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Abstract: This study demonstrates that relative sea level

trends calculated from long-term tide gauge records can

be used to estimate relative vertical crustal velocities in a

region with high accuracy. A comparison of the weighted

averages of the relative sea level trends estimated at six

tide gauge stations in two clusters along the Eastern coast

of United States, in Florida and in Maryland, reveals a

statistically significant regional vertical crustal motion of

Maryland with respect to Florida with a subsidence rate

of −1.15±0.15 mm/yr identified predominantly due to the

ongoing glacial isostatic adjustment process. The estimate

is a consilience value to validate vertical crustal velocities

calculated from GPS time series as well as towards con-

straining predictive GIA models in these regions.

Keywords: Glacial isostatic adjustment; Global Position-

ing System; Sea level rise; Tide gauge; Vertical crustal mo-

tion.

It is better to say something and not to be sure
than not to say anything at all.

R.P. Feynman, The Meaning of it All.
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1 Introduction
Tide gauges measure relative sea level with respect to

benchmarks on land. Tide gauges cannot discern if sea

level is rising, the land is sinking, nor can they separate

the two signals without independent estimates of vertical

landmotion or absolute sea level rise. Consequently, verti-

cal landmotionat tide gauges is a significant contributor to

the complexity of determining global sea level (GSL) trend

(e.g. Iz and Shum, 2000, Aldiss et al., 2007).

Vertical land motion may be caused by various local

or regional phenomena such as geological processes, e.g.

tectonics and ongoing glacial isostatic adjustment (GIA)

that fall under regional phenomena. Subsidence from sed-

iment consolidation (hydrological) or geotechnical, i.e. of

anthropogenic origin such as groundwater pumping, min-

ing, or oil/natural gas extractions, contribute mostly at lo-

cal scale.

In practice, the effects of plate tectonics or geodynam-

ics contaminate several tide gauge records for sea level

studies, particularly at colliding plate boundaries and tec-

tonically active coastal regions (Douglas, 1992). In many

locations such as in Alaska, Japan, India, and other areas

tide gauges with long records may be unusable because of

vertical uplift or subsidence associated with seismic activ-

ity or crustal deformation. Volcanism may also cause ver-

tical movements that render many tide gauge sites less de-

sirable for determining GSL rise. Meanwhile, local anthro-

pogenic effects can be detected through repeated precise

levellingmeasurements, and their effects, can be removed

or incorporated into the trend models (e.g. Iz and Shum,

2000).

In several regions, the most dominant source of verti-

cal land motion is GIA, the ongoing viscoelastic rebound

of the solid Earth in response to the deglaciation of the

ancient Laurentide ice sheets since the last glacial maxi-

mum, around 21 000 y BP¹ (Peltier, 1998; Schubert et al.,

1 Years before present.



60 | H. Bâki Iz et al.

2001). Surface gravity, Global Positioning System (GPS),

and space gravimetry observations reveal globally varying

land uplift and subsidence resulting from GIA.

Accurate GIA models are critical for correcting space-

borne temporal gravity field data (Gravity Recovery And

Climate Experiment, or GRACE mission) to help delineate

climate-change signals (Huang, 2013, Huang et al., 2013).

GIAmodels also provide insight about Earth’s interior and

the impact of the Earth’s rotation rate, benchmarking vari-

ous theories andmethodologies. Currently, among the var-

ious contributors to the vertical crustal movements, GIA

models uniquely provide corrections for global tide gauge

records (e.g. Peltier 2001). Yet, despite the availability of

numerous GIA models, the estimates they provide about

the present-day rates of vertical motion are still inaccurate

considering the current accuracy requirements for many

interdisciplinary Earth science studies because of the in-

complete knowledge of the coverage and timing of Earth’s

ice history, lithospheric thickness, and upper and lower

mantle viscosities (ibid.).
Unarguably, measuring vertical movements directly

and as accurately as possible rather than relying solely on

theoretical models is preferable. During the last decade,

GPS has enabled monitoring land vertical motion at tide-

gauge sites (Bouin and Wöppelmann, 2010). However, re-

peated GPS measurements require a decade or more time

span to determine solid Earth uplift or subsidence rates

of much less than 1 mm/yr. In addition, many of the criti-

cal and long-term tide gauges are not collocated at present

with geodetic quality GPS receivers, and several of the cur-

rently collocatedGPS siteswith tide gauges do not have ex-

act survey ties between the respective GPS and tide gauge

phase centers or benchmarks.

It is also possible to infer information about vertical

crustal motion from tide gauge measurements by individ-

ual station comparisons (Savage and Plafker, 1991, Larsen

et al., 2003, and NOAA, 2013). The proposed approach in

this study using tide gauge measurements by individual

station comparisons for this purpose ismore accurate than

the earlier studies (ibid.), as it is demonstrated andverified

in the following sections.

The fundamental premise of this study is that the esti-
mated relative sea level velocities at two different tide gauge
locations experiencing the same sea level rates can be at-
tributed to the relative vertical crustal velocities between
these two stations. Extending this comparison to several TG
stations within a close vicinity undergoing similar regional
vertical crustal motion, this study advocates and demon-
strates that their averaged values will improve such an in-
ference.

In the following sections, the relative vertical crustal

velocity between two regions, namely Maryland (MD) and

Florida (FL) located in the East coast of USA, is estimated

using tide gauge measurements at these two localities.

The estimated relative vertical crustal velocity is then com-

pared to theGIAcorrections (the so-calledGIARelative Sea

Level or RSL, as defined by Peltier, 1998) predicted by 13

GIA models to investigate and independently assess the

contribution ofGIAprocesses. Finally, the relative regional

vertical crustal velocities were calculated using GPS time

series for additional comparisons to velocities predicted

by GIA models, and tide gauge differences.

2 Relative Sea Level Rise at Tide
Gauge Stations

Six tide gauge stations bordering western Atlantic Ocean

in Maryland and in Florida separated by approximately

1,500 km, were deployed to estimate relative vertical

crustal velocities with redundancies (Fig. 1). The monthly

tide gauge data collected at these six stations (three sta-

tions located in each region) were downloaded from the

Permanent Service for Mean Sea Level (PSMSL, Holgate

et. al. 2013) repository in April 2011. The stations have al-

most century long records (Fig. 2 and Table 1), and refer-

enced to the common Revised Local Reference (RLR) da-

tum (PSMSL, 2011).

Iz (2012, 2014 and 2015) modeled and estimated the

sea level trends at these stations together with statisti-

cally significant long periodic, decadal inter-annual, an-

nual and semi-annual sea level changes taking also into

account first order autoregressive error properties of the

tide gauge measurements. These solutions are currently

the most accurate and precise estimates of the sea level

trends (rates) experienced at these stations. The estimated

rates and their standard errors are shown in Table 1. Be-

cause no GIA corrections were applied to either the data

or the subsequent trend estimates, all inferences refer to

relative sea level changes.
The estimated relative sea level velocity, denoted by

vEst, at one of these tide gauge stations comprise twobroad

phenomena at regional and local scales with two distinct

statistical properties; systematic and random. They can be

related to the absolute sea level trend² as follows,

v
Est

= v
Abs
− v

VM
+ ε

Misc
(1)

2 Because the regional contributions of the geoid rate of change due

to GIA and tectonic movements are well below the noise level of the



Inferring regional vertical crustal velocities from averaged relative sea level trends | 61

Figure 1: Tide gauge station locations in Maryland and Florida,
USA (Google Earth). Refer Table 1 for further information about the
PSMSL tide gauge data.

In this expression, v
VM

is the systematic component of

the vertical crustal velocity, which are similar within a
region due to their proximities. The lump-sum effect of

the geotechnical and hydrogeological processes at a tide

gauge station is denoted by ε
Misc

and is random in nature,

i.e. the lump-sum effect varies from station to station as

subsidence or uplift. The secular contribution of the com-

bined steric (thermosteric and halosteric) and eustatic sea

level changes, v
Abs

, is the absolute sea level trend esti-

mated at the tide gauge location.

For several TG stations within a region, while the

geotechnical and hydrological processes are likely to be

different at different tide gauges (random rates), the other

contributors are similar (systematic rates) because of the

proximity of the stations and the underlying phenomena

such as GIA, or tectonic processes that take place at re-

gional scale. Therefore, pooling several estimated sea level

velocities inferred from tide gauge measurements by av-

eraging, v̄
Est
, will tend to reduce ε

Misc
since their con-

tributions are random, whereas the rates due to the sea

level changes and the remaining systematic crustal verti-

cal rates shared by several stations will remain intact.

Following the above discussion, the averaged rates

v̄Md
Est

and v̄Fl
Est

for the three tide gauge stations in Maryland

errors of the regional GIA differences (Huang et al., 2013), they are not

incorporated into the formulations in this study.

and Florida respectively, are given by;

v̄MD
Est

= v
Abs
− vMD

VM
+ ε̄MD

Misc
(2)

v̄FL
Est

= v
Abs
− vFL

VM

+ ε̄FL
Misc

(3)

where, overbar denotes the average. Subtracting eq. (3)

from eq. (2) gives;

v̄MD
Est
− v̄FL

Est
= −∆vMD−FL

VM
+ ∆ε̄MD−FL

Misc
(4)

In the above expression, v
Abs

cancels out because all sta-

tions in both regions experience the same absolute sea

level trend (steric and eustatic combined). This is not an

unrealistic assumption since the sea level trend is ex-

pected to achieve a steady common trend through the pro-

cess of a global equilibriumover the time spanof a century.

The difference of the remaining contributions ∆ε̄MD−FL
Misc

is

given by,

∆ε̄MD−FL
Misc

:= ε̄MD
Misc

− ε̄FL
Misc

(5)

In the above expression, delta epsilon is again to empha-

size the random nature of the result. Note that the signs

of the systematic vertical crustal velocities (v
Abs

) in eq. (2)

through (4) are defined a priori for these regions as pre-
dicted by the GIA models. The GIA correction, which is

the difference of crustal uplift and GIA geoid rate (Peltier,

1998, Huang et al., 2013), exhibits subsidence in both

Maryland and Florida regions. In addition, the subsidence

rate in Maryland is considerably large in magnitude than

that of the subsidence rate in Florida because of the prox-

imity of Maryland to the transition zone of the GIA pro-

cess, which is near the Great Lakes. Hence, the difference

of the averaged velocities will show subsidence of Mary-

land, with respect to Florida if, the remaining miscella-

neous local effects remain small. In this case, the differ-

ence ∆vMD−FL
VM

can be estimated and verified by comparing

it to the crustal rates predicted by the GIAmodels, and the

vertical crustal rates inferred fromGPS time series in these

regions.

Quantifying the left-hand side of the eq. (4) is simply

the difference of the weighted averages of the estimated

relative sea level velocities in Maryland and Florida re-

gions, which are determined to be 3.37±0.15 mm/yr, and

2.22±0.02 mm/yr, respectively (3). Note that ∆vMD−FL
VM

refers

to the difference of the crustal velocities experienced at

each region,which are systematic in nature. The difference
∆ε̄MD−FL

Misc

is the remaining possibly geotechnical andhydro-

logical effects exhibiting a random behavior from station

to station. They are not estimable³ yet they are expected

3 This statement should be loosely interpreted. In some cases, it is

possible to estimate the local effects. Also, the location dependent
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Figure 2: Six, monthly averaged RLR tide gauge records are analyzed in this study. Refer to Table 1 for further information about the PSMSL
tide gauge data and trend solution statistics.

to be small because of the averaging and differencing of

random entities. Therefore, the difference v̄MD
Est

− v̄FL
Est

=

−1.15 ± 0.15 mm/yr (3) can be interpreted as an estimate

of the systematic effect, which can be attributed to the rel-

ative GIA velocity between the two regions. The standard

error of the estimate for the systematic effect was calcu-

lated using variance propagation. Note that the difference

vertical crustal movements can be monitored by precise levelling of

GPS monitoring if available.

should be negative irrespective of positive difference be-

cause of faster crustal subsidence of Maryland region with

respect to Florida’s if the source of the systematic vertical

crustal velocity is of GIA origin. GIA induced vertical ve-

locity may vary within the region, but again, the effect is

expected to be small⁴. If this is indeed the case, then the es-

timated difference v̄MD
Est

− v̄FL
Est

= −1.15 ± 0.15mm/yr should

4 This premise is verified in the following section by computing GIA

rates at different TG stations.
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Table 1: Summary of relative sea level trends (mm/yr) calculated using tide gauge time series (Iz, 2014, 2015). The standard errors of the
estimated difference of the relative sea level velocities are based on the a posteriori variance of unit weights.

Region Maryland Florida
Station Annapolis Atlantic City Baltimore Fernandina Key West Pensacola
PSMSL ID 311 180 148 112 188 246
Length 81 yr 98 yr 107 yr 112 yr 97 yr 87 yr
Rate±SE 3.64±0.13 3.33±0.24 3.19±0.11 2.27±0.19 2.21±0.24 2.21±0.11
Average 3.37±0.15 2.22±0.02
Difference 1.15±0.15

not be significantly different than the one predicted by the

GIA models independently. This is the topic of the follow-

ing section.

3 GIA Model Derived Correction
(RSL)

The contribution of GIA induced relative sea level (RSL),

as defined by Peltier (1998), can be quantified by a mul-

titude of competing theoretical/empirical models (Huang,

2013; Guo et al., 2012). But, not allmodels predict the same

rates at the same tide gauge locations (Table 3), and the

available information about the model solutions do not

provide pertinent statistics for the predicted values, such

as standard errors of the predicted crustal rates, or con-

fidence/prediction intervals. However, these models are

based on overlapping geological and geophysical informa-

tion, therefore, each model prediction can be treated as

a member of a sample from the same population. With

such understanding, the model predictions can be used

in a null-hypothesis testing to check the validity of the es-

timated relative crustal movements between the two re-

gions.

The predicted GIA induced RSL’s (vertical motions) at

6 tide gauge stations by 13 GIA models listed on Table 3

are part of such a sample for each tide gauge station. Al-

most all predicted GIA induced RSL’s for all three stations

in Maryland and in Florida by each model are consistent.

Hence, averaging the predicted crustal vertical velocities

over three stations in each region,MDandFL, provides im-

proved predicted values (refer to the Model Mean columns

for MD and FL in Table 3) for the systematic regional com-

ponent of GIA inducedRSL’s. Nonetheless, someof the val-

ues exhibit inconsistencies from model to model, but not

prohibitively different for discarding them.

If each difference of the model means (last column of

Table 3) is treated as a sample point from the same popula-

tion, the One-Sample t-Test (Neter et al., 1996) can be used
to test the null-hypothesis if the GIA model predictions

against the tide gauge predicted relative regional vertical

crustal motion is statistically different from each other.

Table 3 and Figure 3 display the averaged difference

and its standard deviation as being −0.98 ± 0.53 mm/yr

with the 95%confidence interval and the sampledataused

in the testing. The One-Sample t-Test results show that the

null-hypothesis cannot be rejected, i.e. the average differ-

ence between the crustal rates of MD and FL predicted

by the GIA models, and the relative velocity estimated us-

ing TG velocities is not statistically different. Note that the

null-hypothesis is still not rejected even if the two extreme

values shown on Fig. 3 are removed.

The average difference 0.17 mm/yr, between the GIA

model average of −0.98 mm/yr, and averaged tide gauge

results −1.15 mm/yr, is small in magnitude. The discrep-

ancy can be attributed to the unaccounted geotechnical

and hydrological effects at these stations or it is due to the

non-uniform rate of sea level rise along the Eastern Coast

of USA.

Figure 3: Dots refer to the GIA induced RSL differences predicted by
13 GIA models. x̄ = −0.98mm/yr refers to the average difference lo-
cated at the center of the 95% CI. H

0
= −1.15mm/yr is the location

of the relative GIA induced RSL between MD and FL (TG origin).
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Table 2: GIA induced Relative Sea Level (RSL) are in mm/yr as predicted by 13 GIA models at Maryland and Florida tide gauge stations. Lati-
tudes and longitudes are in degrees. Refer to the Appendix for model abbreviations.

Region Maryland Florida

St
at
io
n

An
na
po
lis

At
la
nt
ic

Ba
lti
m
or
e

M
od

el
M
ea
n

Fe
rn
an
di
na

Ke
yW

es
t

Pe
ns
ac
ol
a

M
od

el
M
ea
n

Di
ff.
of
th
eM

od
el
M
ea
ns

(M
D-
FL
)

Longitude −76.48 −74.42 −76.58 −81.47 −81.81 −87.21
Latitude 38.98 39.36 39.27 30.67 24.56 30.40
Pel 4 VM2 −1.17 −1.37 −1.10 −1.21 −0.59 −0.82 −0.44 −0.62 −0.60
Pel 5 VM2 −1.54 −1.92 −1.59 −1.68 −1.02 −0.76 −1.09 −0.96 −0.73
Pel 5 VM4 −1.55 −1.95 −1.60 −1.70 −1.26 −1.29 −1.28 −1.28 −0.42
Pel 6 VM5 −1.83 −2.17 −1.88 −1.96 −0.99 −0.83 −1.08 −0.97 −0.99
Pur 6 VM5 −2.10 −2.34 −2.19 −2.21 −1.09 −0.72 −1.11 −0.97 −1.24
SKM O R −1.39 −1.53 −1.32 −1.41 −0.98 −0.58 −1.01 −0.86 −0.56
SVv 3 REF −0.99 −1.21 −0.91 −1.04 −0.99 −0.66 −0.98 −0.88 −0.16
SaS 1 −2.48 −3.12 −2.49 −2.70 −0.51 −0.34 −0.44 −0.43 −2.27
SaS 3 −1.33 −1.60 −1.27 −1.40 −0.33 −0.30 −0.29 −0.31 −1.09

WaO EGOD −1.91 −2.40 −1.97 −2.09 −0.95 −0.74 −0.95 −0.88 −1.21
WaW 4 −1.66 −1.73 −1.65 −1.68 −0.78 −0.79 −0.87 −0.81 −0.87
WaW 5 −2.59 −2.73 −2.61 −2.64 −1.24 −1.12 −1.43 −1.26 −1.38
vdW 5 R −1.50 −1.83 −1.56 −1.63 −0.38 −0.55 −0.48 −0.47 −1.16

Table 3: One-Sample t-test of H
0
: µ = −1.15mm/yr vs H

a
: µ = ̸ −1.15mm/yr.

Variable N Mean St Dev SE Mean 95% CI
Difference 13 −0.98 0.53 0.15 (-1.30, −0.66)

4 Vertical Crustal Rates Inferred
from Continuous GPS
Measurements

As mentioned in the introduction section, GPS is the most

promising candidate to measure vertical crustal move-

ments directly. Such measurements also have the advan-

tage of referencing to the center of mass of the earth. To-

day, the time span of GPS measurements at some loca-

tionsmay quantify solid Earth uplift or subsidence rates of

less than 1 mm/yr with high precision at mid-latitude tide-

gauge sites. The local vertical crustal velocity derived from

geocentric GPS measurements does not contain any infor-

mation about the GIA geoid rate⁵, and thus does not ex-

actly compare with the GIA model predicted GIA induced

RSL. However, GIA geoid rate is only a few percent in mag-

nitude of the GIA RSL (e.g., Huang et al., 2013) and can be

treated as a second order effect. Consequently, GPS mea-

sured vertical crustal velocity can be compared with GIA

predicted RSL at tide gauge locations if somehow the con-

tribution of local vertical crustal motion of non-GIA origin

is reduced by regional averaging, which is the purpose of

this section.

5 Unless ellipsoidal height is corrected for changes in geoid undula-

tions.
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Table 4: GPS vertical crustal velocities calculated in the ITRF08 the Reference Frame (Wöppelmann, 2017).

TG Station
Lon., Lat.

Station ID:Distance to
TG (km)

Time Span Velocity
(mm/yr)

Annapolis
-76.48, 38.98

USNA: 0
ANP1:12
ANP5: 12

1995/01-2005/12
1995/01-2007/09
2007/10-2016/10

−0.63±0.53
−1.03±0.46
−2.46±0.37

Atlantic
-74.53, 39.47

NJGT: 16 2007/09-2016/10 −1.62±0.66

Baltimore
−76.71, 39.25

SA15: 11
UMBC: 11

2001/11-2016/10
2002/05-2016/10

−1.21±0.26
−1.57±0.52

Maryland Average: -1.44±0.25
Fernandina
−79.93, 32.78

SCCC: 180
CCV6: 160

2004/10-2014/09
2007/01-2016/10

−1.94±0.28
−2.80±0.37

Key West
-81.75, 24.55

KWST: 5
KYW5: 16
KYW1: 16

2002/11-2014/01
2007/10-2016/10
1996/12-2007/10

−1.07±0.38
−1.76±0.43
0.26±0.43

Pensacola
−87.19, 30.47

PCLA: 8 2004/02-2016/10 −0.42±0.36

Florida Average: -1.40±0.43
Difference of the Averages: -0.04±0.50

Table 4 tabulates a list of 12 GPS stations with contin-

uous measurements spanning over a decade in Maryland

and Florida with estimated vertical crustal velocities with

standard errors less than 0.5 mm/yr (Wöppelmann, 2017).

Unfortunately, not all the GPS stations are collocated with

tide gauge stations in these two States. Consequently, un-

desirably long distances between the tide gauges and the

GPS stations suggest crustal rates that are not commen-

surate with what is being experienced at tide gauge sta-

tions (local uplift/subsidence) as evidenced by erratic sta-

tion rates. Moreover, there are not large number of sta-

tions to allow reliable rates representative of each region

when averaged. This deficiency is reflected in the mean

and its large standard error for the crustal velocity differ-

ences between MD and FL, which is −0.04±0.50 mm/yr.

This result suggests no statistically significant difference

between MD and FL vertical crustal rates, which is not

possible based on what is known a priori because of dif-
fering GIA regional vertical crustal rates in these regions.

Although the precision and accuracy of the GPS measure-

ments at these stations are probably appropriate for as-

sessing the crustal rates (they all exhibit subsidence at

these locations), it is likely that the tabulated values are

contaminated by the local effects and not reduced by re-

gional averaging. Some of them are located farther away

from tide gauge stations, a problem for instance reported

earlier by Sanamaria-Gomez et al. (2012) for theTideGauge

Benchmark Monitoring Pilot project (TIGA, Schöne et al.,

2009), hence not suitable for additional inferences about

the regional behavior of the vertical crustal movements. It

is possible however, that these results can be improved by

deploying larger number of GPS stations to infer regional

crustal rates in the future. It is important to emphasize that

this problem is not an issue for the GIA models, which

predict average (expected) values for the vertical crustal

movements.

5 Conclusion
Theuse of relative sea level trends to estimate coastal verti-

cal crustal velocities requires that the stations experience

the same steric and eustatic contributions, in addition to

randomly behaving geotechnical and hydrological contri-

butions. These requirements may not always bemet. How-

ever, when they do, inferring crustal velocities from tide

gaugemeasurements as demonstrated in this study is sim-

ple, and the results are by no means trivial. This study

demonstrated that 85% of the relative vertical crustal rate

of −1.15±0.15 mm/yr estimated from relative sea level ve-

locities can be attributed to GIA process in these regions.

The crustal velocities derived from continuous GPS

measurements collocated at tide gauge stations are infor-

mative as widely accepted today. Nonetheless, not all GPS

stations are reliably collocated with tide gauge stations
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or may experience other local effects, as observed in this

study. Averaging fewer number of GPS stations that are

sensitive to local effects also hinders generating vertical

crustal rates representative of the regional behavior.

Finally, this study revealed large uncertainties of the

predicted GIA induced RSL experienced at these TG sta-

tions. The new relative GIA induced RSL estimates inferred

from tide gauge sea level velocities as demonstrated in this

study will impact the new generation GIA models if they

are used as constraints in GIA modeling. They may also

be used as baseline values for checking the calibration of

satellite borne measurements.
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