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1 Introduction

Abstract: The tide gauge record at Brest, France, along
Eastern part of Atlantic coast is one of the longest records
in Europe spanning 212 years (1807–2019). Analyzing these
records has important ramifications in assessing anthropogenic impact of climate change at local and regional
scales during this period. All the previous studies that analyzed Brest’s tide gauge record have used vaguely defined
quadratics models and did not incorporate the effect of sea
level variations at various frequencies, which confounded
the presence or absence of a plausible uniform acceleration. Here, we entertained two competing kinematic models; one with a uniform acceleration representing 212 years
of monthly averaged tide gauge data, the other is a twophase trend model (Phase I is 93 years long and Phase II
is 119 years long). Both models include statistically significant (α = 0.05) common periodic effects, and sub
and super harmonics of luni-solar origin for representing
monthly averaged sea level anomalies observed at Brest.
The least squares statistics for both models’ solutions cannot distinguish one model over the other, like earlier studies. However, the assessment of Phase I segment of the
records disclosed the absence of a statistically significant
trend and a uniform acceleration during this period. This
outcome eliminates conclusively the occurrence of a uniform acceleration during the entire 212-year data span of
the tide gauge record at Brest, favoring the two-phase trend
model as a sound alternative.

Evidence for mean sea level rising faster during the 19th,
20th, and 21st centuries with warming is an important indicator in assessing anthropogenic contributions to the climate change mechanisms. Although there are several tide
gauges (TG) available for this purpose, only few of them
span a lengthy period to be useful in accounting for the
confounding effect of long periodic (LP)¹ sea level variations in detecting sea level accelerations. Brest, France, TG
station is located at the western extremity of France, bordering Atlantic Ocean and has one of the longest records
in Europe spanning 212 years (1807–2019). The data set
is available at the Permanent Service for Mean Sea Level
(PSMSL) repository.
Among several studies that investigated sea level accelerations around the globe using TGs , Woodworth et al.
(1990) reported uniform sea level decelerations −0.022±
0.036 during 1930–1985 and -0.003 ± 0.007 mm/yr2 during
1870–1985. Both estimates cannot reject the null hypothesis (no acceleration) at 5% significance level² (α = 0.05).
In a follow up study, Woodworth et al. (2011) reported
0.003±0.001 mm/yr2 uniform sea level acceleration during
1750–2010 at Brest that rejects the null hypothesis. More
recently, Boretti (2020) estimated an average³ sea level acceleration of 0.010±0.005 mm/yr2 using a quadratic model
(akin to a uniform acceleration) at Brest during 1857–2018,
which is borderline for rejecting the null hypothesis of a
uniform acceleration.
One of the investigations by Gornitz and Solow (1991)
identified a change point during 1897 at this station and
used a two-phase regression model⁴ that was deployed
earlier by Solow (1987) for climate change studies. Their
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1 Long periodic sea level changes refer to a broad range of periodicities including interannual, decadal, interdecadal and longer in this
study.
2 We will use α = 0.05 criterion for the statistical significance assessment throughout the manuscript.
3 This is a misnomer since acceleration estimated from a quadratic
model is a uniform acceleration. Average acceleration is, by definition, the change in velocity during a period.
4 They did not report trend estimates for their two-phase model.
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conclusion was that it is unlikely the rate of SL⁵ rise change
suddenly. Another study by Solow (1990) using the same
two-phase and a quadratic model concluded that it was
impossible to discriminate between the quadratic model
and the two-phase model. From a practical point of view,
this means that it is unclear whether the apparent acceleration in relative sea level at Brest occurred over a relatively
short period of time near the turn of the century or whether
it occurred smoothly over the course of the data.
Wöppelman et., all (2006) estimated a sea level acceleration, 0.007±0.001 mm/y2 during 1807–2004 using a
quadratic model. They also identified variable trends during 1807–1890, 1890–1980, and 1980–2004. Most recently,
Iz et al. (2018) estimated a statistically significant average
acceleration 0.024±0.003 mm/yr2 (not the uniform acceleration) using all the available data at PSMSL database for
this station together with the satellite altimetry data starting 1993 onward with a two-phase trend model. At this
point, it should be noted that common to all studies, other
than by Iz et al. (2018), ignored taking into account the effect of LP sea level variations at Brest in their models. The
aforementioned studies investigating the sea level acceleration at Brest are not exhaustive, but they already reveal
inconsistent and vague acceleration estimates leaving the
nature of the sea level rise issue at this important station
unsettled.
In the following sections, we first give a brief description of the TG data at Brest, France. We then set up two
competing models inspired by the previous studies; a kinematic model with a secular trend and uniform acceleration, and a two-phase trend model to represent SL variations. Both models include LP sea level representations.
Ordinary Least Squares (OLS) estimates for the model parameters are then reported together with other solution
statistics followed by a discussion on the nature of sea
level rise at Brest during 1807–2019.

2 Tide Gauge Records at Brest
Brest monthly TG time series data displayed in Figure 1
were downloaded from the PSMSL repository on September 2020 (PSMSL, 2020). These series were extensively
scrutinized by Wöppelmann et al. (2006, 2008). All records
are referenced to the Revised Local Reference (RLR). No
corrections including post glacial rebound, nor inverted
barometric ( IB) effects were applied to the data. Therefore,
all secular estimates are relative trends and the effect of the
5 SL refers to sea-level.

IB is accounted for through the sub and super harmonics
incorporated into the models as they are discussed in the
subsequent sections. One visually notable property of the
series is the sharp change that occurred around 1900 as
can be seen from the smoothed series displayed in Figure
1. In the following sections, we will establish and analyze
the two competing kinematic models to analyze the Brest
tide gauge record.

Fig. 1. Monthly averaged sea level height anomalies and their
smoothed (Lowess) values at Brest.

2.1 Selective Nomenclature
The analyses reported in the following sections rely crucially on the precise definitions of the following terms in
the context of sea level measurements.
A quadratic function is frequently used in sea level studies and known in algebra as a quadratic polynomial or a
polynomial of degree 2 or simply quadratic,
f (t) = α + βt + γt2 , γ 6= 0

(1)

where α, β, γ are constants.
Uniform acceleration, also known as constant acceleration, is defined as the rate of change in velocity,
v = v0 + at, ⇒ a =

v − v0
6= 0
t

(2)

where a, v0 and v are the uniform acceleration, initial velocity at a predefined epoch t0 , and velocity at an arbitrary
epoch t respectively. For the vertical displacement, h, this
expression leads to,
h = h0 + v0 t +

a 2
t
2

(3)

This model is a kinematic representation of the sea
level change. Comparing eqn. (3) with eqn. (1) reveals the
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equivalence of quadratics with the uniform acceleration
model for which,
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What is markedly different in this model as compared to
the previous studies is modelling various LP sea level variations. For instance, Jevrejeva, et al., (2006) reported nonv0 = β, a = 2γ ⇒ σ a = 2σ γ
(4) linear trends and multiyear cycles in sea level records up
to 30 years. The origins of these global oscillations are
where σ a , σ γ are their corresponding standard deviations
multi-causal. The interactions of the deterministic compoif they are to be estimated. It is important to note that β repnents of sea level variations with those from natural ocean
resented by the quadratic is the initial velocity v0 at t0 and
and atmosphere interactions are suggested by Munk et al.
will be different than the velocity at t, i.e., v0 6= v, when
(2002) and Keeling and Whorf (1997). Under their scenara 6= 0. This distinction necessitates that if two different veios, interactions of ocean, meteorological forcing, atmolocities are to be compared, their initial epochs must be the
spheric, and sea surface temperature materialize as natusame. The requirement disappears when a = 0.
ral broad band sea level variations. They modulate the efAverage velocity v̂ is, by definition, the change in the verfect of astronomical forcing, such as lunar node tide and or
tical direction ∆h over a period ∆t, i.e.
random beatings resulting in sub and super harmonics of
∆h v0 + v
known periods (Table 1). Similarly, the variations in total
v̂ :=
=
6= v 6= v0 , a 6= 0
(5)
∆t
2
solar radiation with a period of P = 11.1 yr., yield subharAverage acceleration â is the change in the velocity ∆v monics with periods: 2×P = 22.2 yr. and longer.
The compounding of sea level periodic variations and
over a period ∆t,
their materializations in sea level variations at multi∆v
â :=
6= a, a 6= 0
(6) decadal scales is not a conjecture. Yndestad et al. (2008),
∆t
for instance, reported that the water-property time-series
With these definitions in consideration, we model the sea show mean variability correlated to a subharmonic cycle of
level variations at Brest in the following section.
the nodal tide of about 74 years. They found significant correlations between dominant Atlantic water temperature
cycles and the 18.6-year lunar node tide, and for P/2 =
9.306-year lunar nodal phase tide. An earlier wavelet anal3 Kinematic model with a trend,
ysis by Yndestad (2006) identified a number of lunar node
uniform acceleration and
sub and super harmonics in Arctic Sea level, temperature,
ice extent and winter index time series data, including the
periodicities at Brest
signature of nodal harmonics in pole position time series
(Table 1 in Yndestad, 2008), and a strong cross correlation
The first of the two models that represents the observed
with Chandler wobble.
sea level height anomalies consisting of a trend (initial veAlthough the observed amplitudes of the 18.6-year
locity), uniform acceleration, and periodic sea level varianodal constituent are small, amounting ∼15–35 mm, comtions is as follows,
pounding of the nodal tide with natural sea level variaa
2
tions can confound sea level trend and acceleration esh t = h1900 + v0 (t − 1900) + (t − 1900)
2
 
 
 timates particularly for short TG and SA time series and
17 
X
2π
2π
+
α k cos
(t − 1900) + γ k sin
(t − 1900) thereby hinder the search of a global GMSL acceleraPk
Pk
tion caused by anthropogenic global warming. As early as
k=1
+ ϵt
(7) 2006, İz has quantified theoretically that these periodicities despite their small amplitudes, if not modelled, will
In this representation, an observation at an epoch t is bias the sea trend estimates for shorter series. Moreover,
denoted by h t , t = 1 · · · n, where n is the total number of their effects may also be mistakenly interpreted as an acmonthly averaged TG measurements. The intercept h1900 celerated sea level rise if they are not incorporated into
is the height of the sea level defined at the reference epoch the models in analyzing short as well as longer series. İz
year 1900 during which there may be a sharp change in (2014) study revealed statistically significant periodic ossea level trend as implicated by the smoothed anomalies cillations at 27 TG stations with long records. In addition,
in Figure 1. The initial velocity at t1900 when a 6= 0, is de- the follow up study by İz (2015) demonstrated that once
noted by v0 , and a is the constant rate of change in sea these effects are modeled and the corresponding model
parameters are estimated, spectral analysis of the TG residlevel velocity (i.e., uniform acceleration).
uals reveals additional statistically significant sea level
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variations at decadal scale. İz (2018) study attributed these
changes due to the ocean surface wind forcings and periodic changes in atmospheric pressure, inverted barometer
(IB) effect along the coastal lines of some TG stations and
quantified their periodicities. Among them, 12.4 yr. periodicity was prominent and statistically significant at Brest
TG station. Hence it is incorporated also into the current
model.
The intent of including these periodicities into the
kinematic model is to prevent biasing the estimated parameters (confounding). They also reduce the SEs of the
solutions and the SEs of the estimated parameters for assessing their statistical significances effectively.
In this model, the periodicities, P k , k = 1 · · · m where
m include a mix of seventeen sub and super harmonics attributed to the node tides solar radiation, annuals and sub
annuals shown in Table 1 and 12.4-year periodicity caused
by the IB effects and currents at this location. Each period
introduces two parameters, α k, γ k for the sine and cosine
components from which the amplitudes a k and the phase
angles of the periodic terms are determined. In total, the
extended kinematic model includes 37 unknown parameters.
As far as the statistical properties of the model is
concerned, the disturbances are independently, randomly,
and homogeneously distributed, i.e., ϵ t ∼ (0, σ2ϵ ), where
σ2ϵ is the variance of the disturbances. The square root of its
estimate is denoted by the standard error of the solution,
σ̂ ϵ or simply SE. First order autocorrelation AR(1), which
is present with varying magnitudes in globally distributed
tide gauge stations (Iz, et. al., 2012) is about ρ̂ = 0.1 for
Brest record once the LP sea level variations are modeled.
Therefore, the autocorrelation can be safely ignored in this
study. However, because the LP sea level variations were
not modeled in previously reported studies, the magnitude of the AR(1) autoregressive correlation coefficient was
large, ρ̂ = 0.4. This omission error reduced the statistically
effective length of the total series⁶, hence impacted all the
pertinent statistics of the previously reported estimates adversely (Type I error).
In the following section, we consider a competing
model to represent sea level anomalies at Brest.

6 For this study, the effective length of the series is reduced from 212
yr. down to 91 yr. if LP sea level variations are not modeled.

4 A two-phase trend model with
common uniform acceleration
A strip-down version of the model that is presented in this
section was also entertained by Solow (1990), and Gornitz
and Solow (1991), without modeling LP sea level anomalies. It is important to note again that modelling LP sea
level variations are important to prevent biasing the uniform acceleration and trend estimates. Their inclusion also
increases the statistical power of the solutions (Adj. R2 values) by reducing the SE of the solution (akin to, the a posteriori variance of the unit weight) and the SE of the estimates,
which are vital in testing the null hypotheses.
We formulate a two-phase trend model as follows,


h t = h1900 + v0 PH I t PH I − 1900

 a
+ v0 PH II t PH II − 1900 + (t − 1900)2
2
 
 

37 
X
2π
2π
+
α k cos
(t − 1900) + γ k sin
(t − 1900)
Pk
Pk
k=1

+ ϵt

(8)

This model is similar to the previous one with the
emphasis on two-trend representations in two phases denoted by Phase I, and Phase II that occurs after 1900 as
revealed graphically in Figure 1. This date is also the common initial period for the trends and uniform acceleration
parameter all referring to the same datum h1900 . The statistical properties of the disturbances and modeled periodic
variations are the same as in the first model.

4.1 Solutions and discussion
The unknown model parameters of both models were estimated (Table 2 and Table 3) using OLS. The statistically
significant components of the estimated periodicities tabulated in Table 3 are common in both models and they do
not differ significantly from model to model.
In Figure 2, the solution residuals are displayed
against the adjusted sea level anomalies together with
their histograms with overlapping normal distributions.
The plots validate that the residuals are random in nature,
free from any pronounced systematic unmodeled effects.
Both model solutions exhibit similar distributional properties, which are testament for the elusive nature of the sea
level variations at this station.
However, the estimated initial velocity and uniform
acceleration parameters of the first model are statistically
significant. The model explains 51.3% of the variation in
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Table 1. Compounded Luni-Solar periods (yr.).
Nodal
Subharmonics
74.5
55.8
37.2

Nodal
Superharmonics
18.6
9.3
6.2
4.7

Nodal
Superharmonics
3.7
3.1
2.6
2.3

Solar
11.1
22.2

Annual&
Chandler
Subannuals
1.00
429.5/365.4
0.50
0.25

Table 2. OLS solution statistics. Trend and uniform acceleration estimates in bold are statistically significant at α = 0.05.
Model

Time Span
yr.

Uniform Acceleration
+ Trend
Uniform Acceleration +
Two-phase Trend

1807-2019
212
1807-1900
93
1900-2019
119

Initial
Epoch
yr.
1900

Initial Velocity
mm/yr.
0.78±0.03

Uniform Acceleration
mm/yr2
0.013±0.001

SE
mm

Adj R2
%

75.3

51.3

1900

0.05±0.07
1.60±0.04

0.004±0.003

75.2

51.4

Table 3. The estimated statistically significant components of periodicities and their SEs. C is for cosine, S is for the sine component of a
periodicity and the concatenated numbers are the rounded periods in years given in Table 1. Units are in mm.
C75
-10.42
±2.23

C37
-9.76
±2.26

S18.6
-7.97
±2.30

S12.4
6.00
±2.28

S11
5.04
±2.26

C9
-8.45
±2.26

C6
-5.04
±2.22

S4
-4.91
±2.23

C2.6
5.43
±2.23

Sann
-32.93
±2.23

Cann
37.5
±2.23

Ssemi
-19.7
±2.23

Table 4. OLS solution statistics using uniform acceleration model. Trend and velocity estimates in bold are statistically significant at
α = 0.05. Phase I parameters were estimated using year 1807 and 1900 to check the robustness of the LP components. Note that the initial velocity is dependent on the inial epoch but the uniform acceleration is invariant with repect to the choice of the initial epoch. Initial
velocity estimate in bold is statistically significant.
Solution
(Uniform
acceleration model)
Phase I
Independent
Phase II Independent

Time Span
yr.
1807-1900
93
1900-2019
119

Initial
Epoch
yr.
1900

Initial Velocity
mm/yr.
-0.52±0.36

Uniform Acceleration
mm/yr2
-0.010±0.007

SE
mm
72.6

Adj.
R2
%
22.5

1900

1.22±0.25

0.004±0.004

76.2

44.9

the series with a SE of 75.3 mm. Shown on the same table are the two-phase trend model’s initial trend estimates,
which are constant velocities in sea level rise (uniform
acceleration is rejected). It is important to note that the
trends estimated in these two models are of different nature. The first model’s estimated trend is the initial velocity
v̂0 but the velocity varies throughout the 212-year series because the acceleration is statistically significant. Whereas
the trends estimated in the second model are constant over
time during Phase I and Phase II time span because of
the absence of a statistically significant acceleration during these periods (overlapping uniform acceleration estimate is not statistically significant). Notably, such distinc-

tions have not been made in the past and in the current literature causing ambiguity and vagueness in reported sea
level accelerations around the globe. In addition, the null
hypothesis for the estimated constant velocity for Phase
I cannot be rejected at α = 0.05 significance level. The
second model explains 51.4% of the variation in the series
with a SE=75.2 mm. The trend of Phase I, 0.05±0.07 mm/yr.,
and the uniform acceleration 0.004±0.003 mm/yr2 for the
same period are small in magnitude, and the null hypotheses for their statistical significance cannot be rejected. And
finally, given the similarities in magnitudes of the solution SEs and the Adj. R2 values, both models seem to be
indistinguishable hence support the conclusions reached
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5 Conclusion

Fig. 2. Residual distributions for the uniform acceleration and trend
model (top two plots) and uniform accleration with two-phase trend
model. The residuals plotted against the adjusted height anomalies and histograms are indicative of their randomness, free from
unmodeled systematic effects.

by Solow (1990), and Gornitz and Solow (1991) 30 years
ago despite the improved models to mitigate statistically
significant LP periodic variations at this station. The residuals and their distributional properties shown in Figure 1
also support the ambiguity.
At this point, we conducted two additional separate
OLS solutions using the uniform acceleration model for
the Phase I and Phase II records sharing the same initial
epoch year 1900 and 1807 as the initial epoch for verification. The SE of each solution listed in Table 4 show that the
initial velocity and uniform acceleration estimates are not
statistically significant for the Phase I solution and only
the initial velocity turned out to be statistically significant
for the Phase II solution. The SE of the Phase I solution is
smaller that the Phase II solution hinting the homogeneity of the measurements throughout the series, whereas
the Adj. R2 value for the Phase I solution was markedly
small (Adj. R2 = 22.5% ) because there is no signal for the
model to explain once the LP sea level variations are accounted for. But this is exactly what the Phase I solution
unravels: the absence of a statistically significant initial
velocity and a uniform acceleration. This standalone finding is necessary and sufficient to eliminate the uniform acceleration model based on the crisp definition of the uniform
velocity. The uniform acceleration model that encompasses
212 years cannot be the correct model since, by definition,
the uniform acceleration must be the same throughout the
time series, but it is absent during the Phase I.

We replicated the enigmatic findings of an ambiguous sea
level rise at Brest published three decades ago. A closer
inspection of the initial velocity and uniform acceleration
estimates at Brest that were both absent during the Phase
I period effectively eliminated the possibility of a uniform
acceleration during the 212–year timespan of the series.
This finding was due to the improvements in the solution
statistics because of modelling and estimating statistically significant periodic variations, which successfully
reduced the vagueness of the underlying kinematics of
the sea level variations at this station. This observational
evidence provided an unambiguous answer to the kinematics of the sea level rise at this station but tells nothing
about the underlying cause of the sudden increase in sea
level since 1900.
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