of 2.7 and 7.2 cm are found with the data from the gauges
around Lake Erie, and from the combination of the gauges and the altimeter, respectively. It reveals that the current dominant
limitation of more accurate linking of water surface to shoreline is the insufficient knowledge of geoid in the current models.
Further improvement is feasible through more accurate and higher resolution modeling of the lake geoid.
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1. INTRODUCTION

There are various forms of geospatial data and models
available in the coastal area, many of which have been in-
dependently collected with different purposes without the
consideration of an integrated use for interdisciplinary ap-
plications. For example, coastal topography is represented
by digital elevation models (DEM). Coastal circulation and
hydrological or estuary models are referenced to a predeter-
mined surface, which is close to an equipotential surface,
assuming hydrostatic equilibrium. The water variation with
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respect to the equipotential surface is expressed in terms of
the orthometric height, or the heights above the geoid. The
tide or water level gauges measure lake level in terms of the
height relative to the local benchmarks. Modern geodetic
and remote sensing sensors such as the Global Positioning
System (GPS), Light Detecting and Ranging (LIDAR), and
satellite altimetry acquire measurements of topographic or
water level heights, referenced within the International Ter-
restrial Reference Frame (ITRF), and often expressed as the
ellipsoidal height above a reference ellipsoid. Many coastal
applications, such as lake forecasting and hydrological mod-
eling, environmental monitoring, coastal zone management,
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flood mitigation, relief dispatch during and after disasters,
and governmental decision-making, require multiple geo-
spatial data sources that are available in the coastal area.
For example, Li et al. (2002) generated a digital tide-coordi-
nated shoreline with multiple data sources including satel-
lite techniques and the conventional methods primarily to
support the coastal zonal management. Such information is
very important in the flood zone identification, storm surge
modeling/forecasting and other environmental monitoring.
The linking of the lake surface, which is manifested by vari-
ous modeling or observations, to a shoreline datum is thus
critical.

Satellite altimetry has proven to be an efficient tool to
observe precise water surface height (< 3 cm RMS error)
with a spatial resolution of ~50 km and a temporal reso-
lution of 1 - 2 weeks (Chelton et al. 2001). The altimeter
water surface height is measured along its ground tracks,
which cross the water bodies being observed. On the other
hand, the coastal water level gauge is a conventional means
to measure the water level but its location is often limited
to near the coastal region. Therefore, geographically speak-
ing, the altimeter data and the water level gauge records are
complementary to each other. However, they also comple-
ment each other in the temporal sense: many gauges in the
Great Lakes have a long-term record up to several decades,
whereas the effective use of satellite altimetry in observing
water surface height has only been 15 years or so. The com-
bined use of both data sets is thus advantageous.

The primary goal of this study is to demonstrate the
link of the lake surface to a shoreline datum using multi-
ple data sources, including water level gauges, satellite al-
timetry, GPS buoy, and the available models such as the
circulation model of the Great Lakes Forecasting System
(GFLS) (Bedford et al. 1990) in Lake Erie. It is intended to
analyze the possible error sources and the current limitation
in this area. Similar studies can be found in, e.g., Parker et
al. (2003) who conducted a program in the National Geo-
detic Survey (NGS) of the US to incorporated data in the
coastal area, including DEM, leveling, and GPS measure-
ments. Although such capability is anticipated for all coasts
in the US, the current version (1.06, as of November 2006)
is only available to 6 coastal regions, in which Lake Erie is
not included.

In this study, we use a novel technique involving the
use of GPS water level and satellite altimetry observations
to demonstrate the accurate linking of Lake Erie water level
with the shoreline datum at the Marblehead and Cleveland
water level gauges and the rest of Lake Erie. In the follow-
ing sections, various vertical datums from the Great Lakes,
methodology, and the error budget will be discussed. The
accuracy assessment of an NGS geoid model (GEOIDO03)
and a circulation model in Lake Erie provided by the GFLS
is carried out with data from GPS buoy and satellite altim-
eter TOPEX/POSIEDON (T/P) lake surface measurements.

The developed methodology is generic and is applicable to
other coastal regions worldwide.

2. VERTICAL DATUMS AND THEIR CONVERSION
IN THE GREAT LAKES

There are various vertical datums available in the Great
Lakes: Fig. 1 illustrates the ellipsoidal (k) and the ortho-
metric (H) heights of the lake level at Point P. Based on
the choices of the reference point, the lake level height at
P can be expressed in two ways: in terms of the ellipsoidal
height above a geocentric reference ellipsoid; or in terms
of the dynamic or the orthometric height above the geoid.
The former is generally preferred by the satellite techniques,
whereas the latter is conventionally used by leveling, DEM,
and the water level gauges. The departure between the ellip-
soidal surface and the geoid is the geoid height (V) as shown
in the figure and Eq. (1). Since the geoid is considered as an
equipotential surface, the geoid height depends on the grav-
ity potential and is thus location-dependent. Note that the
orthometric height is measured along the curved plumb line
but Eq. (1) is dealt with algebraically due to the negligible
deflections of vertical in this area.

Heiskanen and Moritz (1987) mentioned that the grav-
ity potential difference is a natural measure of height. As
illustrated in Fig. 1, the geopotential number (C) is defined
in Eq. (2) as the potential (W) difference between a given
point P (W) and the geoid (W,). Various heights are defined
based on the geopotential number but we only discuss the
dynamic and the orthometric heights here as they are rel-
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Fig. 1. Schematic diagram of the GPS buoy collocated at a water level
gauge: H, h, and N represent the orthometric, the ellipsoidal and the
geoid heights, respectively. W, and W,, refer to the gravity potential at
lake level P and at geoid, respectively. The inset shows the wave-rider
GPS buoy.
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evant to the data used in this study.
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Heiskanen and Moritz (1987) defined the dynamic
height (H,,) and the orthometric height (H) as the geopo-
tential number scaled by a nominal normal gravity at 45°
latitude (7)), in Eq. (3), and by an average gravity along
the plumb line (g ), in Eq. (4), respectively. The dynamic
height does not have the geometric meaning but rather is
the potential difference relative to the geoid expressed in
distance units (Jekeli 2000). The nominal normal gravity
(980.6199203 gal) of the Geodetic Reference System of
1980 (GRS80) (Moritz 1992) is used in this study. On the
other hand, the North American Vertical Datum of 1988
(NAVDS8S) is a common vertical datum of the orthomet-
ric height in the region (Zilkoski et al. 1992). The average
gravity along the plumb line, g, is approximated by using
the surface gravity (g) and its reduction according to Prey
(Heiskanen and Moritz 1987). Therefore the orthometric
height in Eq. (4) is calculated iteratively with geopotential
number in km-gal, the surface gravity in gal, and heights in
km.

Him=7,=""7 " G)
c_._ ¢
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The International Great Lakes Datum of 1985 (IGLDS85)
is the common datum in the Great Lakes for all the water
level gauges maintained by the Center for Operational
Oceanographic Products and Services (CO-OPS) of the US
and the Marine Environmental Data Service (MEDS) of
Canada. Due to various observational, dynamical, and steric
effects, there is a small location-dependent departure from
the gauge record in IGLD85 to the actual dynamic height,
as defined in Eq. (3). This departure is known as the hydrau-
lic corrector and ranges from -2.6 to 2.7 cm (Coordinating
Committee on Great Lakes Basic Hydraulic and Hydrologic
Data 1995).

It can be seen that the conversion between the gauge re-
cord in IGLD85 and the orthometric height can be achieved
by equating Eqs. (3) and (4):

(Higo+He) * 7

~ H dyn ¢ 7/()
H ¢ +0.0424H ®)

~ g+0.0424H =

in which Hjs;p and H, are the gauge original record and the
hydraulic corrector, respectively. Similarly, the orthometric
height in the left had side of Eq. (5) needs to be calculated
iteratively with the dynamic height as the initial approxima-
tion.

3. LINKING OF WATER LEVEL TO THE SHORE-
LINE DATUM

The water surface height is conventionally realized
by the observations of the coastal water level gauges. The
gauges are limited onshore and thus the surface realized
only by the gauges cannot sufficiently depict the entire lake.
The measurements from satellite altimetry can be used to
complement data collection in this situation since it pro-
vides precise water surface height along its ground tracks
crossing the lake. The water surface height collected by sat-
ellite altimetry is in terms of the ellipsoidal height above a
geocentric reference ellipsoid.

As we analyze Eq. (1), it is quite straightforward that
the geoid height is required when it is desired to combine
the data from the satellite techniques to the conventional
methods. With an accurate geoid model, the entire lake can
be precisely linked to the shoreline datum. The accuracy
and the spatial resolution of the current geoid models are
the main limiting factor in making the link. Hence, for the
applications that demand higher precision, such as the cali-
bration of satellite altimetry with coastal water level gauges
(e.g., Shum et al. 2003; Cheng 2005), or precisely linking a
bottom pressure gauge whose reference datum is arbitrary
for sea level monitoring (e.g., Calmant et al. 2004), a survey
at the gauge location with a GPS buoy is necessary in order
to meet the stringent requirement in geoid height determina-
tion.

In this study, a floater-type GPS buoy (see the inset of
Fig. 1) was deployed near two water level gauges located in
the southern bank of Lake Erie (Fig. 2): Cleveland (Sept. 17
- 19, 2003) and at Marblehead (Oct. 20 - 21, 2001). It col-
lected GPS codes and phases simultaneously with the gauge
measurements as illustrated in Fig. 1. With the orthometric
and the ellipsoidal heights obtained from the gauge and the
buoy, respectively, the geoid height can be estimated with
Eq. (1). Once the geoid height at the gauge locations is de-
termined, the lake surface derived from the combined data
of satellite altimetry, GPS buoy, and water level gauge are
connected to a common reference system. As a result, the
historical records of the gauge and of the satellite altimetry
can be used for temporal analysis of the mean lake level,
provided that the link is robustly established.

Since both gauges are located in the southern bank of
Lake Erie, the link would have larger error in the northern
part of the lake, assuming that the mean lake surface or the
geoid model is imperfect. While the result of linking would
be more accurate if more linking sites are available around
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Fig. 2. The Lake Erie GPS buoy campaigns in Cleveland and Marble-
head. The water level gauges (circles: American gauges; triangles: Ca-
nadian gauges) and the theoretical ground tracks of various satellite
altimeters are shown. The ground tracks for the T/P altimeter and the
water level gauges are shown in the inset covering the Great Lakes.

the entire Lake, the method developed in this study is robust
and depends on the fidelity of the local geoid or the mean
lake surface model.

Alternatively, the link of the shoreline datum, which
is represented by the water level gauge measurements, to
the satellite techniques can also be achieved by a GPS oc-
cupation at the benchmarks on land near the gauge. This
method simplifies the fieldwork since it is carried out on
land, allowing longer observation sessions. However, the
link in this case is only made at the benchmark level, not the
actual water level at Point P in Fig. 1. Although the geoid
variation from the benchmark to the gauge is not likely to
change rapidly, variations of the water level due for exam-
ple to circulations do change. Thus, the vertical offset be-
tween the gauge’s zero point and the benchmarks could be
an error source, especially when the offset is time-varying.
The gauge may have noticeable local vertical motion, as de-
scribed in Section 4.3 for Lake Erie. Hence, this alternative
is preferred only for the gauge that maintains a good record
of the vertical offset from its zero point to the benchmarks,
and is not as robust as our method developed for this study.

4. ERROR BUDGETS
4.1 Verification of Geoid Models

The local geoid height near Marblehead and Cleveland
water level gauges was estimated with the GPS buoy. The
GPS buoy, as seen in the inset of Fig. 1, consists of a Dorne/
Margolin Element with Choke Ring antenna, a radome, and
a 2-feet (diameter) life-saver buoy. The buoy is tethered to
a boat where a Trimble 4000 SSI, a geodetic grade, dual-
frequency receiver, power supply and the operators reside.
Marks are made on four sides of the buoy and their offsets
to the antenna reference point (ARP) are carefully measured
in the laboratory. The operator needs to observe the water

surface with respect to these marks a number of times dur-
ing the observing session in order to accurately refer ARP to
the water surface. Cheng (2004) reported the specifications
of the buoy and the survey procedures for both campaigns.

Kinematic and Rapid Static (KARS), a GPS post-pro-
cessing software developed by Mader (1986), was used to
post-process the GPS buoy L1 + L2 phases using the dif-
ferential GPS (DGPS) technique. The baselines between the
buoy and the onshore reference stations were 122.4 m and
16.39 m at Marblehead and Cleveland, respectively. Due to
the short baselines, typical L1 + L2 with phases and codes
were post-processed with the kinematic mode using KARS.
The sampling rate for the buoy was 1 Hz and the obser-
vation session was 6 hours at Marblehead and 1 hour and
40 minutes at Cleveland (due to security reasons, a longer
occupation session was not allowed).

Since both campaigns were not carried at the same
time, the coordinates were projected to the time epoch at
midnight UTC on January 1, 2002 (2002.0), which is chosen
in order to be consistent with the published coordinates of
NGS’ Continuously Operating Reference Stations (CORS)
in this area. The height change due to this projection is in-
significant (< 1 mm).

The mean heights of GPS solution and of the water
level gauge records were calculated. Consequently, the
geoid height at these two locations was estimated with the
means by using Eq. (1). Note the geoid height is the height
above the GRS80 Reference Ellipsoid, projected at 2002.0
reference epoch. The precision of the 6-minute gauge record
is < 2 mm, as released by CO-OPS of the National Oceanic
and Atmospheric Administration (NOAA) of the US along
with the data. Because of the large amount of GPS observa-
tions, the estimated geoid heights at both locations reach
I-mm precision (see Fig. 3).

Figure 4 presents the reference surface and the rela-
tionship among the NGS geoid models: GEOID99, G99SSS,
and G99BM. The details of such models are discussed
in Roman et al. (2004). The GPS buoy-determined geoid
height corresponds to the height of the NAVDS88 datum
(orthometric height) above/below the GRS80 Reference El-
lipsoid. G99BM would have been the ideal choice for the
verification but it was unavailable in Lake Erie. Based on
the relationship shown in Fig. 4, two alternatives were ad-
opted: Coordinate-transformed GEOID99 and G99SSS with
52-cm bias applied.

In the first alternative, instead of using GEOID99, we
chose GEOIDO3 for the comparison, which is the revised
version of GEOID99 with updated data. The coordinate-
transformed GEOID03 model means that a 7-parameter
similarity transformation is applied to the original GEOIDO03
coordinates along with its model value. After applying the
transformation to the GEOIDO3, the result essentially refers
to the same reference surface as G99BM does (Dan Roman,
personal communication, 2005). Note the change of the
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Fig. 3. The local geoid height (N) in Lake Erie determined with a GPS buoy at Marblehead (left) and Cleveland (right). The lake levels observed at
both gauges have been converted to the ellipsoidal height above the GRS80 Ellipsoid. TG denotes the lake level collected by the water level gauge

every 6 minutes.

geoid model value due to this transformation can be seen in
Fig. 5 in the amount of ~1.2 m at both gauge locations. This
is consistent with the 2-m offset between the origin of the
North American Datum of 1983 (NADS83) and that of the
ITRF found by Soler et al. (1992).

On the other hand, the use of G99SSS with 52-cm
bias applied was also checked. The results are presented in
Table 1. The GPS buoy-determined geoid height agrees with
the GEOIDO3 (after transformation) in the order of -39 mm
at Marblehead and 1 mm at Cleveland. The results are with-
in < 20 of the current GEOID03 model, whose RMS error
is 24 mm (Roman et al. 2004). This indicates that, at 95%
confidence interval, the use of a GPS buoy to estimate geoid
height is consistent with the GEOID03 model. The 52-cm
bias, which is a national average value provided by NGS in
Fig. 3, is reasonably in agreement with the GEOIDO3 (after
transformation) at the 10-cm level.

4.2 Conversion of Water Level Gauge Record to Ortho-
metric Height

Converting water level gauge records from IGLDS8S to
NAVDSS8 can be done by Eq. (5). Differentiating Eq. (5),
the conversion errors from the gravity, the gauge records,
and the hydraulic corrector can be analyzed as the follow-
ing:

Yo * (Hgp+ HC) Yo
(g +0.0424H)° dg + g +0.0424H dH G

dH =

70
+ o +0.0424H 9HC (6)

where dH in the left-hand side is the total conversion error

in the orthometric height contributed by these factors. With-
out the real gravity observations involved in this study, the
NGS gravity model interpolated from the NAVD88 general
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Fig. 4. The reference surfaces and the relationship among the NGS
geoid models (National Geodetic Survey 2001). The 52-cm bias is
provided by NGS that is the national average between the potential
surface to the NAVD88 datum. MSL stands for mean sea level.
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Fig. 5. Geoid height comparison at Marblehead (left) and at Cleveland
(right). Three geoid height estimates in each case are, from left to right,
GPS buoy-determined geoid height, the GEOID03 model value with
the 7-parameter transformation applied, and the original GEOID03
model values.
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Table 1. The geoid height comparison at Marblehead and Cleveland gauges.

Marblehead Cleveland
GEOIEQ3 after coordinate transformation (representing NAVDS88 wrt GRS80) -36.608 m -35.509 m
G99SSS with 52 cm discrepancy applied -36.637 m —35.606 m
GPS buoy-determined geoid -36.647 m -35.508 m
Discrepancy (G99SSS — GEOIDO03) —29 mm —97 mm
Discrepancy (GPS — GEOIDO03) -39 mm 1 mm

adjustment was used in this study (National Geodetic Sur-
vey 2003). The average model gravity of the gauges in Lake
Erie is 980.270 gal and the average of the orthometric height
and of the gauge records are 177.583 and 177.521 m respec-
tively. Thus, the total conversion error, in mm, becomes:

dH =~ -200% +dg +1.0003 * dH;,p +1.0003 - dHC ~ (7)

It can been seen that there is a 2-mm conversion error
contributed by every 10 mgal of the gravity error and about
a 1 : 1 ratio contributed by the IGLDS85 gauge records and
by the hydraulic correctors. The precision of airborne and
satellite-based gravimetry is about 6 mgal over 5 km, and a
few mgal over 50 - 100 km (Garcia-Lopez 1997). Therefore,
gravity only contributes to the conversion error in mm-level
if actual gravity data are used. The errors in the water level
gauge records depend on the instruments, the benchmarks,
and the dynamic and steric phenomena in the local lake sur-
face that affect the hydraulic corrector.

The error sources of converting a water level gauge
data from its original record in IGLD85 to geocentric height
above the GRS80 Reference Ellipsoid is tabulated in Table 2.
The error budget of the gravity and the hydraulic corrector
are based on Eq. (7) with average height, normal gravity
and average model gravity provided by NGS in Lake Erie.
The hydraulic corrector is instrument-dependent and no er-
ror information is available at present. The dominant term
is the geoid error. Roman et al. (2004) compared GEOIDO03
to GPS benchmarks in the US and found that the RMS error
is 24 mm (lo) including the errors from modeling, GPS
and leveling observations. Due to lack of gravity observa-
tions on the lake in the development of the geoid models,
the error of using these geoid models near the lake shore is
expected to be larger.

4.3 Vertical Motion

Both the water level gauges and GPS buoy measure-

ments are relative to the onshore benchmarks and reference
stations, respectively. Both measurements are not sensitive
to the local vertical motion of the land, and thus, the vertical
motion needs to be accounted for externally. In this area,
there is a known long-term land motion called post-glacial
rebound (PGR) or glacial isostatic adjustment (GIA). It is
a physical phenomenon that the solid Earth is exhibiting a
viscoelastic rebound and is still returning to the isostatic
equilibrium due to the deglaciation of the Larentia ice sheet
accumulated in this region during the last glacial maximum.
Recent analysis using T/P satellite altimetry and 50 long-
term lake gauge records provides a lake-wide vertical mo-
tion estimate of the entire Great Lakes (Kuo et al. 2008).
The local vertical motion in the southern bank of Lake Erie
is estimated to be 0.2 mm yr' (subsidence). Vertical motion
of coastal region could also be substantial due to erosion,
subsidence due to hydrological extraction, tectonic, and oth-
er phenomena. In this study, we simply adopt the measure-
ment model by Kuo et al. (2008) to account for the crustal
deformation in Lake Erie.

4.4 Comparison of Mean Lake Level from Various
Sources

This section compares the mean lake level from vari-
ous sources, including the water level gauge records, satel-
lite altimeter data, and the mean lake level derived from a
GLFS lake circulation model.

Fig. 6 presents the mean lake level height observed
from the valid observations found in the three ground tracks
of satellite altimeter T/P in Lake Erie, as well as the data
observed by 15 coastal water level gauges. The time span of
such data is from 1999 to 2001. A geoid model, GEOIDO03,
is applied to the T/P data in the figure only for the purpose
of display. Despite that the gauges are surrounding the lake
and the T/P footprints are crossing Lake Erie, we analyzed
the lake level observed by both to see if they are consistent.
We followed the procedures and applied the corrections de-
scribed in Guman (1997) to process T/P data except for the
ocean tide correction, since no such correction is provided
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Table 2. Error budget of converting water level gauge IGLDS85 record to geocentric

in the inland lakes. In order to compare the

height in Lake Erie. gauge records to the T/P observations, means
Error sources Error budget we're cralculated spatially for the entire Lake

- - Erie with data from T/P and from the gauge

Hydraulic corrector (Hc) 1 1 ratio records. The mean-removed time series de-

IGLD85 to NAVDSS

Gravity 2 mm / 10 mgal rived from T/P and from the gauge were plot-
Geoid model > 24 mm * ted against time (1992 - 2003) according to the
NAVDS8 to geocentric least squares approach in Fig. 7. It was intend-
GPS buoy mm-level ed to represent the trend of the lake level (or
Vertical motions Post-glacial rebound 0.4 mm/yr* lake level variation). A good agreement was

* RMS error when fitting GEOIDO3 to GPS benchmarks (Roman et al. 2004).
** RMS error of estimate for vertical motions (Kuo et al. 2008).

7/ //Fgr;;nley

43

’ Bar P! pr
%2 FermlA ‘
. ®
"""""""" \‘ Faﬁ)on
Toledo | o i ¢ .
Marblehead Cleveland i
i TN Meter

41"

276"

281"

A Tide Gauge

i

@ TOPEX/Poseidon

174.0

Amherstburg ‘ ngsvﬂle

Eneau

43
Pok‘tﬂhornel

Bu alo

" Dcver S‘lurgeon Pt

174.1 174.2

174.3 41

276" 277"

278° 279°

280° 281"
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Erie. The time span is from 1999 - 2001.
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found: difference of means is 2.5 + 3.2 cm and
the correlation is 0.994. These indicate a good
consistency of lake level variation between
the gauge records and T/P observations.

The comparison of the results presented below from
measured water level gauges and altimetric data with mod-
eled water surfaces along with subsequent model evalua-
tions is a natural research extension and well beyond the
scope and intent of this paper. This research is currently be-
ing undertaken by V. Velissariou in her dissertation work
under the supervision of the co-author K. Bedford. An ini-
tial comparison is described below, also reported by Niu
et al. (2003), based on the lake model data provided by V.
Velissariou.

The GLFS model describes the lake level and its varia-
tion in a 2 x 2 km grid. Water levels are calculated as the
sum of a chosen reference elevation plus the water temporal
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Fig. 7. The mean-removed lake levels from the gauges (TG) and T/P altimeter with good agreement: Difference of means is 2.5 + 3.2 cm and the
drifts are -6.2 and -6.1 cm yr' for the gauges and T/P, respectively. The correlation between the two data sets is 0.994.
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variation. The reference elevation is determined daily as the
weighted average of the hourly water levels observed from
three gauge stations, namely, Toledo, Ohio, Cleveland,
Ohio, and Buffalo, New York, USA. The number and the
location of the gauges and the weighting scheme have been
selected in order to minimize the wind set up errors in the
gauge readings and optimize the estimations of the mean
lake level (Croley 1987). A mean (1999 - 2001) lake surface
was generated with kriging for the GLFS model (Fig. 8a).
Similarly, a mean lake surface was also generated with krig-
ing with hourly water level gauge records (Fig. 8b). The
difference between them is shown in (Fig. 8c). We found
that the average disagreement is 2.7 cm with a maximum
of 9 cm.

Since the GLFS model is given in a grid in the lake
but the water level gauges are surrounding the lake, the
comparison based on each gauge location inevitably re-
quires some sorts of interpolation. Since kriging produces
the optimal result (Cressie 1993), we opted to compare on
the surface (interpolated) level. The possible causes for the
disagreement include the model error, observations used in
the GLFS model, observations of the water level gauges,
and spatial interpolation with kriging.

Similarly, the GLFS surface (Fig. 8a) is compared to
that derived from T/P and the water level gauges (Fig. 8d).
As we combined the lake level observed by the satellite
technique (T/P) and the conventional method (water level
gauges) to produce the surface in Fig. 8d, we had to incor-
porate a geoid model, namely, GEOIDO3, to accommodate
their reference difference. Fig. 8e illustrates the difference
between the GLFS mean lake surface and the surface based
on T/P and water level gauges. It was found the average
difference was -7.2 = 7.2 cm (T/P surface being higher)

() (b)

P High: 0.10

M Low: -0.12

(d)

.

with the largest difference of 28.2 cm, which occurred in
the middle of Lake Erie. The main cause of the discrepancy
is the inconsistency in the reference surfaces: the model re-
fers to its reference elevation defined by the elevation of the
three gauges mentioned above, whereas the surface gener-
ated with data from T/P and from the water level gauges is
calculated based on GEOIDO3. Since no gravity data were
incorporated in the model development of GEOIDO3, it
could be deficient especially in the middle of the lake. This
is also evident in the Great Lakes when the actual altimeter-
measured lake surface is compared to the much smoothed
geoid models (Fig. 9). The large discrepancies indicate that
the used geoid models lack the fine resolution that is com-
patible with the altimeter-measured lake surface. On the
other hand, the meteorological data used for the circulation
model may not have adequate spatial or temporal sampling
to predict the detailed surface changes in the middle of the
lake, resulting, in part, the 28-cm discrepancy in the center
of Lake Erie. Other causes include the errors of the verti-
cal datum (NAVDS88) and observations used for the GLFS
modeling, geoid model, and observations in T/P and the wa-
ter level gauge measurements.

5. CONCLUSIONS

The method of accurate linking of water level to the
shoreline datum is presented in this paper using geoid mod-
els, GPS buoy and T/P altimeter. The link of various data
sets in the coastal area is important and has the potential
to integrate various geospatial data to benefit the applica-
tions such as lake forecasting and hydrological modeling,
environmental monitoring, coastal zone management, flood
mitigation, relief dispatch during and after disasters, and
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B Low: -0.12 B Low: -0.12
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Fig. 8. Mean lake water level with data from 1999 - 2001 and comparisons (Niu et al. 2003): (a) GLFS model with respect to the chosen reference
elevation; (b) surface derived from water level gauges refers to the same reference elevation in Fig. 8a; (c) difference between Fig. 8a and Fig. 8b;
(d) mean lake surface derived from T/P and gauges in NAVD88; and (e) difference between Fig. 8a and Fig. 8d. Dots in Figs. 8d and e represents

the T/P footprints and gauge locations. The unit for all is in meters.
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Fig. 9. Comparison of mean-removed lake level measured by T/P to geoid models in Lake Erie (left) and Lake Michigan (right). SSH stands for
Sea (lake) Surface Height, which is measured by T/P over the large water bodies including lakes and oceans. In Lake Erie, the mean lake profile
from Pass 193 of T/P is compared to the coordinate-transformed GEOIDO3. In Lake Michigan, the mean lake profile from Pass 239 of T/P Side B
(TSB) is compared to geoid models. The heights are shifted at an arbitrarily chosen latitudinal parallel (Cheng 2001). GEOID96 and GEOID99 are
predecessors of NGS’ GEOID03 model. The details of OSU91A can be found in Rapp et al. (1991).

governmental decision-making. The use of geocentric satel-
lite observations such as satellite altimetry, GPS buoy, and
remote sensing imageries requires an accurate local geoid
model in a sufficient resolution when integrating with water
level gauge and DEM data, which are traditionally defined
in an orthometric system, i.e., NAVDS88. The discrepancy
of geoid height estimated with a GPS buoy floating near a
water level gauge is within < 20 of the current GEOIDO03
model at the Marblehead and Cleveland gauge locations. It
represents an efficient way to improve the future vertical
datum with cm level accuracy in the coastal area or the area
where leveling is hard to carry out. The mean disagreement
between the GLFS circulation model and the surface gener-
ated by kriging with 15 water level gauges is 2.7 cm. How-
ever, when T/P altimeter lake surface measurements are in-
corporated during the same time span, the mean discrepancy
enlarges to 7.2 cm with the maximum difference of 28 cm in
near the center of the lake, presumably due to geoid model
error on the lake. The current limitation of more accurately
linking water surface to shoreline is the insufficient knowl-
edge of geoid in the current models. The developed meth-
odology of using water level gauge record, GPS buoy, and
satellite altimetry, with suitably distributed gauge locations,
is anticipated to be applicable to other lakes and the world’s
coastal regions.
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