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Abstract. The relationship between the gyre-scale circula- provide evidence for increasing sea levels. In addition, they
tion of the North Atlantic, represented by air pressure nearsuggest a century-timescale acceleration with higher rates
to the centre of the sub-tropical gyre, and sea level measuredf rise in the 20th century than previously. Liverpool and
at the eastern boundary of the ocean has been investigate&®heerness in the UK (Woodworth, 1999), Brest in France
using records commencing in the middle of the 18th cen-(Woppelmann et al., 2008), and Cascais in Portugal are
tury. These time series are twice as long as those employedmong these stations. Similar trends and accelerations have
in an earlier study of this relationship. Near-continuous val-also been observed in European saltmarsh data (e.g. Leorri et
ues of annual mean sea level and mean high water from Bresg|., 2008).

and air pressure fields for the eastern North Atlantic derived A similar acceleration can also be seen in records from the
from terrestrial instrumental pressure records and ship logeastern boundary of the North Pacific, notably at San Fran-
book information, have been used to demonstrate that seeisco. From analysis of sea surface air pressure fields, and
level on the eastern boundary does indeed appear to be ref station air pressures from the Azores, Miller and Dou-
lated to air pressure at the centre of the gyre (subject to reseglas (2007) were able to provide evidence for a deceleration
vations concerning short sub-sections of data near to the enda North Atlantic gyre strength (spin down), represented by
of the records). These findings confirm the earlier conclu-decreasing air pressures near to the centre of the sub-tropical
sions but over much longer timescales. This relationship camyre, and for a connection to an acceleration in the rate of
explain at least part of the century timescale accelerationsea level change at the eastern boundary. A similar inference
in European sea level records obtained from tide gauge andias made from the North Pacific data, although the poorer
saltmarsh data. This finding has important implications for quality air pressure fields available for that ocean prevented
interpretation of the observed sea level rise and accelerations firm a set of conclusions as for the North Atlantic.

on the European Atlantic coast, suggesting that redistribution The Miller and Douglas (2007) analysis was limited as
of water could play an important role instead of (or as well jt dealt with sea level and air pressure changes on century
as) change in ocean volume. timescales using data sets that spanned little more than a
century themselves (i.ev 1880 onwards). However, it had
important implications with regard to our understanding of
whether the changes observed at the eastern boundary are
simply due to redistribution of water, rather than (or as well

In an interesting recent paper, Miller and Douglas (2007)as) thermal expansion and addit_ion of new water from the
pointed to a possible link between the strength of the at-CTyosphere and hydrosphere, as is the general current under-
mospheric and oceanic gyre-scale circulation of the NorthStanding of sea level rise (e.g. Bindoff et al., 2007). This
Atlantic and sea levels measured at its eastern boundary. ROSsibility necessitates further investigation with the use of
is well known that the longer European Atlantic tide gauge S€@ level and air pressure data sets spanning a longer period.

records, which span the last one and half centuries or more, In this paper, we present a similar analysis for the North
Atlantic to that of Miller and Douglas (2007), but use sea

level and air pressure records twice as long as those used
Correspondence to: P. L. Woodworth previously. The research has been made possible through
BY (plw@pol.ac.uk) an immense amount of recent “data archaeology”, wherein
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Fig. 1. Annual mean air pressure at/, 35° N from the dataset of Httel et al. (2009) shown in black, and annual mean MSL measured
at Brest shown in red (the former measured Dec—Nov, the latter for calendar years). The air pressures have been multipiedbyo
correspond to sea level change. Both records have been detrended using a baseline period of 1807 onwards.

valuable historical records have been rediscovered and thegring the eastern North Atlantic, Europe and the Mediter-
data converted into computer form and quality controlled.ranean from 70-20N and 40 W-50C° E (www.ncdc.noaa.
The sea level record of Brest, comprising several years ofjov/paleo/paleo.html). They have been calculated up to 1886
measurements in the late 17th and early 18th centuries, meaand thereafter are joined to air pressure fields on the same
high waters (MHWSs) from the middle of the 18th century, grid derived from the global HadSLP2 data set based on con-
and mean sea levels (MSLs) from 1807 constitutes the mostentional station pressures (Allan and Ansell, 2006; hadobs.
extensive set of sea level information from a single locationmetoffice.com/hadslpp/ Figure 1 shows annual mean air
on the European Atlantic coast (Table 1 ob@pelmann et pressure at 40/ 35° N, which is close to the centre of the
al., 2006; Pouvreau, 2008). In addition, oceanic air pressurspatial Empirical Orthogonal Function-1 (EOF-1) of North
fields have been extended both spatially and temporally withAtlantic air pressure variability discussed by Miller and Dou-
the use of ship logbook information, with the result that an- glas (2007), and also near to the Azores from which those
nual mean air pressure fields with useful skill have becomeauthors employed a station air pressure time series. This lo-
available for the eastern North Atlantic from 17500tkel et  cation is at the edge of the reconstruction region &tt&
al., 2009 and see information therein on other air pressuret al. (2009). Nevertheless, the reconstructions have been
reconstruction projects). shown to provide a good representation of the Atlantic large
Miller and Douglas (2007) focused on the sea level datascale circulation, and tests have been made in the reconstruc-
from Cascais (39N), which starts in 1882, rather than from tion process which show that estimates of the strength of the
Brest (48 N), probably because the latitude of the former is circulation should present significant skill, even during the
closer to that of the centre of the sub-tropical gyre. However,18th century (Fig. 4 of Kittel et al., 2009). The air pres-
the low-frequency character of sea level variability at the twosure time series has been detrended over the period of 1807-
sites is similar (see their Fig. 1). Therefore, while Brest mayonwards, which corresponds to the availability of MSL in-
be located further north than ideal, the availability of its long formation discussed below.
record more than makes up for any possibly reduced gyre- Figure 1 also includes values of MSL for Brest for 1807
related signal compared to that at Cascais. onwards extracted from the Revised Local Reference dataset
of the Permanent Service for Mean Sea Level (PSMSL,
www.pol.ac.uk/psmsl). Values between 1807 and 1835 are
2 Data and findings derived from Mean Tide Level (MTL), rather than true MSL,
and have been adjusted by 29 mm to make them consistent
The air pressure reconstructions ofittel et al. (2009) are  with the later MSL values (Bouquet de la Grye, 1890; Pou-
based on terrestrial instrumental pressure records and mateau, 2008). The annual mean time series has been de-
rine wind information from ship logbooks. Seasonal fields trended over its record length, its average has been aligned
(DJF, MAM, JJA, SON) are available on a5° grid cov- with that of the 40 W 35° N air pressure for 1807 onwards,
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Fig. 2. Time series of annual mean air pressure &\W®B5° N and at 3 W 50° N (the nearest grid position to Brest 30'W 48° 23 N)
shown top and bottom respectively, taken from the data setitiEKet al. (2009).

and for presentation purposes in Fig. 1 its variability has beerMiller and Douglas, 2007), it represents only a small part of
scaled such that its standard deviation equals that of the aiir pressure variance at the eastern boundary. Figure 2 shows
pressure in the same period. The scaling factor (the ratio ofhat the air pressure at 4W 35° N and at Brest are dissim-
the standard deviations of MSL and air pressure) amounts tdar and a correlation between the two sets of annual means
0.0233 mbar/mm which is a similar factor to that obtained by gives a coefficient of only 0.14.
Miller and Douglas (2007). One can extend the analysis even further back in time by
If one looks first at the period 1880 onwards, which corre- making use of MHW data from Brest from the 18th century.
sponds to the period studied by Miller and Douglas (2007),These values were measured to the same datum as the later
an overall positive acceleration can be seen in both quantitiedYITL and MSL values (the &ro Hydrographique). One can
with a fall from 1880 to the early 1890s followed by a rise to employ a MHW time series as quasi-MSL information if the
about 1960 (punctuated by a particularly large several yeatarge nodal signals in the record can be removed and if an ad-
enhancement in sea level around 1914) and another fall ojustment can be made for average MHW-MSL. An implicit
flattening off thereafter (see also Woodworth et al., 2009a).assumption is that low-frequency sea level signals of inter-
However, from the longer records now available, one can seest manifest themselves similarly in both MHW and MSL.
that the post-1880 fall was part of a long term decrease durThe electronic supplement (http://www.ocean-sci.net/6/185/
ing the 19th century, with the possible exception of some2010/0s-6-185-2010-supplement.zip) to this paper provides
decadal variability around 1880 (the undetrended Brest MSLthe Brest MHW time series used in this study together with
record being essentially flat during this century). Therefore,a short section of earlier data from the beginning of the 18th
the 19th and 20th centuries present two quite different peri-century.
ods of change in both quantities. Two methods were used to obtain the quasi-MSL. In
It is important to stress (as Miller and Douglas did) that the first method, the differences between MHW (slightly
this relationship between sea level and air pressure has notlsmoothed as described bydppelmann et al., 2008) and
ing to do with the conventional “inverse barometer (IB)” MSL for the post-1807 period, when both quantities were
model of +~1cm change in sea level for-a/+1 mbar air  available, were parameterised by a nodal sinusoidal term
pressure change. If one adjusts the MSL record for localplus an offset. This parameterisation was then applied to the
air pressure assuming an IB response, then almost the sanMHW data from the 18th century in order to derive estimates
scaling factor with 40W 35° N air pressure is obtained. The of MSL. In the second method, a tidal prediction based on
conventional IB model is anyway known not to be appro- best knowledge of the tide at Brest was subtracted from each
priate for the eastern boundary at interannual and decadahdividual measured high water level, with the annual mean
timescales. Empirical estimates of effective local IB coef- residuals defined to be quasi-MSL (Pouvreau, 2008, chap-
ficient gives values several times that of the IB (Miller and ter 8; Pouvreau et al., 2010). The two methods yield almost
Douglas, 2007; Woodworth et al., 2009b). One must alsoidentical results and so only those from the second method
note that, while the EOF-1 of North Atlantic sea level pres- will be shown here.
sure variability extends as far as Cascais and Brest (Fig. 2 of
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Fig. 3. As for Fig. 1 but using a time series of quasi-MSL at Brest derived from MHW information.

Figure 3 shows the same air pressure data plus the quasi- We have omitted so far to state formal estimates of the
MSL information detrended and scaled as for MSL in Fig. 1 similarity or degree of correlation between sea level and air
(an almost identical scaling factor of 0.0232 mbar/mm). It pressure (we note that Miller and Douglas (2007) avoided
can be seen that the quasi-MSL does not always successfullgiving correlations completely). That is because we wished
simulate true MSL, but that most of the low-frequency sig- the reader to form his own impression of what appears to us
nals of the 19th and 20th centuries are reproduced. The exo be a remarkable correspondence between the two quanti-
tension to the 18th century can be seen to have been mosies on century timescales as shown in Figs. 1 and 3. In order
useful in providing an earlier period with low-frequency air to compare the records at the lowest frequencies (i.e. cen-
pressure signals that are again also represented in the séary timescales), we made low-degree polynomial fits to the
level record. In particular, the negative trend in both quanti-two records in Fig. 3 using data from 1807-onwards (for
ties during most of the 19th century can be seen not to applyvhich the records have zero linear trend by construction) and
in the 18th century. (Tsimplis (2009) pointed to the similar- omitting data from the two sub-sections mentioned above
ity of the time series in this figure with the North Atlantic where agreement appeared poorest (i.e. we omitted 19th cen-
Oscillation reconstruction of Luterbacher et al. (2002) which tury data for 1818 and earlier and values for 1980 onwards).
was based on terrestrial air pressure information, and wa3he inclusion or exclusion of these years of data, located at
employed in a study of historical Mediterranean Sea levelseach end of the record, has a major effect on the determined
by Gomis et al. (2006). Such similarities are quite plausi- polynomial coefficients (as is quite clear from inspection of
ble given that the same large scale meteorological fields ar&ig. 3). For the sea level record, a quadratic coefficient
under investigation.) of 9.02+ 3.45 10°®> mbar/yeaf was obtained corresponding,

There are two sub-sections of approximately two decadesfter the 0.0232 mbar/mm scaling, to 0-88.15 mm/year
each which do not correspond well in Fig. 3. The first sub-per century, similar to the quadratic coefficients obtained for
section includes data from 1807 to 1811 which are question19th—20th century “accelerations” derived from other long
able as the record shows that “the observer of the tides waEuropean sea level records (e.g. Woodworth, 1999). For the
doing his job wrongly”. In addition, high waters between inverted air pressure record, the corresponding coefficient
1812 and 1822 are known to be highly imprecise becausevas 13.58t 3.55 10> mbar/yeaf which is similar to that
of problems with the stone tide staff used (Pouvreau, 2008pbtained for sea level. Inclusion of the omitted data results in
Pouvreau et al., 2010). The second sub-section includes reguadratic coefficients of 14.8 and 1.45 POnbar/yeat for
cent data since the late 1970s. Inspection of Figs. 1a, b ofea level and inverted air pressure respectively, the former
Miller and Douglas (2007) suggests that this could be one pebeing similar to that obtained previously but the latter sug-
riod in which Cascais would be a more suitable choice thangesting almost no quadratic component.

Brest. If one applies low-degree polynomial fits to the complete
records, so as to include 18th century data, then it is clear
from Fig. 3 that one must also consider cubic components.
Data for both parameters at the start of the 19th century and
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for recent years were omitted, as before, and air pressure in- Our main scientific conclusion is that sea level on the east-
formation during the large gap in the sea level record at theern boundary of the North Atlantic does appear to be related
end of the 18th century was also excluded. The cubic coeffion multi-decadal and century-timescales to the strength of
cients obtained were 6.18 and 11.99 1@nbar/yeat for sea  the gyre-scale circulation, as represented by air pressure in
level and inverted air pressure respectively. Inclusion of thethe centre of the gyre. However, the conclusion is firmer if
omitted data strengthened the cubic component of the fit tdwo sub-sections of data, at the start of the 19th century and
the sea level record while reducing that for inverted air pres-in recent years, are omitted. This conclusion verifies to a
sure, the coefficients being 11.03 and 3.114@bar/yeat great extent that of Miller and Douglas (2007) but with the
respectively. These findings demonstrate once again the semse of a data set twice the length as that employed previ-
sitivity of coefficients to these short sub-sections of data neaously. It is also similar to that of Kolker and Hameed (2007)
to the start and end of the records. At least, it can be seewho determined that shifts in the positions and intensity of
that, in each pair of fits, the cubic coefficients are of the samehe major North Atlantic pressure centres (Azores High and
sign and order of magnitude, indicating some similarity in Icelandic Low) could be drivers of a major fraction of the
century timescale variability. variability and trends in MSL on both sides of the ocean.
If a genuine relationship between sea level and invertedHowever, that analysis was also restricted to the 20th cen-
air pressure at the gyre centre were to exist, then subtractiotury.
of the two series should identify periods of sea level vari- More work with the expanding data sets acquired via data
ability due to other processes. It can be see from Fig. 3 tha@irchaeology will provide further insights. However, if the
such a subtraction would identify primarily the two problem- Miller and Douglas (2007) interpretation is on the right lines,
atic sub-sections of data, together with a third spanning apthen the sea level rise (fall) observed on the eastern boundary
proximately two decades prior to 1900. In the case of thewill be primarily a consequence of the spin down (up) re-
early 19th century sea level data, there may be concerns as gponse of the gyre to changes in wind stress curl. It follows
data quality. However, the sea level values in recent decadeshat it will not then be related primarily to the changes in sea
higher than those suggested by inverted air pressure, are pdevel that occur due to variations in ocean volume, although
ticularly worthy of consideration as a genuine anomaly, givenof course the different contributions to sea level change could
the quality of modern meteorological fields and tide gaugebe related indirectly through various climate forcings. In
recording. fact, given the extensive set of research into the reasons for
For comparison of the records at higher frequenciessea level change (e.g. Bindoff et al., 2007), the Miller and
(i.e. interannual and decadal timescales), we made use dpouglas (2007) proposition is not one that we necessarily
boxcar filters, requiring each box to contain a complete setsubscribe to ourselves without further explanation being ob-
of annual mean values; this method is clearly less suitabldained through detailed ocean modelling. However, we do
for study of low frequency behaviour given the data gaps.consider the proposition to be an intriguing one that merits
A maximum correlation of 0.495 was obtained with a fil- more attention, hence our writing of this paper. It is cer-
ter full-width of 17 years, consistent with the findings of tainly the case that the redistribution of water needs to be
Sturges (2009a, b). Study of the relationships between segonsidered alongside the many factors responsible for ocean
level and air pressure (local, gyre centre and across the gyrajolume change on multi-decadal and century timescales that
at such decadal timescales forms an important oceanographire included in periodic assessments such as that of Bindoff
research topic in itself. However, notwithstanding the re- et al. (2007).
marks of Sturges (2009a, b), that century timescale variabil- o
ity forms only a small fraction of the total variance of the Acknowedgements. We thank Marcel Kittel of the University
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