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Abstract

The control run of the Hadley Centre-coupled climate model (HadCM3) is used to establish the sources of multidecadal/

centennial sea level (SL) variations in the northwest Atlantic. It is shown that variations in the sea level for the largest part of

this area are related to variations in the thermohaline structure of the upper (c 500 m) part of the ocean. Temperature variations

dominate steric sea level variations, while salinity variations are dominant only in the margins of the Labrador Sea and near the

Mediterranean outflow. In the Labrador Sea, lower layers in the ocean also contribute to the variability in expansion/contraction

of the water column. It is shown that along the North American East Coast, variations in the thermohaline structure of the water

column are predominantly related to variations in the wind-driven circulation rather than the thermohaline circulation, which

dominates the thermohaline structure in the central parts of the North Atlantic. In the Gulf Stream area and near the Labrador

Current, sea level has on the multidecadal/centennial time scale a strong barotropic signal superposed on steric sea level

variations.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction level reconstructions allow future sea level variations
Several reconstructions of the North Atlantic coast-

al sea level (SL) have become available recently.

These records are based on foraminiferal analysis of

peat cores from tidal wetlands, most of them from the

eastern seaboard of North America. Some of these

records extend over 1500 years back in time and show

rapid and frequent fluctuations in sea level on the

multidecadal to centennial time scale. These long sea
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to be placed in a historical context (Church et al.,

2001), but the typical temporal resolution of these

records varies between 50 and 150 years, making

them effectively low-pass filters. A review of recently

published reconstructions of late Holocene sea level

change is given by Long (2000). Despite the increase

in available reconstructions of past sea level, the

source for low-frequency sea level variations remains

obscure, as is a possible connection to climate in the

North Atlantic region. A variety of mechanisms have

been suggested in the literature regarding the source

for multidecadal/centennial North American coastal

sea level variations. It is hypothesised: (1) that varia-

tions in the sea level from Wolfe Glade (DE, USA)
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reflect a spin-up and slow down of the Gulf Stream,

responding in its turn to variations in the wind field

(Fletcher et al., 1993); (2) or that reconstructed sea

level fluctuations from the Gulf of Maine (USA)

reflect variations in temperatures in eastern North

America (Gehrels, 1999; Gehrels et al., 2003). Recon-

structed sea level fluctuations from Long Island

Sound (CT, USA); (3) have been linked to surface

air temperature variations over the northwest Atlantic

(van de Plassche, 2000). Recently, (4) Crowley et al.

(2003) interpret this latter reconstruction, based on a

study with an Energy Balance Model, as a reflection

of ocean heat content changes, which are related to

Northern Hemisphere surface temperature variations.

Finally, (5) van de Plassche et al. (2003) relate this

reconstruction, and another reconstruction from Farm

River marsh (CT, USA), to low-frequency variations

in the deep-ocean hydrography, which expand or

contract the water column. This latter hypothesis is

based on results of an intermediate complexity Gen-

eral Circulation Model (GCM; van der Schrier et al.,

2002). There is evidently a rich variety in hypotheses

for the source for low-frequency sea level variations

along the North American eastern seaboard.

The aim of this study is to determine the mech-

anisms for multidecadal/centennial sea level varia-

tions from 1000 years of data from the state-of-the-

art Hadley Centre-coupled climate model (HadCM3),

which could provide a framework for the interpreta-

tion of sea level reconstructions. The time scales and

time span of interest here reflect the temporal reso-

lution and length of the proxy records for sea level,

which are typically multidecadal/centennial and 1000

years, respectively, but all conclusions reached in

this study are based on a model simulation. A

comparison of some sort with the actual proxy

records for sea level is beyond the scope of this

paper. The main focus of this paper is low-frequency

sea level variations along the northeastern seaboard

of North America.

The significance of using the Hadley Centre-cou-

pled climate model (HadCM3) for this study relates to

its high spatial resolution in the ocean component,

both horizontally (1.25j� 1.25j) and vertically (20

unevenly spaced levels, of which half are in the upper

360 m). Furthermore, the parameterisations of, e.g.,

subgrid scale processes have a much higher degree of

realism than that of models used so far for modelling
multidecadal/centennial sea level. On the other hand,

output from even more realistic models than HadCM3

is unsuitable for this study because the length of

simulations of these latter models are currently limited

to only a few decades.

Despite the high spatial resolution of HadCM3, a

realistic representation of processes will become more

and more inadequate further up the continental shelf

towards the highly irregular, and therefore badly

resolved, coastline. However, an earlier study (Noble

and Gelfenbaum, 1992) concludes that sea level

variations remain highly coherent across the shelf,

up to the shelf break into the deep ocean, validating

the use of a General Circulation Model (GCM) in sea

level studies.

This study is organized as follows: Section 2 gives

a brief description of the model, and in Section 3, sea

level variations and the role of hydrographic changes

therein are presented. In Section 4 the sources for low-

frequency sea level variations in selected regions are

presented, and this study is summarized and discussed

in Section 5.
2. Model description

The HadCM3-coupled ocean–atmosphere–sea ice

general circulation model is developed at the Hadley

Centre for use in climate studies. Given the complex-

ity of the model, only a brief summary of its descrip-

tion is included here; it has been described in detail by

Pope et al. (2000) and Gordon et al. (2000), where

also a validation of some climate parameters is given.

Here, only a brief summary of the model’s description

is given. The atmospheric component has a horizontal

grid resolution of 2.5j� 3.75j and 19 vertical levels

using a hybrid coordinate. The ocean component has a

horizontal resolution of 1.25j� 1.25j, and the 20

vertical levels are unevenly spaced to increase reso-

lution near the ocean surface. Ten levels are found in

the upper 360 m. The sea–ice model uses a simple

thermodynamic scheme and contains parameterisa-

tions of ice drifts and leads.

The HadCM3 model is a ‘rigid-lid’ model in which

the ocean conserves volume (rather than mass) and

has a flat surface. In this model, sea level can be

deduced indirectly, as described in the Appendix, or

more exhaustively by Gregory et al. (2001).
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The control run suffers from a monotonous change

in the hydrography over the entire simulation (a

trend), which decreases for the upper c 1000 m

faster than for the deeper part (Gordon et al., 2000,

Fig. 3a and b). To avoid the largest trend-related

changes which could cloud the analysis, we used the

latter 1000 years of the 1700-year-long control run.

Furthermore, temperature and salinity data below

c 1000 m are nonlinearly detrended by subtracting

a third-order polynomial. This removes any linear

trend and variability with the longest (millennial) time

scales, which is expected to be related to model

adjustments rather than to real physical phenomena.
3. Hydrography and sea level of the North Atlantic

We concentrate in this study on the sea level

variability during winter (December–January–Febru-

ary, DJF). Sea level in the North Atlantic in the cold

season is more energetic than that in the warm season.

This is related to a more energetic atmosphere and

larger ocean–atmosphere buoyancy and momentum

fluxes in this season (Schmitt et al., 1989; Charnock,

1994).

A large part of the statistical analysis in this study

is based on (ordinary Pearson) correlations. The

correlations r are significant at the 95% level in a

standard two-sided t-test for n = 25 independent sam-

ples, if the inequality jrjz 0.4 holds. For a standard

one-sided test this is rz 0.34. The number n is

obtained as the length of the simulation divided by

the filter period of 40 years.

Sea level variations can be brought about by

variations in atmospheric pressure, or the ‘inverted

barometer effect’, variations in wind stress and

changes in steric sea level. In areas with low atmo-

spheric pressure, the sea surface is higher and vice

versa. Furthermore, changes in wind stress exerted on

the ocean surface will change the Ekman transport,

convergences or divergences will develop and the sea

level pattern will change. Finally, the steric sea level is

high when the water is warm, low when it is cold.

Conversely, a high steric sea level corresponds to a

low value of salinity. Steric sea level is defined as the

geopotential thickness of the entire water column and

is computed diagnostically from the hydrography of

the water column. The unit of geopotential thickness
is chosen such that a change in geopotential thickness

of 1 dyn cmu 1000 cm2 s� 1 corresponds to a change

in geometric thickness of approximately 1 cm (Lev-

itus, 1990). Steric sea level (or geopotential thickness)

is computed relative to a standard ocean having

homogeneous temperature and salinity of 0 jC and

35 psu, respectively. Mass changes of mountain

glaciers and ice sheets are of importance for sea level

variations but are excluded in this study.

First it is shown that multidecadal sea level varia-

tions in the largest part of the North Atlantic are

dominated by variations in steric sea level. The

sources of variations in sea level can be distinguished

by their frequency characteristics. The average of the

spectra of all grid boxes, that is, the averaged spec-

trum, of North Atlantic atmospheric pressure varia-

tions has its energy more or less evenly distributed

over the range of possible frequencies. For frequen-

cies higher than 0.2–0.3 cycles year� 1, they are

comparable or stronger than variations in sea level

due to steric sea level or wind stress-related sea level

variations. On a multidecadal time scale however, sea

level changes due to sea-level pressure (SLP) fluctua-

tions are insignificant compared to the other sources.

In this study, we will therefore define sea level (SL) as

the composite of sea level variations related exclu-

sively to variations in wind stress (and which would

also occur in a barotropic ocean) and sea level

variations due to variations in the hydrography of

the water column (the steric sea level).

The averaged spectra over the Atlantic of steric sea

level and SL are very similar. This indicates that on

average over the North Atlantic ocean, variations in SL

are dominated by variations in the steric sea level (not

shown). This is also reflected in a simple correlation

analysis where for each grid box, variations in sea level

are correlated with those in steric sea level. The

averaged correlation (over the area 20 – 75jN,

85jW–15jE), that is the correlation in each grid box

averaged over this area, increases to about 0.66 when

the data are low-pass-filtered, removing frequencies

higher than 0.1 cycle year� 1. The averaged correlation

remains approximately constant when stronger filters

are used. To focus on multidecadal/centennial sea level

variability, a low-pass filter is applied, which removes

oscillations with periods smaller than 40 years. Fig. 1

shows the correlation map between SL and steric sea

level for this low-pass filter. The correlations are



Fig. 1. Correlation between sea level and steric sea level for each grid box (low-pass-filtered, 40 years). Correlations are generally very high,

except near Iceland and in the GIN Sea. Also near the eastern seaboard of the United States, small areas of low correlations are found. Areas

with correlations V 0.6 are dark grey. Correlations z 0.4 are statistically significant at the 95% level.
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generally very high, except those around Iceland and in

the Greenland–Iceland–Norway (GIN) Sea; also, near

the United States East Coast and in the Labrador Sea

localized areas, with low (V 0.6) to statistically insig-

nificant correlations are seen.

Variations in the steric sea level can be thought of

as being composed from variations in geopotential

thickness of successive subsurface layers. Averaged

over the North Atlantic, the top c 500 m contribute

most to the variability of steric sea level (Fig. 2). The

deep ocean fails to contribute significantly to North

Atlantic averaged steric sea level variability in this

simulation on all time scales including multidecadal/

centennial time scales. A lack of variation in the

geopotential thickness of the deep ocean does not

imply that potential temperature and salinity do not

experience fluctuations; there is considerable variation

in ‘spiciness’ (Flament, 2002), a state variable which

is largest for hot and salty water. Spiciness variations

are dynamically neutral in the ocean by virtue of the

density compensation of temperature and salinity

anomalies. However, other regions in the North At-

lantic realm are characterized by comparable amounts
of energy in surface and subsurface geopotential

thickness fluctuations, like the Labrador Sea and the

GIN Sea. The dominance of the geopotential thick-

ness of the upper c 500 m on steric sea level is the

motivation to adhere to this upper layer higher interest

than to lower layers.

An Empirical Orthogonal Function (EOF) analysis

shows that the first leading mode (first EOF) of sea

level variability has its largest amplitude covering the

area of Cape Hatteras downstream on the path of the

North Atlantic Current (NAC). This mode accounts for

18.8% of the total variance and captures variability in

the strength of the Gulf Stream (Fig. 3a). The second

mode, accounting for 11.8% of the total variance (and

well separated from the remaining modes, which each

explain less than 6%), has an amplitude maximum

south of the mean position of the model’s Gulf Stream

and an amplitude minimum north of it, covering an

area from the northeast of the United States into the

Labrador Sea and extending nearly to the European

continent (Fig. 3b). This mode can be associated with

variations in the position of the Gulf Stream. The

spectra of the time evolution of these EOFs, or



Fig. 2. Averaged spectra over the North Atlantic for steric sea level (a) and the contributions from three successive subsurface layers. Note the

change in vertical scale.
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Principal Components (PC), shows that the leading

mode of sea level variability has a significant peak (at

the 95% level) near 0.15 cycles year� 1 (Fig. 3c). The

second most important mode has a significant peak at

multidecadal periods (Fig. 3d) and explains the multi-

decadal peak in Fig. 2a and c.

The importance for temperature or salinity varia-

tions in fluctuations of steric sea level is assessed by

computing the contributions of temperature and salin-

ity to geopotential thickness by substituting the stan-

dard value of 35 psu for salinity in the former and 0

jC for temperature in the latter case. The geopotential

thickness of the upper 535 m (corresponding to the

upper 11 layers) is computed and correlated with the

corresponding grid box of geopotential thickness due

to temperature variations only and geopotential thick-

ness due to salinity variations only (Fig. 4). For the

upper 535 m holds that the correlation maps are

approximately complementary to each other with
dominance of salinity east of Greenland, in the Lab-

rador Sea and Baffin Bay extending around New-

foundland to Nova Scotia. Near the outflow of the

Mediterranean, salinity also dominates. The tempera-

ture signal dominates geopotential height of the upper

535 m in the western and central subtropical gyre and

along the path of the Gulf Stream/North Atlantic

Current (NAC) system.

These observations change dramatically in the

northwest Atlantic when geopotential height of the

upper 3040 m (upper 16 layers) is considered, roughly

including the model’s North Atlantic Deep Water

(NADW). The dominating influence of salinity on

geopotential thickness variations is now limited to the

margins of the Labrador Sea and along the coasts of

Newfoundland and Nova Scotia. In the deeper parts of

the Labrador Sea, temperature variations are seen to

play a more profound role. We will return to this in

Section 4.3.



Fig. 3. The first (a) and second (b) leading modes in sea level variability, explaining 18.8% and 11.8%, respectively, of the total variance. The

spectrum of the first leading mode (c) shows a significant peak at c 0.15 cycles year� 1, while the second leading mode has a significant peak

at multidecadal periods. The 95% confidence levels are drawn in gray.
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In the remainder of the North Atlantic, little

changes in the respective roles of salinity and tem-

perature. This is a reflection of the dominance of the

geopotential height of the upper c 500 m on steric

sea level.

A clear dominance of either temperature or salinity

between 40jN and 45jN near the American coast,

home of several sea level reconstructions, is absent in

this simulation.
4. Sources for low-frequency sea level variations in

different areas of the North Atlantic

We will now turn to the processes which are

reflected in low-frequency sea level variations. Here
we focus on localized areas within the North Atlan-

tic, the choice of which is motivated by a combi-

nation of the analysis of Section 3 and the place of

origin of some sea level reconstructions.

4.1. Sea level in the Gulf Stream region

Variability in the steric sea level in the Gulf

Stream region is strongly correlated with temperature

variations of the upper part (0–535 m) of the ocean;

steric sea level simply acts here as a proxy for heat

content. Changes in steric sea level in areas directly

hugging the coast are, in its turn, closely related to

advection of heat. The importance of the advective

heat flux for the heat content of the upper part of the

ocean is corroborated by comparing, for each col-



Fig. 4. Correlation of geopotential height of the upper 535 m (left) and the upper 3040 m (right) with the contribution of salinity variations only (a and c) and temperature variations

only (b and d). The correlation maps are consistent with dominance of salinity east of Greenland, in the Labrador Sea and Baffin Bay extending to Newfoundland. Isolated patches

where salinity variations dominate steric sea level changes are found in the eastern and western subtropics. Temperature dominates in the western and central subtropical gyre and

along the path of the Gulf Stream/NAC system.
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umn of grid boxes extending to the bottom, the

volume integrated net advective heat flux with the

surface integrated ocean–atmosphere net heat flux.

Both the surface heat flux and the volume-integrated

net advective heat flux over a column of grid boxes

supply/extract heat to expand/contract this column.

For the grid boxes along the path of the Gulf Stream

extending into the central North Atlantic and in the

slope water north of the Gulf Stream, the variability

in the advective heat flux is an order of magnitude

larger than the surface-flux-related quantity with

maximum values south of Cape Hatteras. Farther

offshore in the subtropical North Atlantic, variability

in the advective and surface heat fluxes is compa-

rable (Fig. 5).

Variations in meridional heat transport are related

to both variations in the Meridional Overturning

Circulation (MOC) and variations in the wind-driven

circulation. To illustrate this, the dominant patterns

of variability in the MOC and the horizontal stream

function are constructed using an Empirical Orthog-

onal Functions (EOF) computation. The most dom-

inant pattern, or first EOF, of the low-pass-filtered

(40 years) MOC explains 49.3% of the variance and

spans the entire North Atlantic. This pattern reflects

an increase or decrease of the entire North Atlantic

Deep Water (NADW) cell (Vellinga and Wu, sub-

mitted for publication). The first EOF of the low-

pass-filtered (40 years) horizontal stream function

explains 35.3% of the variance and represents in-

crease/decrease in the strength of the wind-driven

circulation. The time evolution of these EOFs, the

Components (PC), are correlated with low-pass-fil-

tered (40 years) meridional heat transport (Fig. 6). It

shows that near 25jN, both the MOC and the

horizontal stream function are highly correlated with

meridional heat transport. For latitudes north of

c 35jN, the correlation between meridional heat

transport and the PC of the first EOF of the

horizontal stream function is clearly higher than

the correlation with the PC of the first EOF of the

MOC.

Overall, variations in the horizontal stream func-

tion determine to a large degree variations in the

steric sea level in areas near the United States East

Coast. This can also be concluded from the follow-

ing: a correlation between steric sea level and the

horizontal stream function, both averaged over 30–
40jN, 80–70jW, yields 0.51, while steric sea level

and the PC of the first EOF of the overturning fail to

have a statistically significant correlation at 0.20

(low-pass filter, 40 years).

Fluctuations in steric sea level explain a large part

of sea level variability, but variations in large-scale

wind stress curl also contribute to SL variability as

they determine the strength of the subtropical and

subpolar gyres. This is shown in Fig. 7, where steric

sea level and horizontal stream function are multiply

regressed on SL. Each field is first standardized with

its (local) standard deviation, and then regression

coefficients a and b are determined so that steric sea

level, scaled by a, and the horizontal stream function,

scaled by b, optimally explain (in a least-squares

sense) SL over 1000-year data. In Fig. 7a, the coef-

ficient a is, averaged over this region, 0.71, with

maxima in the subtropical and subpolar gyres. Mini-

ma are found roughly along the path of the Gulf

Stream/NAC system, where conversely, the coeffi-

cient b has its maxima. Both fields combined explain

nearly all variability in SSH. The data is low-pass-

filtered (40-year filter).

In conclusion, SL in the Gulf Stream region is

determined in large part by variations in the steric sea

level, but approximately along the path of the Gulf

Stream/NAC system variations in large-scale wind

stress curl contribute significantly. Moreover, low-

frequency steric sea level along the eastern seaboard

of the United States and in the strong advective

regimes of the Gulf Stream/NAC system is related

to divergences in the advective heat flux, while

ocean–atmosphere heat flux variability paces heat

content only in the stagnant water masses of the

subtropical gyre.

The advective heat transport in the ocean can be

decomposed in a gyre and overturning component.

However, uniquely identifying the gyre component

with the wind-driven circulation is inappropriate

(Saenko et al., 2002). This is because in the absence

of wind forcing, there remains a gyre component due

to the thermohaline circulation. Nevertheless, varia-

tions in the gyre circulation are highly correlated

with variations in the wind field. A correlation

analysis of low-pass (40 years) filtered horizontal

stream function (20–50jN, 85–40jW) and the PC

of the first EOF of the zonal wind field (explaining

62.6% of the variance) yields correlations up to 0.85



Fig. 5. Standard deviation of the net advective heat flux, integrated over a column of grid boxes over the upper 535 m (11 layers) of the model

(a) and the standard deviation of the surface integrated net heat flux into this column of grid boxes (b). The fields have been low-pass-filtered

with a 40-year filter. Values are in units of 1012 W, and values larger than 1.0 are gray. Contour intervals are 0.1 for values below (and including)

0.6, while for values higher than 1.0, the contour interval is 1.0.
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in the central part of this domain. The correlations

were much lower over areas with gradients in the

bathymetry, where changes in the density gradient

will also be reflected in changes of the horizontal

stream function.
4.2. Slope water sea level

The leading mode, or first EOF, of the model low-

pass-filtered (40 years) sea level variability in the

region 20jN–50jN, 85jW–40jW (Fig. 8) has its



Fig. 6. Correlation between the principal component of the first

EOF of the meridional overturning circulation (explaining 49.3% of

the variance) and meridional heat transport (solid line), and the

principal component of the first EOF of the horizontal stream

function (explaining 35.3% of the variance) and meridional heat

transport (broken line) as a function of latitude. All fields are low-

pass-filtered (40 years).

Fig. 7. Coefficients a (a) and b (b) which optimally (in a least-

squares sense) explain sea level in a multiple regression analysis,

using the steric sea level field and the horizontal stream function.

The steric sea level field is seen to dominate sea level almost

everywhere, except along the path of the Gulf Stream/North Atlantic

Current, where the horizontal stream function is important.

Normalized anomalies are used, so that the values of a and b can

be compared.

G. van der Schrier et al. / Global and Planetary Change 43 (2004) 129–144138
largest amplitude covering the area near Cape Hatte-

ras, just south of where the Gulf Stream leaves the

coast. Large amplitudes continue downstream along

the path of the NAC. There is an opposing amplitude

south of the Gulf Stream, but this dominant mode fails

to have any significant impact on the sea level north

of the Gulf Stream. This first mode accounts for

45.3% of the sea level variability. The second most

dominant pattern of sea level variability (second EOF)

accounts for 25.0% of the variance and is well

separated from the remaining patterns (each account-

ing for less than 8.5%). The second EOF has its

largest amplitude north of the Gulf Stream, increasing

northward along the coast into the subpolar gyre. This

pattern represents the north- and southward shifting of

the position of the Gulf Stream. It is this pattern which

largely determines sea level variability of the slope

water.

A correlation map between SL and the principal

component of the second EOF has similarities to this

EOF pattern with correlations along the coast north of

42jN between 0.6 and 0.7 (Fig. 9), indicating that the

north/southward shifting of the position of the Gulf

Stream indeed determines SL in this region. The

correlation between the PC of the second EOF of

SL and the geopotential height of the upper 535 m due



Fig. 8. First and second EOF of low-pass-filtered (40 years) sea

level. The first EOF has its largest amplitude long the path of the

Gulf Stream/NAC system and account for 45.3% of sea level

variability. The second accounts for 25.0% of the sea level

variability and represents a north- and southward shifting of the

position of the Gulf Stream.
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to temperature variations only is, in this region,

c 0.5–0.6. This indicates that a change in water mass

characteristics associated with the changes in the Gulf

Stream’s position is largely responsible for sea level

change.

The separation point of the Gulf Stream in this

model is too far north (Cooper and Gordon, 2002),

which suggests that the size of the region where sea

level is under control of shifts in the position of the

Gulf Stream may be underestimated.
4.3. Sea level in the Labrador Sea

Low-frequency geopotential height of the upper

535 m in the Labrador Sea correlates very strongly

with geopotential height due to salinity variations only

(correlations are in large areas 0.8/0.9; Fig. 4a).

However, this ceases to be valid when steric sea level

(geopotential height of the entire water column) is

considered. High correlations between steric sea level

and its salinity-related variability are only found near

the margins of the Labrador Sea, extending southward

along the coasts of Newfoundland and Nova Scotia.

In the interior of the Labrador Sea, temperature

variations dominate variations in steric sea level

(correlations c 0.6/0.7; Fig. 4d).The reason for this

change in character of expansion/contraction of the

water column with the length of the water column is

twofold. Salinity anomalies in the deeper layers are

out-of-phase or uncorrelated to those in the upper

layers, neutralizing or hiding the salinity-related sig-

nal of the upper layers in steric sea level. This seems

to be in agreement with the analysis of Houghton and

Visbeck (2002).Temperature variations in the upper

and deeper layers oscillate much more in concert,

explaining the importance of the temperature-related

steric sea level signal. The consequence of this is that

salinity anomalies in the upper part of the Labrador

Sea are not reflected in steric sea level, except near the

margins of the Labrador Sea. This is in agreement

with the findings of Curry and McCartney (2001),

who conclude that the occasional salinity anomalies in

the subpolar gyre contribute relatively little to the

Labrador Basin potential energy anomaly; a quantity

that is related to steric sea level.

A tentative explanation for this is that apparently

convection mixes the salinity anomaly of the upper to

the deeper layers, reducing the salinity anomaly in the

upper layer and establishing one in the deeper layers.

During deep convection, water at depth is mixed with

cold water from the upper layer while any heat gain of

the upper layer is quickly lost to the atmosphere due

to the vigorous ocean–atmosphere heat exchange.

Fig. 1 shows that in the Labrador Sea between

55jN and 60jN and along the western margin, the

correlation between steric sea level and sea level is

relatively low. This is an indication that in this region

SL has a strong barotropic component. The Labrador

Current flowing south along the Labrador coast has
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Fig. 9. Correlation sea level with the principal component of the second EOF of sea level, which reflects a north- and southward moving of

the Gulf Stream position. The (absolute) correlations along the North American coast, north of 42jN, are between 0.6 and 0.7 (40 years,

low-pass-filtered).
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indeed a strong barotropic component; the standard

deviation of the horizontal stream function at 60jN is

only slightly smaller than that of the total zonally- and

vertically-averaged southward volume transport at

60jN between Greenland and the Labrador coast.

Sea level in the Labrador Sea, especially along the

western margin, is related both to changes in the

hydrography and to changes in the wind-driven cir-

culation. Despite of this complexity, sea level in the

Labrador Sea can be related to an important climate

parameter. A correlation analysis indicates that multi-

decadal sea level variations reflect variations in the

North Atlantic meridional overturning circulation

(Fig. 10), with maximum correlations of 0.6–0.7 in

the central subpolar gyre and the northern parts of the

Labrador Sea and minimum correlation of � 0.7 just

south of the model’s Gulf Stream. A similar dipole

structure was retrieved when meridional heat transport

at 25jN was correlated with steric sea level. This

correlation pattern echoes the relation between the

concept of a baroclinic pressure gradient and a trans-

port index as put forward by Curry and McCartney
(2001). The area between the maximum and minimum

correlations is exactly aligned to the climatological

mean path of the Gulf Stream/NAC system of the

model.

4.4. Sea level and the Mediterranean outflow

Sea level variations in the Atlantic hugging the

North African and Spanish coast are seen to be

dominated by variations in salinity (Fig. 4). This is

related to the Mediterranean outflow. The parameter-

isation, which describes this outflow, simulates the

exchange of temperature and salinity in the upper

c 1195 m (Gordon et al., 2000). The rate of change

of the tracer field at each level is parameterised as a

relaxation to an average value composed of grid boxes

in the Mediterranean and the Atlantic, which are

directly adjacent to the Straits of Gibraltar. East of

the Straits of Gibraltar, the Mediterranean temper-

atures are lower than those in the Atlantic side of

the Straits of Gibraltar to a depth of c 900 m, while

salinities at the Mediterranean side and over the



Fig. 10. Correlation of the first EOF of the meridional overturning circulation with sea level. Data is low-pass-filtered (40 years).
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complete water column are much higher than those at

the Atlantic side. The variability in Mediterranean

temperatures, measured in terms of standard deviation

over 1000 years, is over the complete column less

than that of the Atlantic. In contrast to this, variations

in Mediterranean salinities are larger than those in

the Atlantic. The effect of the parameterisation is that

the Atlantic temperatures (in the upper c 900 m)

are decreased while variations in temperatures are

damped, and the average level of Atlantic salinity

increases while its variability is enhanced. The com-

bination of these two effects results in a more dominant

role of salinity in density variations at the expense of

temperature.
5. Summary and Discussion

The sources for multidecadal/centennial sea level

variations in the North Atlantic ocean are investigated

using 1000 years of the control simulation of the

Hadley Centre coupled climate model (HadCM3).

The analysis shows that steric sea level, the expan-

sion/contraction of the water column due to variations
in temperature and salinity, is on average over the

North Atlantic, the most important contributor to sea

level variations. Localized areas exist however where

sea level variations relate most strongly to wind field

variations. Steric sea level fluctuations are dominated

by variations in the geopotential height of the upper

c 500 m. The deep ocean (below c 500 m) hardly

contributes to variations in steric sea level. Exceptions

are areas as the Labrador Sea, where a strong vertical

exchange of water occurs. The amount of energy in

the geopotential thickness of the upper and deeper

parts of the ocean is comparable in this region. On a

multidecadal time scale, sea level changes due to

changes in sea-level pressure fluctuations are found

to be insignificant compared to steric sea level varia-

tions or variations in sea level due to variations in the

wind field. An analogous conclusion has been reached

earlier by Gregory et al. (2001).

By comparing data from tide gauges and historical

hydrographic observations, Levitus (1990) observes

that interpentadal changes (changes in a pentad, or 5-

year period) in steric sea level are generally consistent

with observations of sea level in the subtropical and

western subpolar gyres. This gives additional credit to
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dominance of steric sea level as a contributor to sea

level variations.

Fluctuations in steric sea level are almost every-

where dominated by variations in temperature, with

the exception of the margins of the Labrador Sea up to

Newfoundland and the Mediterranean outflow region,

where salinity is found to dominate steric sea level

variability.

The minor role of the deep ocean in the variability

of steric sea level is in contrast to results found earlier

by van der Schrier et al. (2002), based on an analysis

of an intermediate complexity GCM. In the current

analysis, it is found that below c 500 m, geopotential

thickness hardly varies due to density compensation

of temperature and salinity anomalies. Density com-

pensation in the deep ocean is not found in the simpler

model, where geopotential thickness was dominated

by variations in deep-ocean salinity. The salinity-

related variations in deep-ocean geopotential thick-

ness in the northern North Atlantic (north of 60jN) in
the simpler model and in the current model amount to

cF 3 cm. The amount of variability in deep-ocean

temperatures differs in the models.

van de Plassche et al. (2003) argue, based on

further simulations with the simpler model used by

van der Schrier et al. (2002), that sea level recon-

structions from Connecticut reflect variations in the

deep-ocean geopotential height. They compare a small

ensemble of similar simulations to sea level recon-

structions from Connecticut and explain the observed

lag between solar forcing and sea level reconstruction

with the slow transport of deep-ocean geopotential

height anomalies by the meridional overturning cir-

culation. This yields a lag comparable to the one

observed in the data. Furthermore, simulated and

reconstructed Connecticut sea level have a similar

temporal response.

A further analysis of local SL variations shows

widely different mechanisms for the different areas in

the North Atlantic in the current simulation.

Along the Atlantic seaboard of the southeastern

United States, steric sea level variations at the multi-

decadal/centennial time scale are largely related to

variations in the divergence of meridional heat trans-

port. Meridional advection of heat appears to be

stronger related to the gyre circulation than to the

meridional overturning circulation just off the eastern

Atlantic seaboard of the United States, whereas the
reverse is the case farther offshore. Moreover, varia-

tions in sea level in this region cannot be explained by

steric sea level variations only, variations in gyre

circulation are reflected in SL too. Divergences in

the advective heat flux are larger than the ocean–

atmosphere heat flux along the Gulf Stream, but in the

stagnant water masses of the subtropical North Atlan-

tic, the surface flux dominates ocean heat content

variability.

Multidecadal/centennial sea level variability in the

slope water region is not related to the strength of the

Gulf Stream but is for a large part related to north- and

southward shifts in its position, bringing this region

under the influence of alternating phases of cold

subpolar or warm subtropical water. This suggests

that the sea level reconstructions from the Gulf of

Maine (Gehrels et al., 2003) and Long Island Sound

(van de Plassche, 2000) reflect variations in the

position of the Gulf Stream. Typical centennial varia-

tions in reconstructed sea level from Machiasport and

Wells (Maine) (Gehrels, 1999; Gehrels et al., 2002)

are 4–10 cm, which is comparable to the typical

variations in the 100 year low-pass-filtered model

data of 4–6 cm. The interpretation of Fletcher et al.

(1993) of their SL reconstruction for Wolf Glade

(Delaware), in terms of variations of the Gulf Stream,

is thus closest to what the model data show.

Finally, sea level in the Labrador Sea, especially

along the western margin, seems to be related both to

changes in the hydrography and to changes in the

wind-driven circulation. Farther offshore, sea level

seems to be related to the meridional overturning

circulation, with highest correlations in the central

subpolar gyre, extending to the northern parts of the

Labrador Sea.

Keigwin and Pickart (1999) found evidence of a

dipole in sea-surface temperature (SST). Based on

planktonic foraminiferal analysis, they argue that

changes in the SSTs over the Laurentian Fan (situated

42jN–45jN, 57jW–54jW) on centennial/millennial

time scales were out of phase with those from the

Bermuda Rise in the Sargasso Sea (Keigwin, 1996).

Changes in SST on the Laurentian fan were subse-

quently related to the north- and southward shifting of

(a branch of) the Gulf Stream. This dipole structure is

also retrieved in the current simulation in geopotential

height of the upper 535 m, where one center of the

dipole correlates � 0.6 with the other and vice versa.
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However, the influence of the north- and southward

shifts of the Gulf Stream on SST in the Laurentian Fan

region is less obvious. A correlation (40 years, low-

pass-filtered) between the second principal component

of sea level (indicating the north/southward shifting)

and SST gives positive but modest correlations in this

region (0.2, 0.3), which fail to be statistically signif-

icant. Furthermore, Keigwin and Pickart (1999) argue

that the slope water system oscillates in phase with the

North Atlantic Oscillation (NAO). The data analysed

here indicate only a weak link between the two; a

correlation (40 years, low-pass-filtered and at lag 0)

between the NAO index [as defined by Cooper and

Gordon (2002)] and the position of the Gulf Stream

gives 0.36, which is just barely significant at the 95%

level.

Battisti et al. (1995) hindcast North Atlantic winter

SSTs using a model with a mixed layer excluding any

circulation, atop a diffusive deep ocean. The model

was forced by ocean–atmosphere heat fluxes derived

from observed fields and simulated rather successfully

SST in large areas of the North Atlantic. This suggests

that the ocean merely integrates atmospheric forcing

with a response having more energy at low frequen-

cies than at higher frequencies. This mechanism is not

identified in the current analysis of low-frequency

steric sea level along the eastern seaboard of the

United States and in the strong advective regimes of

the Gulf Stream/NAC system. On the multidecadal/

centennial time scale, heat flux variability paces heat

content only in the stagnant water masses of the

subtropical gyre.

Although the HadCM3 model is a state-of-the-art

model, generally thought to be superior to a host of

other GCMs, Gordon et al. (2000) note that with a

horizontal resolution of 1.25j� 1.25j, the degree or

realistic behaviour in western boundary currents as the

Gulf Stream still leaves something to be desired. This

observation could make some differences in the con-

clusions of this study.

The data analysed here are from a control simula-

tion. Any fluctuations in climate originating from

variations in external sources as solar activity, volca-

nism and greenhouse gasses are not included. Taking

variations in these forcing agents into account might

modify present conclusions. The analysis of a 500-

year HadCM3 experiment using solar and volcanic

forcings, which is currently being conducted, would
contribute to this matter. However, an earlier analysis

(van der Schrier et al., 2002) using a simpler model

suggests that the same mechanisms of multidecadal/

centennial sea level change are found in both the

control simulation and a simulation forced by solar

irradiance changes. However, the amplitude of sea

level variations in the latter simulation was observed

to be significantly larger.

Present analysis has shown the complex nature of

regional SL variations at the multidecadal/centennial

time scale in the North Atlantic. This complexity has

consequences for the interpretation of multidecadal/

centennial variability in SL reconstructions.
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Appendix A. Computation of sea level in HadCM3

The computation of sea level in HadCM3 (and

other models) is exhaustively dealt with by Gregory et

al. (2001). Here, a summary is given.

Sea level in the HadCM3 model needs to be

computed diagnostically from model output, because

the ocean component of HadCM3 is a rigid-lid ocean

where the sea surface topography is reflected in

pressure variations exerted by the lid. The rigid-lid

pressure ps can be converted to sea-surface height by

using the hydrostatic equation:

ps ¼ gq*g; ðA1Þ

where g is the relative topography, q* the density of sea

water at the surface and g the acceleration due to

gravity. The rigid-lid pressure gradient jh ps enters

the momentum equation, and the vertically averaged

momentum equation is:

1

H

Z 0

�H

BuH

Bt
dz ¼ 1

H

Z 0

�H

Fdz� 1

q0

rhps; ðA2Þ

where uH is the horizontal velocity, F the aggregate of

all forcing terms in the momentum equations (exclud-

ing the rigid-lid pressure gradient) and q0 a nominal
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density. Because the flow is nondivergent, it can be

represented by a stream function w, leading to:

1

q0

rhps ¼
1

H

Z 0

�H

Fdz� 1

H
k�rh

Bw
Bt

; ðA3Þ

where k is the vertical unit vector. The relative

topography g is computed by evaluating the right hand

side of (A3) from the model, which gives jhps, and

then extracting ps by a numerical minimisation. Final-

ly, g is computed using (A1).
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