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Geocentric sea level trend using GPS and >100-year tide gauge
record on a postglacial rebound nodal line
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Abstract. For studies of global sea level change, 103 years of tide gauge data were analyzed
from North Shields on the North Sea coast of Great Britain, near a predicted nodal line of
postglacial rebound (PGR). Simultaneous estimation of statistically significant tidal compo-
nents gives a relative sea level rate of 1.8 = 0.1 mm/yr with no significant acceleration.
Analysis of a Global Positioning System (GPS) station, which we installed directly on the tide
gauge structure, shows the tide gauge rising at 1.4 + 1.5 mm/yr relative to the international
terrestrial reference frame (ITRF96). Leveling shows the tide gauge rising with statistical
significance at 0.8 + 0.2 mm/yr relative to a nearby lighthouse (0.5 km away) situated on bed-
rock. Thus our geodetic estimate of geocentric crustal rise is 0.6 £ 1.5 mm/yr, which is con-
sistent with the PGR nodal hypothesis. Our estimate of geocentric sea level rise using local
leveling and assuming the PGR nodal hypothesis (i.e., zero crustal rise with no model uncer-
tainty) is therefore 2.6 + 0.2 mm/yr. Introducing an upper bound error based on observational
evidence and PGR model differences modifies this to 2.6 + 1.0 mm/yr. This is to be compared
with our model-independent GPS-based estimate of 3.2 + 1.5 mm/yr. We conclude that PGR
and geodesy corroborate a geocentric sea level rise of 2.6 + 1.0 mm/yr (upper bound), which

is larger than the tide gauge records alone (1.8 mm/yr) would indicate.

1. Introduction

Global warming would create thermal expansion of the
oceans and could induce a net transfer of water between ocean
and land. Quantifying the trend in sea level over the last
century should therefore be useful to test the predictions of
global change models [Carter et al., 1989].

Tide gauges measure sea level relative to a bench mark on
the ground; however, if the ground moves vertically, the sea
level obtained from a tide gauge will be biased. Vertical land
movement at tide gauges might occur owing to tectonic activ-
ity, postglacial rebound (PGR) due to Pleistocene deglacia-
tion, or local instability [Baker, 1993]. In general, the vertical
motion of the land cannot be ignored because it is of the same
order of magnitude (mm/yr) as the trend in sea level.

There have been attempts to model and remove the PGR ef-
fect from the sea level record [e.g., Douglas, 1995; Mitrovica
and Davis, 1995]. However, this approach does not account
for bias due to local instability, which we show here can be as
large as crustal motion and is unlikely to have a zero mean
global average. A more subtle problem is the degree to which
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the rheological and ice sheet parameters in PGR models have
been influenced by knowledge of long-term sea level trends.
An alternative model-independent approach is to determine
the vertical motion of the tide gauges using modern geodetic
methods [Carter, 1994]. The Global Positioning System
(GPS) has become the most favored geodetic technique for
measuring tide gauge motions since completing the full satel-
lite constellation in 1994 and the establishment of the Interna-
tional GPS Service (IGS) [Neilan et al., 1997). The secular
variation of relative sea level can be determined by at least 50
years of sea level data with 0.3-0.5 mm/yr error levels [Nei-
lan et al., 1997]. Therefore the geodetic measurement of ver-
tical tide gauge motion is currently the limiting error source
for geocentric sea level rates at tide gauges with long records.

2. Experiment Design

While Douglas [1991] performed a general analysis, ap-
plying PGR corrections to many tide gauges, we have taken a
complementary approach. Our investigation focuses on a sin-
gle tide gauge that (1) has a long >100-year history, (2) lies
near a predicted nodal line of PGR in a tectonically inactive
region, and (3) lies near bedrock and is otherwise suitable for
direct geodetic measurement of vertical motion.

The tide gauge selected is at North Shields, situated at the
mouth of the River Tyne, in the Newcastle upon Tyne conur-
bation on the North Sea coast of England. The North Shields
tide gauge has a 103-year history, with data available from
~90% of that time span. Lambeck and Johnston [1995] model
PGR for the British Isles and predict a nodal line that inter-
sects the North Sea coast of Britain in the region of Newcas-
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Figure 1. Height relationships between the lighthouse bedrock bench mark (LH), tide gauge bench mark
(TGBM), an adjacent GPS bench mark used intially for epoch campaigns, and a permanent mast-mounted

GPS choke ring antenna (NSTG).

tle. Their ice sheet model was based on Lambeck [1993],
which was constrained by evidence from geomorphology and
sea level observations [Johnston and Lambeck, 1998].
Uncertainty in PGR estimates is somewhat reduced by
choosing a location that is predicted to have small PGR [Mi-
trovica and Davis, 1995]. For example, the quite different
PGR models of Peltier [1994, 1996] for Laurentia and Fen-
noscandia show as much as 4 mm/yr disagreement in vertical
rates; however the predicted difference around the nodal line
is typically 1 mm/yr. However, the British ice sheet (radius
~300 km) had a relatively small load in comparison to that of
Fennoscandia (~1000 km) and Laurentia (~2000 km), leading
to modeled PGR magnitudes in the north of Britain that are a
factor of 2-8 less than in Fennoscandia or Laurentia [Lam-
beck and Johnston, 1995]. As a further observational con-
straint, Zong and Tooley [1996] used coastal stratigraphy to

reconstruct Holocene sea level history in the northwest of
England, which should be much more affected by the Irish
Sea Glacier and ice in the Lake District and southwest Scot-
land [Lambeck, 1993]. Holocene sea level in this active re-
gion shows exponential decay, which, extrapolated to today,
shows a magnitude <2 mm/yr PGR [Zong and Tooley, 1996].
Taking all this evidence into account, we suggest that 1
mm/yr represents a conservative upper bound for PGR at
North Shields.

We obtained permission from the Port of Tyne Authority to
install a GPS station (NORT) directly on the North Shields
tide gauge structure. The station is located with water to the
south, which provides good satellite visibility for a station at
midlatitude in the Northern Hemisphere. A lighthouse
founded on bedrock at 0.5 km from the tide gauge provided a
leveling bench mark, which allowed us to separate local tide
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Figure 2. The North Shields tide gauge data regressed to our sea level model. Although monthly averaged
data from PSMSL were actually used for the regression, only annual averages are shown for clarity.
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gauge instability from regional crustal motion. Figure 1
shows schematically the height relationships between the
lighthouse bedrock bench mark (LH), tide gauge bench mark
(TGBM), an adjacent GPS bench mark used intially for epoch
campaigns, and a permanent mast-mounted GPS choke ring
antenna (NSTG).

Three possible methods to correct for vertical motion of the
tide gauge were considered:

1. Conduct precise leveling to the tide gauge bench mark
from the lighthouse bedrock bench mark (LH—TGBM), then
assume that LH moves according to PGR models.

2. As above, but determine the motion of LH using space
geodesy.

3. Determine the tide gauge motion relative to the Earth’s
center directly, using a GPS station installed on the tide
gauge structure.

In this paper, we apply methods 1 and 3, which provide
completely independent corrections to relative sea level.
Method 2 is obviously correlated with method 1 as they have
leveling in common. Moreover, it is not independent of
method 3 due to spatial correlations in geocentric GPS esti-
mates arising from tropospheric refraction, GPS satellite orbit
error, and reference frame error.

Initially the GPS data were collected from 1996.9 to 1998.1
every 2 weeks with 6 hours of observation window in “epoch
campaign mode,” using a tripod-mounted antenna over a GPS
bench mark located <150 m from the tide gauge, on the same
wooden structure. After encountering practical difficulties
collecting data at the GPS bench mark in a busy environment,
a permanent GPS antenna was installed directly on the tide
gauge structure (NSTG). A braced, marine-grade aluminum
pole (~4 m) was installed into the floor of the tide gauge hut,
with a choke ring antenna mounted on top, clear above the
roof. An Ashtech Z12 receiver with choke-ring antenna ac-
quired GPS carrier phase and pseudorange data at 30-s inter-
vals, using a 15° elevation cutoff angle.

To tie the permanent GPS time series with the epoch GPS
time series, the height difference between the GPS bench
mark and the permanent GPS antenna (GPS—NSTG) was
measured several times using an electronic level and, as an
independent check, using GPS (in single-frequency mode to
reduce noise). The result was 3.979 m using both methods:
thus the tie was considered an insignificant source of error
(< 1 mm) in connecting the time series.

Owing to resource constraints beyond our control, the per-
manent station ceased operation at 1998.7. Our initial analysis
of data from 1996.9 to 1998.7 was subsequently augmented to
include 18 extra sets of 24-hour observations around 1999.5 to
provide significantly improved leverage in height trend esti-
mation for relatively little additional cost. The conclusions of
this paper were unchanged by inclusion of these extra data,
except for improved statistical significance.

3. Analysis
3.1. Analysis of North Shields Tide Gauge Record

North Shields sea level data were obtained from the Per-
manent Service for Mean Sea Level (PSMSL), and analysis
was performed on monthly averaged data (Figure 2). The lin-
ear regression model for monthly analysis was constructed as
follows:

L(t) = a+at+Cos(t) + Ci(1) + Cas () + Cigs (1), (1)
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where a denotes mean sea level at reference time t = 0, a is
the linear trend, Cys solar semiannual tide, C, solar annual
tide, Cgg lunar perigee tide (of period 8.8 years), and Cige
lunar node tide (of period 18.6 years). The tidal constituents
were chosen following the recommendations by Hannah
[1990] and Vanicek [1978].

The coefficients of the regression model were solved by
least squares estimation. Each coefficient was tested for sig-
nificance using Student’s t test. For instance, a tidal compo-
nent is incorporated in the linear model by

C, () = blsin(z—m) + bzcos(i’zj : 0
3 P

where p is tidal period, ¢ is time, b; and b, are amplitude con-
stituents estimated by least squares. The nonzero significance
of b, and b, can be tested by forming the following alternative
hypotheses [Walpole and Myers, 1993]:

H02ﬂ1=ﬁ2=0
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The t test statistics for the null hypothesis can be calculated
by forming the ratio

_bi-pi
i

ti ) (4)
where s; is the standard error of the estimated coefficient b,. If
for both amplitude constituents -7/, <t; <T,/,, then H, is

accepted; that is, the tidal constituent is not significant and
can be removed from the model. Values of T/, are tabulated

value with o significance level and o degrees of freedom.
As a result of these tests, the polar tide (with the Chandler
wobble period) was found to be insignificant (¢ <0.05) and
therefore does not appear in equation (1).

The coefficients can also be tested to see if they make a
significant improvement to the post-fit residuals by Fisher’s F
test. The F test is applied if one can not make a decision by t
test (i.e., one of the amplitude constituent is significant, the
other one is not). To apply the F test, parameters to be tested
are removed from the linear model, and least squares is re-
peated. The reduced sum of squares is computed:

Sea = 3Gi -7, )

where y; is the sea level value from estimated model, y is

mean sea level value calculated from the original data, and n
is number of data. The previous hypothesis statement is also
valid for the F test, and the test statistics is given by

(S = Seea )2
52 ’

f= (6)
where S is the sum of residual squares (defined as above, ex-
cept using the complete model instead of the reduced model)
and s” is the variance of the data minus the complete linear
model. Since we test two coefficients at a time for tidal com-
ponents, (S —S,ed) is divided by 2. If f is smaller than the
tabulated critical value of the F distribution for (2, n—u) de-
gree of freedom (u is number of unknowns) and ¢ signifi-
cance level, then the hypothesis is accepted.






