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Abstract: This study provides additional information
about the impact of atmospheric pressure on sea level vari-
ations. The observed regularity in sea level atmospheric
pressure depends mainly on the latitude and verified to be
dominantly random closer to the equator. It was demon-
strated that almost all the annual and semiannual sea
level variations at 27 globally distributed tide gauge sta-
tions can be attributed to the regional/local atmospheric
forcing as an inverted barometric effect. Statistically signif-
icant non-linearities were detected in the regional atmo-
spheric pressure series, which in turn impacted other sea
level variations as compounders in tandem with the lunar
nodal forcing, generating lunar sub-harmonics with multi-
decadal periods. It was shown that random component of
regional atmospheric pressure tends to cluster at monthly
intervals. The clusters are likely to be caused by the intra-
annual seasonal atmospheric temperature changes, which
may also act as random beats in generating sub-harmonics
observed in sea level changes as another mechanism. This
study also affirmed that there are no statistically signifi-
cant secular trends in the progression of regional atmo-
spheric pressures, hence there was no contribution to the
sea level trends during the 20" century by the atmospheric
pressure. Meanwhile, the estimated nonuniform scale fac-
tors of the inverted barometer effects suggest that the sea
level atmospheric pressure will bias the sea level trends
inferred from satellite altimetry measurements if their im-
pact is accounted for as corrections without proper scal-
ing.
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1 Introduction

Global sea-level rise relates to the changes in air temper-
ature associated with the increasing concentration of at-
mospheric CO, (Thompson, 1986). As a result, several cli-
mate change studies evaluate sea-level atmospheric pres-
sure! over time to examine how well climate models cap-
ture the observed changes and take this as an evidence
for global warming (e.g., global surface temperature in-
creases) to suggest a human influence on the global cli-
mate (Gillett et al. 2003).

In the context of sea level studies, a non-negligible
component of sea level variability is the atmospheric pres-
sure when compared to changes of steric, and eustatic ori-
gins (Ponte, 2006, Bindoff et al., 2007). Inverted barome-
ter effects become more significant when analyzing shorter
decadal records such as those from satellite altimetry
(Ponte, 2006). The CO, forcing causes changes in dry
atmospheric pressure at sea level due to low-frequency
changes in the atmospheric flow field and the associated
shifts in air mass. An increase of water vapor in the atmo-
sphere due to changes in the atmospheric temperature and
moisture content contributes to these changes (Stammer
and Hiittemann, 2008).

Robinson (1964) showed that the open ocean should
respond as an inverse barometer to changes in atmo-
spheric pressure. The sea surface is depressed 1 cm for
each millibar (mb)? of increased atmospheric pressure so
that the net bottom pressure remains constant (isostatic).
Wunsch (1972) reported that at the scale of about a day
to months, the sea level behaves like an inverted barom-
eter, while for longer periods, the effects of the wind tend
to dominate. Later, Trupin and Wahr (1990) demonstrated
the presence of sea level response to the atmospheric pres-
sure to be inverted barometric for periods greater than 2

1 Sea-level atmospheric pressure will be stated as atmospheric pres-
sure for the sake of brevity.
2 mb =1hpa =100 pa, 1 pa=1kgm™ 572
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months by fitting atmospheric pressure to global, monthly
tide gauge data. Subsequently, Douglas (2006) reported
the correlation between sea level variations of three tide
gauge stations to the variations in inverted barometric ef-
fect corrections at these stations at interdecadal scales as
a marginal finding in investigating fingerprints of glacial
melting but stopped short of assessing their impact on
long term sea level variations.

Today, the study of the impact of atmospheric pressure
in modelling sea level variations is more relevant because
of the need not only to estimate secular sea level trends
more accurately (Piecuch et al., 2016), but also to detect
an accelerating sea-level rise, which will be easier to iden-
tify with an ‘IB modeled/corrected’ tide gauge or satellite
altimetry data. Rossiter (1967) was one of the first to cor-
rect annual sea-levels in his study of secular trends on the
north-west European Shelf (see Lisitzin, 1974 and Tai, 1993
for an historical review of this topic).

On the satellite altimetry side, Wunsch (1991) investi-
gated the sea level response to atmospheric forcing com-
bining Geosat data with tide gauge data and filtering to
retain only sea level variations at large spatial-temporal
scales. He determined that some areas produce classical
static inverted barometer response, but others suggest an
amplified response. Removing the static inverted barom-
eter sea level response enables investigating the remain-
ing dynamical response to atmospheric pressure forcing
in satellite altimetry (Tai, 1993). Gaspar and Ponte (1997)
and Ponte and Gaspar (1999) carried out a crossover analy-
sis of TOPEX/POSEIDON data regressed against the atmo-
spheric pressure and determined significant correlations
between various sea level signals and barometric pressure.

Meanwhile, there were observations indicating that
the sea level response tends to deviate from the postulated
inverted barometer response in the continental shelf re-
gions (Hamon 1962, Wunsch et al. 1969, Chelton and Davis
1982). This study will also verify these observations and
quantify the variable impact of atmospheric pressure at
spatial-temporal scales to the sea level variability at glob-
ally distributed tide gauge stations.

In the following sections, first, the evidence for the
presence of nonlinear changes in atmospheric pressure at
the globally distributed 27 tide gauge stations is offered.
In the sections that follows, the impact of nonlinearities
in atmospheric pressure, as compounders, on long peri-
odic sub-harmonic variations of luni-solar origin in sea
level variations as observed in monthly tide gauge mea-
surements is demonstrated.
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2 Atmospheric pressure

Response of a homogeneous ocean to atmospheric pres-
sure forcing involves a static and dynamic inverted barom-
eter response of the sea level contributing to the sea level
changes (Tai, 1993, Ponte, 2006). For the static component
nib at a given epoch t, the local/regional contribution is
given by

ib,_Pt—P
= 1
nt 0g )

where p; is the atmospheric pressure that varies over time.
The overbar denotes a spatial average of the pressure over
the global oceans, p is surface density, and g is acceler-
ation of gravity. A simple correction is provided for a hy-
pothetical global uniform increase of 1 mb of the atmo-
spheric pressure over the ocean, which would suggest a
uniform sea level depression of about 1.01 cm according to
the above inverted barometer approximation (Ponte, 1991).

The static response is forceful. It can account for more
than half of the total sea level variability (Chelton and
Davis, 1982, Ponte et al., 1991, Thai, 1993). The systematic
contribution of atmospheric pressure to the sea level vari-
ability reduces markedly in the equatorial regions. How-
ever, this contribution never disappears but gets random-
ized at lower latitudes as it is shown at various tide gauges
in this study.

Atmospheric pressure changes have been reported not
having any significant trend (Roden, 1966) based on the
analysis of sea-level pressure data at several stations along
the Pacific coast of North America as also verified by
this investigation. Since then, numerous studies of global
mean sea level using tide gauges applied no corrections
for the inverted barometer effect (Church and White, 2011,
Ray and Douglas, 2011, Jevrejeva et al., 2014). Woodworth
etal., (2009) stated that this correction is small on century
time scales. Nevertheless, a changing atmospheric circu-
lation implies a change in the atmospheric pressure and
an associated loading effect, in principle, will contribute
to regional sea level changes at low frequencies as demon-
strated below. Consequently, low frequency sea level vari-
ations, if unmodeled, will bias trend estimates from the
tide gauge measurements at shorter time scales, especially
when the aim of the analysis is to detect sea level accel-
erations (Iz, 2006). Furthermore, Piecuch et al., (2016) re-
ported that removing the effect of IB effect from yearly av-
eraged tide gauge time series improves the uncertainties of
sea level trend estimates by 10-30% and advocates the use
of IB correction for the tide gauge records.
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3 Regional atmospheric pressure
data at globally distributed tide
gauge stations

Twenty-seven tide gauge locations shown on Fig. 1 with
long records were selected in order verify the outcomes of
the earlier studies, using updated atmospheric pressure
data, and to further gain insight about their properties.
Most of the tide gauge stations at these locations span tide
gauge observations over a century and were scrutinized re-
peatedly over the last decade by Iz, 2006-2016.

Figure 1: The locations of the 27 tide gauge stations used in this
study are indicated with drops (Google map, 2016).

Figure 2 displays regional atmospheric pressure varia-
tions surrounding these tide gauge stations. The data were
download from the Hadley Center’s historical mean sea
level pressure repository. The atmospheric pressure series,
HadSLP2, is based on numerous terrestrial and marine
data compilations on a 5° latitude by 5° longitude grid
covering the period from 1850 to 2004 (Allan and Ansell,
2006). Despite the large areal coverage, the regional data
are representative of the atmospheric pressure effect at
the corresponding local tide gauge stations because of the
high areal coherence of sea surface pressure up to 1200 km
(Roden, 1960).

In Figure 2, the regional atmospheric pressure series
are plotted with a common vertical scale to disclose av-
erage differences visually at different locations. Some of
the records are identical because of the proximity of the
tide gauge stations to each other. The averages vary be-
tween 1003.8-1020.4 mb with a range of 0.1- 0.2 mb for
the standard errors of their mean values, while exhibit-
ing strong dependency on the latitude as reported by ear-
lier investigations (Ponte, 2006). On the plots, the connect-
ing lines were not used to reveal some of the stratifica-
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tion/clustering in the series, a topic to be examined in the
following section.

4 Properties of regional
atmospheric pressure at tide
gauge stations

In general, the atmospheric pressure series exhibit one of
the properties of the two examples presented in Fig. 3.
These examples are intended to detail the analysis carried
out at the selected 27 globally distributed tide gauge sta-
tions. Atmospheric pressure series surrounding Key West,
USA, and New York, USA regions span through 1850-2005.
Averaged 1860 monthly values were extracted for each lo-
cation from the HadSLP2 data set (Allan and Ansell, 2006).
The progression of the atmospheric pressure series is dom-
inantly random in the case of Key West, as revealed by its
slightly skewed right tailed histogram with an almost flat
white noise spectrum. They can also be multimodal as in
the case of New York atmospheric pressure series (Fig. 3).
Both atmospheric pressure series have a pronounced an-
nual component evident in their power spectra and in their
correlograms. Overall, the amplitude of the yearly varia-
tions attenuates for stations closer to the equator but never
disappears.

Solutions using a preliminary? model with a deter-
ministic trend and the sine and cosine components of
annual periodicities superimposed with an assumed ho-
moscedastic noise were carried out for both time series to
explore their systematic and random properties. The esti-
mates show that the Key West atmospheric pressure series
have a statistically significant trend —0.012+ 0.002 mb/yr
(p<0.00), which translates into a decreasing secular trend
in sea level of about —0.12+0.02 mm/yr, with an adjusted
R? value of 16.8%. Despite the predominantly noisy na-
ture of the fit, the solution passes the F-test’ (p<0.00). The
trend estimate is also significant in the sense that the in-
verse barometric contribution to the sea level trends can
be as large as the contributions from halosteric or ther-
mosteric origin at some localities. The atmospheric pres-
sure trend for the New York region is —0.002+0.001 mb/yr,

3 Note that both solutions’ statistics presented here are preliminary.
The statistics will be different once the models are finalized (see Table
1 for the final results).

4 p = 0.05 is adopted as a borderline for the statistical significance
of the tests throughout this study.

5 i.e. the model still has a statistically significant predictive power.
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Figure 2: Regional atmospheric pressure time series at 27 globally distributed tide gauge stations with long records. Some of the records
are identical because of the proximity of the tide gauge stations to each other.

which is equivalent to —0.02+0.01 mm/yr sea level trend.
The model explains 96% of the variations in the atmo-
spheric pressure by the yearly variations. Nonetheless, the
trend is not an important contributor to the sea level trend
at the New York tide gauge station despite being statisti-
cally significant (p<0.02). On the other hand, the ampli-
tude of the annual periodicity in pressure variation at the

New York station is 12.71+0.06 mb, which is markedly large
in contrast to the estimated amplitude of the yearly pe-
riodic changes experienced at the Key West TG station,
which is 2.60+0.14 mb.

The residuals of these preliminary solutions however
revealed unmodeled atmospheric pressure variations at
the sea level, which biased the sea level related parameter
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Figure 2: (Continued)

estimates as it will be shown through the following solu-
tions. The residual and the histogram plots of atmospheric
pressure time series shown in Fig. 4 for the two sample
solutions suggest normally distributed residuals for both
regions. Nonetheless, when the residuals plotted against
their adjusted (fitted) atmospheric pressure values, they
exhibit heteroscedasticity in Key West observations (in-
creasing variability in the residuals). More importantly, a
non-linear unmodeled effect (a cubic with a negative sign)
is revealed. The plot for the New York time series residuals
also exhibit an atypical clustering at monthly intervals.
Solution statistics were also affected by the unmod-
eled non-linear effects (Table 1). The clusters of residuals
for the New York model solution are ordered monthly with
increasing dispersion as in the case of Key West residual

series. Monthly clusters suggest that, in addition to the pe-
riodic annual variation in atmospheric pressure, there are
unexplained changes, as if they are random beats occur-
ring at monthly intervals.

Although, the residual clustering seems to disappear
for the Key West atmospheric pressure series, a close
examination reveals that monthly signatures persist but
weaker in the presence of more dispersed random vari-
ations. In any case, clustering and nonlinearities are all
present surrounding the 27 tide gauge stations’ atmo-
spheric pressure series as revealed by the plots in Fig. 5.
The clusters are not caused by high frequency sub annual
pressure variations. They are also not transient.

The following kinematic model accommodates the ef-
fect of unmodeled nonlinearities in the residuals of the
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Figure 3: Atmospheric Pressure time series at Key West, USA and New York, USA tide gauge stations.
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Preliminary solutions‘for all 27 atmosphe.ric pressure se- +a, cos < IZTH ) (t  to) + 4 sin <12T7T> (t - to)

ries. The model consists of an acceleration and change A A

in the acceleration parameter, accompanied b.y a secular + gy COS ( 2n ) (t = to) + 754 Sin ( 2n ) (E—to) + €
trend, and parameters for the annual and semiannual pe- Psa Psa

riodic changes in the atmospheric pressure together with )

random effects, In this representation, an average monthly regional at-

mospheric pressure at an epoch t is denoted by p;. The
intercept py, is the atmospheric pressure defined at the
reference epoch which is selected to be the mid-epoch of

Dt =Pi, + Pt —to) + %(t —to)? + %(t ~to)’
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Figure 5: Residual atmospheric variations at all 27 globally distributed tide gauge stations were calculated using a preliminary model with
a deterministic trend, and the sine and cosine components of annual periodicities superimposed with a homoscedastic noise. Note that
some of the plots are identical because some stations share the same regional atmospheric pressure data.

each series. The constant rate of change (velocity/trend) sine and cosine components from which the amplitudes
in the atmospheric pressure is denoted by p, and, p and and the phase angles of the periodic terms are calculated.
D are the parameters for the acceleration and change in In total, the extended kinematic model includes 8 un-
the acceleration. P,, Pg, represent the annual and semi- known parameters to be estimated. The random variable
annual periodic changes in the atmospheric pressure se- denoted by €; ~ (0, 02) represents the random errors that
ries. Each period introduces two parameters, a, v for the
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Figure 5: (Continued)

are assumed to be uncorrelated® with zero expected value
and homoscedastic in nature since the effect of the non-
homogeneity did not impact the solution statistics signifi-
cantly.

Table 1 lists all the solution statistics calculated us-
ing the above model. All the results conform with the ear-
lier findings. Stations along the eastern United States are
subject to periodic changes with larger amplitudes as com-
pared to the others. Stations closer to the equator are also
exposed to yearly periodic variations but with smaller am-
plitudes. Large adjusted R? values show that the models
explain most of the variations in atmospheric pressure

6 Once the annual periodic variations are removed from the atmo-
spheric series, the residuals do not exhibit any autocorrelation.

observed at the sea level at the corresponding stations.
For those stations closer to the equator, the amplitudes
of the annual and semiannual changes are considerably
smaller and overwhelmed by random excursions. Stations
in Europe experience similar regional variations because
of their proximities to each other’.

Except for the two tide gauge stations in Canada, and
Fernandina and Honolulu, USA, there are no statistically
significant secular changes (trends) in atmospheric pres-
sure at the remaining 23 tide gauge stations. Only at 6
stations atmospheric pressure accelerate/decelerate, re-
flecting no dominant global behavior. Among them Mum-

7 Most of the regional atmospheric data overlap at stations located
in Nordic countries.
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bai, India has the largest acceleration 0.00032 mb/yr?, an
equivalent inverted barometer contribution to the sea level
rise acceleration of about 0.0032 mm/yrz, which could be
an important contributor to the sea level changes at this
tide gauge location if it is sustained over a long period of
time.

The third order effect, a cubic, (change in the ac-
celeration in the physical context) is prevalent at the
eastern North Atlantic Coast of the United Stated with
an increasing acceleration followed by a deceleration.
These non-linear atmospheric variations are visually ev-
ident in the preliminary residual plots (Fig. 5). The non-
linear models explain also most of the atmospheric pres-
sure variabilities at Annapolis, Atlantic City, Baltimore,
Boston, USA tide gauge stations with Adjusted R? val-
ues exceeding 92%. Moreover, in addition to being statis-
tically significant, they contribute markedly to the long-
term sea level changes experienced at these stations. For
instance, a change in the atmospheric pressure of about
-0.00001 mb/ylr3 at one of these stations, if not accounted
for, will bias the sea level trend approximately 1 mm/yr for
a 50-year tide gauge time series®.

In addition, a lurking impact of atmospheric pressure
changes can be attributed to the monthly clusters dis-
played in the preliminary residual plots of Fig. 5. These
monthly unexplained imprints are less clustered but still
persistent even after the periodic, linear and non-linear ef-
fects are removed.

The repeated spectral analyses of the residuals for all
27 atmospheric pressure series after the nonlinear vari-
ations were removed revealed no statistically significant
frequencies in their residuals. Nonetheless, the residuals
still exhibit multi-modal changes clustered at certain pres-
sure magnitudes repeating within the same month of every
year with random excursions with varying variances (sug-
gesting non-stationarity in variance). These repetitive be-
haviors can be interpreted as a realization of a broadband
random beat mechanism proposed by Keeling and Whorf
(1997), Treloar (2002) and debated by Munk et al. (2006) in
the context of climate variability as another potential com-
pounding source of low frequency changes in the ocean in-
teracting with lunisolar periodicities in sea level changes
and generating sub and super harmonics. The presence
of their proposed compounding mechanism was demon-
strated by Iz, (2014) using meta-analysis in generating sea
level changes of sub and super harmonics of luni-solar

8 -0.00001 mb/yr> is equivalent to a sea level rise of 0.0001 mm/yr>,
which cumulatively increases the sea level by 62.5 mm during a 50-
year time span.

DE GRUYTER

origin. In this interaction, atmospheric pressure is now
one of the possible contributors to the long periodic sea
level variability in addition to the thermosteric effects (Iz,
2016a). This conjecture will be investigated in the next sec-

tion.

Table 1: The estimates for the atmospheric pressure model param-
eters namely; trends, accelerations, change in the accelerations
and the amplitudes of the periodicities calculated from their es-
timated components, and their statistics. The amplitudes of the
periodicities are in mb, which are followed by their standard devi-
ations. Mean square error of the residuals (a posteriori variance of
unit weight) is denoted by 2. Atmospheric pressure velocity esti-
mates (trends) are in mb/yr. Statistically significant estimates are

highlighted.

Station USA Annapolis USA Atlantic City USA Baltimore USA Boston
b 0.001=0.003 0.001 0.003 0.001 0.003 0.004 0.002
D 0.00003+0.00005 -0.00008 0.00006 -0.00003 0.00005 -0.00008 0.00004
P -0.000012+0.000004 -0.000012 0.000004 -0.000012 0.000004 -0.000010 0.000003
Annual 10.207+0.067 10.856 0.070 10.207 0.067 12.711 0.056
Semiannual 0.904+0.066 0.997 0.071 0.904 0.066 0.827 0.056
&2 203 2.15 2.03 1.70
Adj R? 92.75 92.80 92.75 96.54
Station USA Fernandina USA Key West USA New York USA Pensacola
P 0.016 0.006 -0.007 0.006 0.004 0.002 -0.002 0.004
P 0.00010 0.00012 0.00030 0.00011 -0.00008 0.00004 0.00010 0.00007
P -0.000026 0.000009 -0.000015 0.000009 -0.000010 0.000003 -0.000011 0.000006
Annual 5.4300.155 2.5950.143 12.711 0.056 6.206 0.093
Semiannual 1.5650.155 0.467 0.143 0.827 0.056 0.736 0.093
&2 4.72 4.36 1.71 2.85
AdjR? 41.76 17.56 96.54 70.83
Station USA San Francisco USA Honolulu DE Cuxhaven DE Den Helder
2 0.005 0.006 0.016 0.006 0.000 0.005 0.000 0.005
P 0.00025 0.00012 0.00010 0.00012 -0.00004 0.00010 -0.00004 0.00010
P -0.000015 0.000009 -0.000026 0.000009 0.000007 0.000008 0.000007 0.000008
Annual 3.575 0.154 35.068 0.000 6.900 0.125 6.900 0.125
Semiannual 0.962 0.154 10.092 0.000 3.072 0.125 3.072 0.125
&2 215 4.72 3.82 382
Adj R? 92.80 41.76 66.16 66.16
Station FR Brest DE Travemunde NL AmsIjmuiden NL Delfzjil
D 0.005 0.004 -0.000 0.005 0.000 0.005 0.000 0.005
P 0.00003 0.00008 -0.00009 0.00011 -0.00004 0.00010 -0.00004 0.00010
P -0.000006 0.000006 0.000009 0.000008 0.000007 0.000008 0.000007 0.000008
Annual 6.4510.107 7.158 0.137 6.900+0.125 6.900 0.125
Semiannual 2.7100.106 2.8570.137 3.072+0.125 3.072 0.125
&2 325 4.18 3.82 382
Adj R? 69.84 62.36 66.16 66.16
Station NL Harlingen NL Terscelling PL Swinoujscie SE Landsort
P 0.000 0.005 0.000 0.005 -0.000 0.005 -0.002 0.005
P -0.00004 0.00010 -0.00004 0.00010 -0.00009 0.00011 -0.00015 0.0001
P 0.000007 0.000008 0.000007 0.000008 0.000009 0.000008 0.000011 0.000008
Annual 6.900 0.125 6.900 0.125 7.158 0.137 6.6910.128
Semiannual 3.072 0.125 3.0720.125 2.8570.137 2.4210.128
&2 3.82 3.82 4.18 3.92
Adj R? 66.16 66.16 62.36 62.29
Station SE Stockholm UK Liverpool UK N. Shields AU Sydney
P -0.002 0.005 0.002 0.004 0.001 0.003 0.012 0.004
P -0.00015 0.0001 0.00007 0.00007 -0.00004 0.00006 0.00010 0.00007
P 0.000011 0.000008 0.000002 0.000005 0.000003 0.000005 -0.000000 0.000005
Annual 6.6910.128 6.157 0.090 4914 0.082 1.223 0.091
Semiannual 2.4210.128 3.638 0.090 3.730 0.082 1.661 0.091
&2 3.92 275 2.50 2.78
Adj R? 62.29 77.12 7521 23.46
Station CA Ketchikan CA Prince Rupert IN Mumbai
y 0.008 0.002 0.006 0.002 -0.002 0.006
P -0.00009 0.00004 0.00004 0.00004 0.00032 0.00011
P -0.000009 0.000003 -0.000009 0.000003 -0.000003 0.000008
Annual 6.491 0.049 5.1840.057 4.1500.140
Semiannual 1.207 0.049 1.067 0.057 2.2350.140
&2 1.50 1.72 4.26
Adj R? 90.61 82.50 38.01
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5 Contribution of atmospheric
pressure to the sea level
variations at selected tide gauge
stations

At any fixed location, the sea level record is a function of
time, involving periodic components as well as continu-
ous random fluctuations. The periodic motion is mostly
due to the gravitational effects of the sun-earth-moon sys-
tem as well as because of solar radiation upon the atmo-
sphere and the ocean as discussed before. Sometimes the
random fluctuations are of meteorological origin and re-
flect the effect of 'weather’ upon the sea surface but reflect
also the inverse barometric effect of atmospheric pressure
at sea level.

1z (2014), (2015) has demonstrated that sea level vari-
ation experienced at a tide gauge station can be effec-
tively reconstructed using harmonic models as follows.
The model consists of a datum parameter, kinematic pa-
rameters of a secular sea level trend and acceleration, sub
and super harmonics of luni-solar origin generated by the
compounding of external forcings by the moon and the
sun, and natural variations. This model will now be aug-
mented (the augmented model) by adding another param-
eter?® to overtly account for the atmospheric pressure as the
inverted barometer effect at sea level in the model. System-
atic effects are superimposed with autocorrelated random
excursions.

h[ =hto + h(t - to)

16 2 2
+ ; {ah cos (P—h> (t - to) + y,sin (P—h) (t- to)]
Dt —I_J (3)

+S + €t
pg

where,
€r=pe1+ve 0sp<l (4)

In this representation, a tide gauge measurement at an
epoch t is denoted by h¢. The intercept hg is the height of
the sea level at the reference epoch ¢ty defined to be the
middle epoch of the series. The constant rate of change
(velocity/trend) in the sea level is denoted by h . The pe-
riodicities (Py,h = 1,...,m) consist of eleven sub and
super harmonics of node tides and those attributed to the
solar radiation shown on Table 1. Each period introduces

9 Dynamic and static atmospheric effects are not differentiated.
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two parameters, ay,, v, for the sine and cosine components
from which the amplitudes and the phase angles of the pe-
riodic terms are determined. In total, the extended model
includes 35 unknown parameters common to all tide gauge
stations in addition to a scale parameter, s, for the inverted
barometers effect given by Eq. (2).

Table 2: Compounded periodicities (yr) of Luni-Solar origin incorpo-
rated into the model.

Nodal Nodal Nodal Solar Annual Chandler
74.5 18.6 3.7 11.1 1.00 429.5/365.4
55.8 9.3 3.1 22.2 0.50
37.2 6.2 2.6

4.7 2.3

The random variable denoted by €; ~ (0, 02) repre-
sents the autocorrelated random errors — determined to be
a first order autoregressive process with variance o2 (Iz,
2012) with zero expected value. The error at an epoch t is
related to the error of the previous epoch through Eq. (4).
The unknown first order autocorrelation coefficient p was
shown to be positive and needs to be estimated in all tide
gauge measurements (ibid). The other random error com-
ponenthas an expected value of zero and it is indepen-
dently distributed, u; ~ (0, 02) i.e. , where o2 is the vari-
ance of the white noise.

It was shown that the correlation coefficients for the
autocorrelations are mostly within the range 0.3—-0.4, not
negligible, yet having no impact on the estimated param-
eters (Iz et al., 2012, 2013). Nonetheless, unaccounted pos-
itive serial correlations bias the solution statistics, such
as the variance of the estimated parameters, by under-
estimating, and overstating the adjusted R? statistics®
and consequently induce false positives in null-hypothesis
testing of the model parameters, i.e. statistical significance
of the estimated parameters, and the model performance
(Neter et al., 1996).

Now, note that in the above model some of the ex-
planatory variables are duplicated. For instance, harmonic
portion of the model includes representation for the an-
nual and semi-annual variations, which are also embed-
ded in the pressure data as it was demonstrated in the pre-
vious section. Given the fact that luni-solar sub and su-
per harmonics are realized because of the compounding

10 Adjusted R2 statistics refer to the coefficient of determination; per-
centage of variation in the data explained by the model adjusted by
the number of model parameters.
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of forced external or natural sea level variations, it is likely
that nonlinear changes in atmospheric pressure (or beats
due to clustering) could be the compounding agent. If this
is the case, a comparison of two least square solutions, one
without the atmospheric pressure parameter and another
with the atmospheric pressure parameter, will be reveal-
ing. The estimates from both model solutions will be dif-
ferent if the atmospheric pressure data and the harmonic
parameters share the same information. In extreme cases,
the variance inflation factors, VIFs!! for the estimates in
the augmented model solutions will disclose the depen-
dency of each parameter to the atmospheric variations at
each tide gauge stations.

Table 3 is the product of these two solutions for all
27 tide gauge stations’ sea level data. The results reflect
the effect of the statistically significant variations in at-
mospheric pressure detected in the previous section and
the sea level variations. Annual and semiannual changes
in atmospheric pressure data explain effectively the corre-
sponding annual and semi-annual periodicities in the aug-
mented model.

The variance inflation factors, VIFs, reveal the exis-
tence of shared information between the other harmonic
model parameters and the IB representation. The effect
of statistically significant non-linear changes in the atmo-
spheric pressure (quadratics and cubics) turned out to be
potential compounders generating subharmonics of the
lunar nodal forcing with period 18.6 yr, which are gen-
erating these low frequency sea level variations (subhar-
monics). Changes in the estimated amplitudes of the sub-
harmonics, which are highlighted on the Table 3 provide
further evidence for the role of the atmospheric pressure.
Note that the changes in the estimated amplitudes calcu-
lated using both models cannot be assessed statistically
since they are based on the same tide gauge time series
data, i.e. they are not independent. Therefore, using a
judgment call, changes exceeding 4 mm in amplitude at
each station’s harmonics were deemed to be significant.
A lower threshold will find additional parameters to be
included in this list. Overall, contribution of atmospheric
pressure is pronounced along the tide gauge stations lo-
cated along eastern coast of USA and at the two Canadian
tide gauge stations and it exists sporadically at the Euro-
pean tide gauge locations.

Both models are equivalent as far as their explanatory
powers are concerned. For instance, additional statistics
for the New York Tide gauge station model solutions are

11 VIFs are calculated by regressing one parameter to the remaining
model parameters (see the appendix of Iz, 2014).
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2.82 and 2.86 for the a posteriori variance of unit weight?
for the harmonic and augmented model respectively. Both
model solutions explain 59.21 and 55.19 percent (Adjusted
R? values) of variations in the sea level tide gauge data.
Similarly, Durbin-Watson statistics are 1.95 and 2.10 in-
dicative of purely random properties of the residuals from
both models. There are however, differences, such as at the
Key West station where the effect of atmospheric pressure
is irregular, and the magnitudes of the annual and semi-
annual variations are small.

Another inference can be made by comparing the mag-
nitude of the estimated scale factor, s, of the inverted
barometer effect listed on the same table (IB). Under ideal
circumstances, when the globally averaged atmospheric
pressure is used in model solutions, a hypothetical global
uniform increase of 1 mb of the atmospheric pressure over
the oceans is expected to correspond to a uniform sea level
depression of about 1.01 cm. Thereby, the expected value
of the scale factor is equal to 1, or -1 if the atmospheric
pressure decreases. Because the globally averaged atmo-
spheric pressure is unknown, a standard atmosphere of
1013.25 mb was used throughout the augmented model so-
lutions. Therefore, the scale factor estimate will be differ-
ent from its expected value of 1 or —1. However, except for
the magnitude of the scale factor, s, tabulated in Table 3,
different average atmospheric pressure values will have no
effect on the other estimated parameters and on the solu-
tion statistics (least squares solutions are invariant with
respect to the shifts in independent variables).

Observe in Table 3 that the scale estimates are
markedly different as a function of tide gauge location, and
consequently, will be a considerable source of bias if IB
effects for instance, are applied to satellite altimetry ob-
servations as corrections without their scale factors, which
seem to be the general practice (Kuo, 2017).

6 Conclusion

The study provides additional information about the im-
pact of atmospheric pressure on sea level variations. Sta-
tistically significant nonlinearities were found in the re-
gional atmospheric pressure series, which impacted long-
term sea level changes depending on the geographical
region. Close to the equator, air pressure variations are
dominantly random and the regularity in sea level atmo-
spheric pressure depends mainly on the latitude and per-

12 i.e. root mean square error of the residuals in mm.
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Table 3: The estimates for the two model parameters (trends and the amplitudes of the periodicities calculated from their estimated com-
ponents) and their statistics for all the tide gauge stations are listed. The amplitudes of the periodicities are in mm, which are followed

by their standard deviations. Station velocity estimates (trends) are in mm/yr. The first set of estimates were calculated without the
parametrization of the IB effect in the model. The highlighted amplitudes and the trend estimates are all impacted by the inclusion of the
atmospheric pressure in the model if the amplitude changes were larger than 4 mm. No estimates are available for the blank cells. Because
of their high VIFs, the corresponding periodicities were not included in the models.

Station Annapolis Atlantic City Baltimore Boston
Length 81 yr 98 yr 107 yr 89 yr

E G E G E G E c E G E G E G E G
IB(s) NA NA -083 003 NA NA -050 003 NA NA -096 003 NA NA -0.190.02
Velocity 3.64 0.13 360 0.17 333 024 395 0.11 3.19 011 3.09 0.10 2.56 0.07 2.54 0.09
A745 VIF VIF VIF VIF 4491 1402 VIF VIF 6.71 553 VIF VIE VIF VIF VIF VIF
A55.8 58.86 19.78 22.88 5.60 5048 1299 1229 416 134 416 18.07 405 2254 408 26.943.18
A37.2 2076 7.04 1536 5.75 1861 53 6.13 427 846 397 597 3.7 11.22 3.3714.193.14
A22.0 6.07 421 6.09 490 1099 353 7.83 424 486 292 535 3.74 498 2.74 415 331
AlB.6 351 436 545 477 124 334 1266 4.18 11.62 277 129 379 498 258 477 3.11
Alll 978 370 B33 435 11.27 319 1096 397 6.66 271 687 3.77 6.77 2.44 721 2.96
A93 122 369 194 424 605 318 54 398 411 268 329 373 2.02 247 331 297
A6.2 11.40 3.54 647 4.17 390 3.10 423 388 855 266 694 3.68 7.07 2.39 7.30 2.88
A47 883 355 1065 4.14 11.00 3.09 1244 381 695 264 781 366 7.98 237 847 2.87
A37 932 353 442 417 o615 3.09 435 382 6.04 264 397 366 1.72 2.37 1.83 2.86
A31 085 35 307 415 348 3.06 480 382 378 263 315 364 333 237 429 286
A26 749 348 761 411 7.16 3.06 687 381 7.61 2.64 657 3.64 2.78 2.35 3.54 2.85
A23 188 346 235 411 338 306 254 379 3.02 263 372 362 508 234 575 282
Al2 10.64 331 10.06 3.94 957 296 8.12 3.63 531 256 415 346 11.76 2.29 10.46 2.7
AlO HOEes SES RUE NMIE GEiy S0 §IE 2§SIE BEESD S5t FIE SE SO8) 2 SR NIE
A05 3192 276 VIFE VIF 26354 268 NVIE VIF 2987 230 VIE VIF 1526 2.06 VIE VIE

haps on the coastal geometry in parallel to the earlier
studies (Ponte et al., 1991, Ponte and Gaspar, 1999, Ponte,
2006). At all tide gauge stations, most of the annual and
semiannual sea level variations can be explained by re-
gional/local atmospheric forcing as an inverted baromet-
ric effect.

The relationship between the regional atmospheric
forcing and the sea level variations in this study further
indicates that the origin of some of the low frequency
changes (subharmonics) experienced at tide gauges can be
attributed to the changes in the upper ocean layer induced
by the atmospheric pressure at sea level compounded by
external forcing of lunar origin.

Monthly clustering of the regional atmospheric pres-
sure is due to the intra-annual seasonal atmospheric tem-
perature changes and can also act as random beats in gen-
erating sub-harmonics observed in sea level changes. The
random beats at some of the tide gauge stations closer
to the equator has also the propensity of an increasing
dispersion during the 20" century (Fig. 5), a finding that
needs to be investigated.

Meanwhile, because a warming of the upper layer of
ocean surface and increase in sea surface temperature may

also lower the air pressure above the warming area, fur-
ther studies will be needed to investigate the interplay be-
tween atmospheric pressure and thermosteric effects ex-
perienced at tide gauge stations. As shown by Iz, (2016a)
thermosteric effects mainly sea surface temperature varia-
tions do also play a role in the genesis of low frequency sea
level changes. A correlational model, which will include
sea surface temperature variations and atmospheric pres-
sure together with additional periodicities of astronomical
origin (Treloar, 2002), can be used to distinguish their con-
tributions to sea level variations.

This study has also affirmed that the regional atmo-
spheric pressure does not contribute to the sea level trends
estimated from century long tide gauge records. However,
the effect of unmodeled low frequency changes on shorter
sea level time series, such as those from satellite altimetry,
are demonstrated to be significant (Iz, 2006-2016) and at-
mospheric pressure is now understood to be one of the po-
tential confounders that can bias sea level trend estimates
using shorter satellite altimetry as also reported by Ponte,
(2006).

Recently, Piecuch et al., (2016) reported that removing
the effect of IB effect from the yearly averaged tide gauge
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Table 3: (Continued)

Station Fernandina Key West New York Pensacola
Length 112 yr 97 yr 154 yr 87 yr

E G E G E G E c E G E G E G E G
[B(s) NA NA -049 007 NA NA -0.19 0.04 NA NA -0.53 002 NA NA -0.60 0.05
Velocity 2.27 0.19 2.21 035 221 024 215 0.17 285 006 282 008 221 011 213 0.19
A745 16.79 7.63 VIE VIE 11.72 536 NVIE VIE 827 3.50 8.19 431 VIF VIF VIF VIF
A558 2494 8.71 16.17 1424 1787 851 7.2 689 11.14 346 11.37 432 21.30 7.56 18.34 6.69
23.14 549 21.61 6.47

}]
)
O

A37.2 8.86 6.87 1290 11.76 18.21 431 1578 6.78 136 3.11 1.66 3.3

A22.0 1897 514 16.55 936 436 327 512 7.06 706 289 734 323 1306 41 13.12 6.85
Al8.6 6.11 547 564 976 485 3.07 337 6.62 928 2.83 969 3.11 562 386 497 644
All.1 1053 438 952 854 3529 296 566 629 108 279 060 3.09 847 371 839 6.13
A9.3 1190 4.51 1395 858 533 291 585 6.27 124 281 147 3.07 9.63 372 942 6.02
A62 645 446 547 832 11.07 286 11.75 6.03 655 2.79 6.01 2.99 15.34 3.58 13.10 5.84
A4.7 396 443 6.08 83 263 284 3.09 6.00 200 277 241 299 RB.B87 3.55 1042 58
A37 258 440 400 824 537 284 448 592 408 276 356 299 233 355 1.13 5.78
A3.1 097 440 206 819 278 283 214 586 244 2.76 319 298 588 352 739 572
A26 1168 441 556 81 456 28 344 571 183 275 136 297 745 35 533 5.66
A23 538 436 802 798 154 278 153 3562 086 274 076 295 28 348 359 558
Al2 7.05 4.16 850 7.06 2.00 258 224 465 612 2.6 544 282 3.05 324 320 496
Al0 10030 410 VIF VIF 8106 250 VIF VIF 7473 256 VIF VIF 9174 310 VIF VIF
A0.5 8025 348 VIF VIF 39.66 196 VIF VIF 2588 2.18 VIF VIF 43.02 245 VIF VIF
Station San Francisco Honolulu DE Cuxhaven DE Den Helder
Length 155 yr 105 yr 165 yr 146 yr

E G E G E G E G E G E G E G E G
IB(s) NA NA -008 002 NA NA -002 002 NA NA 045 006 NA NA 026 0.05
Velocity 1.41 0.07 1.37 0.08 159 022 146 0.14 254 0.08 250 0.12 140 0.07 140 0.10
AT74.5 1499 4.16 17.24 474 15.73 13.30 VIE VIE 30.88 5.29 31.78 6.82 8.07 4.21 9.69 6.21
A558 17.66 437 194 493 1252 1236 341 54 18.67 561 1890 7.29 475 406 562 599
A37.2 634 390 731 434 [F33 684 122 5571 4.67 523 429 649 7.50 3.60 6.56 5.49

A220 567 3.83 462 429 1055 506 158 528 1055 521 1059 639 7.67 3.62 :8.20 542
Al8.6 4.57 3.82 528 425 12.76 4.74 11.04 526 496 5.19 296 6.39 1231 3.56 12.45 5.29
Allll 66 372 674 414 959 445 896 509 690 506 692 6.24 648 3.54 6.72 53
AD3 927 3.74 9.40 415 1246 445 13.00 5.08 695 507 7.02 623 3.85 3.53 324 53
A6.2 416 3.67 505 409 7.00 432 7.20 492 1493 505 1449 6.20 798 3.49 881 5.23
A47 800 3.63 B26 403 o6.16 422 637 482 876 503 672 619 743 347 5359 521
A37 649 359 822 398 1443 4.12 1449 471 741 504 764 6.19 403 349 354 5121
A3 L 373 353 T:06 392 3795 4000392 4:57 1495 503 1310 6.18 6.74 347 628 519
A6 336 347 302 385 253 388 307 443 793 502 960 6:16 6.16 ‘348 543 517

A23 721 34 736 378 681 374 606 427 833 502 717 615 436 346 426 515
Al2 472 282 548 3.13 3.29 2.78 3.28 3.17 143 498 226 6.01 328 344 478 4.94
AlO BINOS BR6E KiE RIE A08 29l KIE BIE S5y 06 KIE BIE S08E S8t EiE NE
A0.5 26.56 1.70 VIF NVIF 10.13 149 NIF NVIF 1891 475 VIF NIF 1268 328 NIF VIF
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Table 3: (Continued)

Station DE Travemunde FR Brest NL AmsIjmuiden NL Delfzjil
Length 154 yr 202 y1 140 yr 156 yr

E G E c E G E c E G E G E G E G
IB(s) NA NA 020 003 NA NA 002 004 NA NA 031 004 NA NA 034 0.05
Velocity 1.64 0.05 1.63 0.07 1.02 0.04 134 0.09 183 0.08 1.77 0.10 1.70 0.08 1.69 0.11
A745 444 332 519 4.01 719 B3.27 2453 593 27.17 4.72 2645 599 11.10 522 11.03 6.96
A558 890 3.45 924 410 8.85 356 9.73 5.19 1831 4.66 2145 6.26 11.13 491 10.18 6.13
A372 523 299 597 3.58 1521 3.38 12.64 491 19.26 4.02 20.53 528 390 447 328 56
A220 485 293 529 358 682 35 312 474 1227 4.01 11.65 515 7.64 449 8.07 554
Al86 418 3.01 3.32 357 646 3.35 1043 4.79 19.10 4.00 17.29 517 14.74 442 1471 541
Allll 834 292 834 350 3.86 3.27 689 458 8.73 394 1057 5.11 13.56 439 13.96 542

A93 3.13 29 290 347 814 329 836 4.64 320 396 135 51 692 437 631 539
A6.2 877 29 864 344 543 321 432 45 929 391 1003 506 10.85 4.33 10.91 5.36
A4T 496 2.88 3.19 344 369 322 6.64 448 804 39 649 507 549 432 348 536
A37 426 288 2.70 3.44 459 32 571 444 236 39 1.76 504 781 433 7.76 534
A3l 7.19 2.88 6.08 343 322 3.19 258 445 841 389 849 502 1009 431 977 532
A2.6 2.84 288 1.63 343 663 3.19 475 44 244 3838 1.28 500 7.82 432 697 531
A23 425 288 3.55 342 334 317 206 437 596 387 570 500 621 431 572 53
Al2 3.16 2.85 4.15 335 4.68 3.04 6.84 4.06 390 3.79 495 479 401 427 533 519
Al.0 GHSES 2SS RIS BEE CHORO 2w KIH NME S90 SWs RIE $NEE EaS S BIE B
A05 1781 272 VIE VIE 1965 253 NIE NIE 1222 340 NVIE VIEF 1483 407 VIE NVIE
Station NL Harlingen NL Terscelling PL Swinoujscie SE Landsort
Length 146 yr 90 yr 189 yr 123 y1

E G E c E G E G E G E G E G E G
IB(s) NA NA 031 005 NA NA 024 006 NA NA 021 004 NA NA 014 0.07
Velocity 1.28 0.08 1.27 0.11 151 0.89 0.73 023 080 006 081 0.11 -2.89 0.16 -2.89 0.23
A745 10.67 521 1243 651 4577 4599 VIF VIEF 1696 486 2247 698 227 10 2377 14.08
A558 6.25 523 597 6.66 2443 3953 15.17 823 [11.83 462 1994 695 13.27 9.72 13.33 14.49
A372 544 446 399 558 2423 1024 14.1 895 571 456 1047 589 6.70 780 695 10.74
A220 VIF VIF 502 56 918 538 97 846 271 457 1136 582 1147 7.74 10.88 10.14
Al86 12.24 438 1224 554 13.00 58 13.59 795 368 458 48 584 1127 7.77 1091 10.32

All.l 808 436 892 550 411 51 655 7.63 1629 448 13.09 5.77 10.79 7.78 11.69 10.25
A93 809 437 731 5551 739 506 673 758 741 447 935 573 14.33 763 1230 ‘1015
A62 993 432 1069 547 1575 485 157 741 6.72 443 10.07 5.68 1940 7.64 20.99 10.13
Ad7 89T 43 641 547 582 481 291 737 748 442 697 567 735 .62 T.18 .10.03
A37 185 432 067 546 246 483 235 735 6.07 441 643 566 022 76 357 10
A31 959 43 928 544 1541 479 1519 733 964 44 #83 563 2038 7.54 19.74 9.89
A26 701 431 597 543 777 48 66 732 482 438 165 559 1589 9.52 1438 98
A23 608 43 56 543 1001 48 94 728 374 436 213 556 733 746 691 97
Al2 285 426 3838 53 704 474 1271 696 19 418 222 518 281 694 4.57 8.61
Al0 QS HSi B #KEEE SSSOS SSEl RHE SR A0SO Rl e F 9329 6.72 NIF VIF

VI
A05 [1352 406 VIE VIE 1435 452 NIE VIF 3053 349 NIF VIF 4635 527 NVIE NVIF
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Table 3: (Continued)
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Station SE Stockholm UK Liverpool UK N. Shields AU Sydney
Length 121 yr 126 yr 115 yr 96 vr
E 9 E o E o E o E c E G E o E o
IB(s) NA NA 019 007 NA NA 019 008 NA NA 014 005 NA NA -0.10 0.05
Velocity -3.85 0.17 -3.86 0.25 0.85 0.10 0.69 0.19 1.88 0.08 2.02 0.19 090 0.27 1.04 0.11
A745 1841 1042 18.18 14.71 15.95 690 46.57 163 6.41 453 521 725 951 12.07 VIF VIF
AS558 15.39 10.12 13.45 15.15 22 574 3436 1046 8.84 4.32 11.22 12.31 16.59 695 13.11 4.08
A372 652 83 6.07 11.57 18.42 5.88 26.68 10.89 6.23 3.29 9.61 7.11 6.33 564 7.27 4.13
A220 1050 7.97 886 1030 6.13 511 2198 845 476 3.19 422 575 9.57 3.15 10.14 4.12
Al8.6 13.57 7.94 11.83 10.51 BliGs GRS BEoS B 16.10 3.27 13.66 5.71 11.15 299 12.75 4.05
All.l 10.68 7.95 10.63 10.32 23.97 5.04 21.58 7.95 18.64 3.11 17.84 5.37 10.25 291 9.65 3.8
A93 1517 79 1245 103 1072 49 360 7.70 6.78 3.13 839 533 345 287 3.11 3.82
A6.2 2037 7.86 225 10.28 14.28 491 1143 7.34 5.07 3.10 510 53 482 283 485 3.77
A4.7 822 7.84 8.78 10.21 12.41 4.82 10.22 7.08 1.97 3.11 243 524 1.85 283 191 3.74
A37 053 7.8 490 10.15 549 469 587 7.18 1.64 312 200 518 172 281 1.71 3.73
A3.1 2024 7.76 1992 10.04 512 472 0.28 7.11 438 3.09 310 511 538 28 553 37
A26 1513 7.71 14.04 993 833 4.68 11.62 699 3.89 3.07 243 5.05 3.61 279 401 3.67
A23 694 765 691 983 498 463 7.70 681 6.51 3.05 547 5 339 278 33 3.65
Al2 449 7.12 43 873 440 449 390 63 3.76 293 541 444 481 265 43 34
Al0 8992 688 VIF VIF 76.21 443 VIF VIF 719 2.87 320 201 VIF VIE VIF VIF
A05 4471 54 NVNIF VIF 12.69 402 934 494 11.13 244 VIF VIF 2243 221 VIF VIF
Station CA Ketchikan CA Prince Rupert IN Mumbai
Length 91 yr 129 yr
E G E c E G E G B G E a
IB (s) NA NA 089 0.08 NA NA 1.23 009 NA NA 011 003
Velocity -0.09 0.64 -0.12 023 -008 0359 -035 079 082 0035 085 0.06
A74.5 1873 151 WVIE VIE 7856 2348 8896 3135 29.01 3.18 2825 374
A55.8 222 1602 468 836 6886 2938 8324 393 597 318 7.92 388
A37.2 8.15 7.62 86 5050 EEitnE NI S IS 6837 253 595 298
A22.0 8.88 512 933 858 1977 709 2334 942 652 23 658 262
Al8.6 3.07 527 495 822 698 713 899 ‘966 945 230 972 2.63
All.l 4.30 464 587 7.67 831 499 902 6.67 3.00 230 249 264
A93 10.11 464 1175 78 6.06 487 687 651 351 231 356 265
A6.2 5.08 457 513 753 026 486 046 646 464 231 414 2064
A4.7 1435 452 1522 747 147 478 1400 636 463 23 525 264
A37 4.93 4.5 460 741 461 479 556 636 563 229 521 263
A3l 3.03 447 1.62 733 659 478 7.02 629 377 229 369 2:63
A2.6 7.32 446 1073 7.26 1195 477 11.84 6.3 230 228 241 263
A23 5.23 443 399 715 496 472 405 622 250 228 231 26l
Al.2 1391 423 959 632 1259 448 1266 573 6.61 223 6.65 255
Al.0 10783 417 VIF VIF 1098 441 VIE VIE 2391 22 VIF VIE
A0.5 2468 354 NVIE NIF 2416 374 NVIF NIF 332 20 VIF NVIF
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time series improves the uncertainties of the estimated sea
level trends by 10-30%, and advocate using of IB effect
as a correction for the tide gauge records. However, cor-
recting the impact of atmospheric pressure through IB ef-
fect on the sea level variations as is may also lead to er-
roneous inferences for satellite altimetry studies. The es-
timated scale factors for the IB effect established that the
sea level response to the atmospheric pressure changes is
strongly location dependent. IB effects, as corrections, will
bias the magnitude of the low frequency sea level varia-
tions if their impacts are not scaled as a function of the lo-
cation of the observations, which also explains the range
for reported percentage improvements. This error source
can be avoided if the IB effect is parametrized and adjusted
for, using the observed atmospheric pressure data in per-
tinent studies together with the other variables.

Acknowledgement: Critical comments by two anonymous
reviewers are gratefully acknowledged.
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