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ABSTRACT

The Mediterranean Sea can be viewed as a ‘‘barometer’’ of the North Atlantic Ocean, because its sea level

responds to oceanic-gyre-scale changes in atmospheric pressure and wind forcing, related to the North Atlantic

Oscillation (NAO). The climate of the North Atlantic is influenced by the Atlantic meridional overturning cir-

culation (AMOC) as it transports heat from the South Atlantic toward the subpolar North Atlantic. This study

reports on a teleconnection between the AMOC transport measured at 26.58N and the Mediterranean Sea level

during 2004–17: a reduced/increased AMOC transport is associated with a higher/lower sea level in the Mediter-

ranean. Processes responsible for this teleconnection are analyzed in detail using available satellite and in situ

observations and an atmospheric reanalysis. First, it is shown that onmonthly to interannual time scales theAMOC

and sea level are both driven by similar NAO-like atmospheric circulation patterns. During a positive/negative

NAO state, stronger/weaker trade winds (i) drive northward/southward anomalies of Ekman transport across

26.58N that directly affect the AMOC and (ii) are associated with westward/eastward winds over the Strait of

Gibraltar that forcewater to flowout of/into theMediterraneanSea and thus change its average sea level. Second, it

is demonstrated that interannual changes in theAMOC transport can lead to thermosteric sea level anomalies near

the North Atlantic eastern boundary. These anomalies can (i) reach the Strait of Gibraltar and cause sea level

changes in the Mediterranean Sea and (ii) represent a mechanism for negative feedback on the AMOC.

1. Introduction

The Atlantic Ocean is unique for Earth’s climate sys-

tem as it is the only ocean where net heat is transported

from the Southern Hemisphere across the equator to-

ward the northern subpolar gyre. As the upper warm

waters flow northward, they lose heat to the atmo-

sphere, become cooler and denser, and form deep water

in the Labrador and Nordic Seas that then returns

southward, comprising the Atlantic meridional over-

turning circulation (AMOC; Fig. 1). The northward heat

transport reaches a maximum of 1.3 PW near 248–268N
(Hall and Bryden 1982; Trenberth and Caron 2001),

with a balanced volume transport between the northward
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flow of warm Gulf Stream waters and wind-driven

surface flow (Ekman transport) and the southward

flow of cooler thermocline and cold North Atlantic

Deep Water. Much of the heat transferred from the

ocean to the atmosphere at midlatitudes of the North

Atlantic is carried eastward by westerly winds and con-

tributes to the temperate climate of northwest Europe

(e.g., Sutton and Hodson 2005). The strength of the

westerly winds is strongly associated with the North

Atlantic Oscillation (NAO), which is a dominant at-

mospheric pattern of climate variability over the North

Atlantic (Hurrell et al. 2003).

Since 2004, the AMOC has been monitored by

an array of moorings deployed along about 26.58N
(Cunningham et al. 2007; Johns et al. 2011; Rayner

et al. 2011), supplemented by measurements of the

Gulf Stream transport using submarine telephone

cables in the Straits of Florida (Baringer and Larsen

2001; Fig. 1). It has been documented that changes in

the AMOC can affect the sea level around the pe-

riphery of the North Atlantic (Levermann et al. 2005),

in particular, along the North American east coast

(Bingham and Hughes 2009; Ezer et al. 2013; Yin and

Goddard 2013; McCarthy et al. 2015b; Little et al.

2017), although they are probably less important than

the directly wind-induced variability (Woodworth

et al. 2014; Little et al. 2017). In 2009/10, the AMOC

temporarily slowed down by 30%, partially due to an

extreme negative NAO, when the associated wind

field reduced and (for some time) even reversed the

northward Ekman transport component of the AMOC

(McCarthy et al. 2012; Srokosz and Bryden 2015). It is

possible that this slowdown of the AMOC and the wind

anomalies led to an extreme sea level rise along the east

coast of North America (Goddard et al. 2015; Andres

et al. 2013). In addition, the reduced meridional heat

transport caused an upper-ocean cooling in the sub-

tropical Atlantic and warming in the tropics that may

have helped push the atmospheric circulation into

record-low NAO negative states in both winters of

2009/10 and 2010/11 (Cunningham et al. 2013; Bryden

et al. 2014).

Interestingly, on month-to-month time scales, the

AMOC transport is negatively correlated with nearly

basin-wide variations of sea level in the Mediterranean

Sea: a stronger/weaker AMOC is associated with a

lower/higher sea level (Figs. 2, 3a). In particular, the

observedAMOC slowdown in 2009/10 and then again in

winter 2010/11 coincided with the extreme nonseasonal

(annual and semiannual signals removed) sea level

anomalies in the Mediterranean Sea, reaching amplitudes

of about 10cm reported in earlier studies (Landerer and

Volkov 2013; Volkov and Landerer 2015). These extreme

short-term sea level fluctuations have amplitudes larger

than approximately 6 cm of the global mean sea level

rise over the last two decades (e.g., Cazenave et al. 2014)

and pose a flood threat for coastal communities and in-

frastructure, as well as a challenge for their understanding

and prediction.

As in any semienclosed sea, the Mediterranean Sea

level is determined by the local freshwater balance, ex-

changes with connected basins, and the local variations

FIG. 1. Bottom topography (color) and schematic representation of the main oceanic

flows comprising the meridional overturning circulation (MOC; arrows) in the North At-

lantic: pink arrows show the upper-ocean flows and light blue arrows indicate the deep

flows. The zonal magenta line indicates the 26.58N MOC monitoring array (RAPID/

MOCHA/WBTS).
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of depth-integrated seawater density (steric changes).

It has been shown that the nonseasonal fluctuations of

the Mediterranean Sea level are mainly due to mass

exchanges through the Strait of Gibraltar, related to

NAO-modulated winds over the strait and the adjacent

Atlantic Ocean (Fukumori et al. 2007; Menemenlis et al.

2007; Landerer and Volkov 2013; Calafat et al. 2012;

Tsimplis et al. 2013; Volkov and Landerer 2015). An

out-of-phase relationship between the nonseasonal

bottom pressure fluctuations in the Mediterranean

Sea and in the midlatitude North Atlantic has been re-

ported and attributed to large-scale wind stress curl

variations and NAO (Piecuch and Ponte 2014). A

number of earlier studies have also highlighted the im-

portant role of the NAO-modulated sea level pressure,

freshwater, and buoyancy fluxes in driving the Medi-

terranean Sea level (e.g., Tsimplis and Josey 2001;

Tsimplis andRixen 2002; Tsimplis et al. 2005).While the

role of NAO in the variability of circulation in the sub-

tropical North Atlantic and theMediterranean Sea level

has been well documented (e.g., Tsimplis and Josey

2001; Tsimplis et al. 2008; Tsimplis and Shaw 2008;

Volkov and Fu 2011; Tsimplis et al. 2013; Volkov and

Landerer 2015), it is also possible that the large-scale

FIG. 2. Correlation between sea level in the Mediterranean Sea and the AMOC transport

across 26.58N (monthly unsmoothed values with seasonal cycles removed). The 95% signifi-

cance level for correlation (r 5 20.2) is shown by the red contour. The locations of Marseille

and Trieste tide gauges are shown by red circles.

FIG. 3. (a) AMOC transport across 26.58N (black curve) with measurement uncertainty

(shaded band) and SLA (global mean sea level and seasonal cycle have been subtracted) av-

eraged over the Mediterranean Sea (red curve). Note that the y axis for the transport is

reversed. The correlation between the AMOC andSLA time series is20.4. (b) Monthly station-

based NAO index.
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ocean circulation in the North Atlantic can impact the

Mediterranean Sea level through ocean–atmosphere

feedbacks (e.g., Marshall et al. 2001).

The present study adds a novel element to the existing

canon in that it reports on the correlation between the

AMOC and the Mediterranean Sea level. Although the

Mediterranean Sea is an integral part of the North

Atlantic air–sea–land coupled climate system, the re-

lationship between sea level in the Mediterranean and

the AMOC transport at 26.58N has not yet been estab-

lished and explored. It is not clear why the two remote

and probably not directly related processes are corre-

lated. Are the AMOC and sea level in the Mediterra-

nean simply forced by the same processes, such as the

NAO?Or does the AMOC provide a forcing that directly

and/or indirectly affects sea level in theMediterranean? In

this study, we use satellite altimetry observations of sea

surface height, measurements of the meridional trans-

ports across 26.58N, temperature and salinity fields and

profiles, and an atmospheric reanalysis to reveal and

document the dynamical mechanisms that linked the

AMOC and the Mediterranean Sea level in 2004–17.

The manuscript is organized as follows. In sections 2

and 3, we describe the data used in this work and data

analysis methods, respectively. Section 4 reports on the

observed correlations between the AMOC transport

components, theMediterranean Sea level, and the NAO.

In sections 5 and 6, we explore the dynamicalmechanisms

responsible for the observed correlations. Finally, section

7 provides summary and discussion.

2. Data

a. Sea level measurements

For sea level, we used both the regional (Mediterra-

nean Sea) and global monthly maps of sea level anom-

alies (SLAs) for the time period from January 1993

to February 2017, processed and distributed by the

Copernicus Marine and Environment Monitoring Ser-

vice (CMEMS; http://marine.copernicus.eu). The SLA

maps are generated by merging measurements by up to

four altimetry satellites using all missions available at a

given time. Prior to mapping, the along-track altimetry

records are routinely corrected for instrumental noise,

orbit determination error, atmospheric refraction, sea

state bias, static and dynamic atmospheric pressure ef-

fects, and tides (Pujol et al. 2016). The global mean sea

level has been subtracted from theSLA time series at

each grid point to focus on local dynamic fluctuations

not related to global changes. The area-weighted aver-

age time series represents the Mediterranean basin-

wide SLA (SLAMS).

Satellite altimetry data were supplemented with

monthly tide gauge measurements at Marseille, France,

from 1900 to 2010 and Trieste, Italy, from 1927 to 2010,

obtained from the Permanent Service for Mean Sea

Level (www.psmsl.org). These are the longest records

available in theMediterranean, dating back to the end of

the nineteenth century, but the records at Trieste prior

to 1927 have substantial (multiyear) gaps. Shorter-term

gaps at Marseille were either filled by linear interpola-

tion prior to 1993 or by altimetry data after 1993. The

tide gauge records were corrected for the inverted

barometer (IB) effect given by IB5 (Pref 2Pa)/(rg),

where Pa is the sea level pressure (SLP), and Pref is the

SLP averaged over the entire ocean, r is the seawater

density, and g is gravity.

b. Observations of AMOC at 26.58N

Monitoring the AMOC at 26.58N has been carried out

since 2004 under the auspices of the RAPID–MOCHA–

Western Boundary Time Series [WBTS (RAPID)]

program (Smeed et al. 2017). Key measurements are

collected at the western and eastern boundaries of the

Atlantic Ocean at 26.58N and on either side of the Mid-

Atlantic Ridge (MAR). Because of the sloping bound-

aries, several moorings at different locations and depths

on the slope are combined to form a single profile as

described in McCarthy et al. (2015a). The resulting time

series of temperature and salinity profiles at the bound-

aries are used to derive dynamic height anomaly profiles

from which the midocean meridional geostrophic trans-

port is calculated.

An estimate of the AMOC transport (TAMOC) is ob-

tained as the sum of (i) the upper-midocean transport

(TUMO) down to the deepest northward velocity at

;1100m (Johns et al. 2005), (ii) the Florida Current

transport (TFC) obtained by measuring the voltage dif-

ference across the Straits of Florida using submarine

telephone cables (Baringer and Larsen 2001), and (iii)

the near-surface meridional Ekman transport (TEK)

estimated using the zonal wind stress from the European

Centre for Medium-Range Weather Forecasts (ECMWF)

ERA-Interim reanalysis (McCarthy et al. 2015a):TAMOC5
TFC 1 TEK 1 TUMO. The lower limb of the overturning

(deep southward flow) is represented by the sum of the

upper North Atlantic Deep Water (NADW) transport

(TUNADW; 1100–3000m) and lower NADW transport

(TLNADW; 3000–5000m), so that TAMOC ’ 2(TUNADW 1
TLNADW) (Cunningham et al. 2007).

Here, we use both the 12-hourly time series of the

meridional transports across 26.58N and the 12-hourly

vertical profiles of temperature and salinity near the

eastern and western boundaries from April 2004 to

February 2017 provided by RAPID. The meridional
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heat transport is derived from the RAPID observing

system as described in Johns et al. (2011). Temperature

and salinity profiles are used to compute dynamic height

anomalies. Because most of the RAPID moorings have

the shallowest measurements in the 100–200-dbar-depth

range, the dynamic height profiles were extended up to

the surface using a cubic extrapolation (McCarthy et al.

2015a). The time series of meridional transports and

dynamic height anomalies were averaged monthly, thus

yielding 155 monthly estimates.

c. Temperature and salinity data

Themonthly gridded temperature and salinity profiles

from January 2004 to February 2017, produced by the

Japan Agency for Marine-Earth Science and Technol-

ogy (JAMSTEC) from all available data including (and

mostly) Argo (Hosoda et al. 2008), are used to compute

the contribution to sea level variability in the North

Atlantic from changes in density (the steric component):

SLA
st
52r21

0

ð0
2H

r0(T ,S, z) dz, (1)

where r0 is an in situ density anomaly with respect to the

time mean, r0 5 1027.5 kgm23, T is temperature, S is

salinity, z is depth, and H is the reference depth for the

integration. Because we focus on the upper limb of

overturning (upper 1100m), the steric sea level anom-

alies were referenced to 1100-m depth. The steric sea

level anomalies (SLAst) can be approximately (because

of nonlinearity of the equation of state) decomposed

into the thermosteric SLA (SLAt) and halosteric SLA

(SLAs) components:

SLA
st
’ SLA

t
1 SLA

s
52r21

0

�ð0
2H

r0(T ,S, z) dz

1

ð0
2H

r0(T,S, z) dz
�
, (2)

where the overbar indicates the time-mean values.

d. Atmospheric and reanalysis data

To link the observed changes in the ocean to atmo-

spheric forcing, we used the monthly mean fields of SLP,

net surface heat flux (Qnet), wind stress, 10-m wind

speed, and sea surface temperature (SST) for the 1979–

2017 time period provided by the ECMWF’s ERA-

Interim reanalysis project (Dee et al. 2011). The long

tide gauge records at Marseille and Trieste were com-

pared to TEK at 26.58N estimated from the ECMWF’s

Twentieth Century Analysis (ERA-20C) over the 1900–

2010 time interval (Poli et al. 2013). In addition, we used

the monthly station-based NAO index, based on the

difference of normalized SLP between Lisbon, Portugal,

and Reykjavík, Iceland, and provided by the Climate

Analysis Section of the National Center for Atmo-

spheric Research (NCAR; Hurrell et al. 2003).

3. Methods

The seasonal cycle was computed by fitting the annual

and semiannual harmonics in a least squares sense and

removed from all fields and time series. Wavelet co-

herence (Grinsted et al. 2004) is used to find regions in

time–frequency space where SLAMS and TEK covary

(Fig. 4). Linear regression is used to examine the spatial

patterns of SLP and wind changes with reference to the

AMOC and Mediterranean Sea level variability: the

monthly fields of SLP, zonal, and meridional 10-m wind

velocities are projected onto the monthly TAMOC

and SLAMS time series (e.g., Fig. 6). The corresponding

regression coefficients are in pascals per Sverdrup (Sv;

1 Sv[ 106m3 s21) for TAMOC and meters per second per

centimeter for SLAMS (local changes in SLP and wind

speed with respect to changes in the AMOC transport

and Mediterranean Sea level, respectively).

To focus on the interannual variability, the monthly

time series were further smoothed with a ‘‘Lowess’’ filter

with a 24-month span (approximately equivalent to a

moving average with a 1-yr window). An empirical or-

thogonal function (EOF) analysis (von Storch and Zwiers

1999) was used to identify the leading EOFmode (EOF-1)

of the interannual sea level variability in the North At-

lantic (Fig. 9). The spatial pattern of EOF-1 is represented

as a regression map obtained by projecting the sea level

data onto the standardized (divided by standard deviation)

principal component [PC (PC-1)] time series. Thus, the

regression coefficients are in centimeters (local change of

sea level) per standard deviation change of PC-1.

The 95% significance level for correlation coefficients

was estimated by computing correlations between the pairs

of 10000 Monte Carlo simulations of random time series

that have the same autocorrelation functions as the ob-

served time series. For the nonseasonal monthly time se-

ries with 155 data points, the 95% significance level for

correlation is about 0.2. For the smoothed time series

(interannual signal), the 95% significance level for corre-

lation is about 0.5 at zero lag and 0.6 at 12-month lag.

The net surface heat flux and temperature advection by

ocean currents drive the thermosteric sea level variability,

›SLA
t

›t
52a

 
Q

net
2Q

net

r
0
C

p

1

ð0
2H

u � =Tdz
!
, (3)

where a is the thermal expansion coefficient, Cp is the

specific heat capacity of seawater,Qnet is the climatological
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(averaged over 2004–17) net surface heat flux (positive

fluxes are directed out of the ocean), and u is the ocean

current velocity. We estimated the first term on the right

side of Eq. (3) using the ERA-Interim fields of Qnet. The

spatially variable thermal expansion coefficient was com-

puted from the JAMSTEC fields of temperature and sa-

linity and averaged over the upper 100m. The second

(advection) term is largely unknown. However, by as-

suming the ageostrophic component is well characterized

by Ekman transport, the contribution of temperature ad-

vection by Ekman transport can be approximated using a

pseudo air–sea heat flux following Marshall et al. (2001):

H
Ek

5C
p

�
2k3

t

f

�
� =SST, (4)

where k is the unit vector in the vertical, t is the wind

stress, f is the Coriolis parameter, and SST is the sea

surface temperature, which is used as an approximation

of the upper Ekman layer temperature. For consistency

with surface fluxes, we used the ERA-Interim wind

stress and SST. Then, assuming that the vertical heat

advection is small, the thermosteric sea level change of

the upper 1100m water column becomes

›SLA
t

›t
’2a

 
Q

net
2Q

net

r
0
C

p

1
H

Ek
2H

Ek

r
0
C

p

1

ð0
1100m

u
geos

� =T dz

!
, (5)

where ugeos is the geostrophic velocity. In this study, we

are able to directly estimate only the first two terms on

the right side of Eq. (5).

4. Observed correlations

a. Monthly variability

Displayed in Fig. 3a are the monthly time series of the

nonseasonal SLAMS and TAMOC at 26.58N. The zero-lag

FIG. 4. (a) The monthly time series of SLAMS from satellite altimetry and TEK at 26.58N
computed from the ERA-Interim zonal wind stress and (b) the wavelet coherence between the

time series in (a). Note that the y axis for TEK is reversed. The direction of the arrows in the

coherence plot corresponds to the phase lag on the unit circle, with the backward direction

indicating an out-of-phase relationship. The cone of influence in the coherence plot (white-

dashed curve) indicates where edge effects occur in the coherence data.
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correlation between them is20.4, which is significant at

95% confidence (Table 1). The weaker-than-average

AMOC transport is associated with the higher-than-

average SLAMS. This is particularly valid for the ex-

tremely large anomalies in both the AMOC and SLAMS

observed in 2009/10. A strong decrease of the AMOC

from about 21 Sv in December 2008 to about 9Sv in

January 2010 and then again in December 2010 was

accompanied by the record-high sea level anomalies of

above 8 cm in the Mediterranean Sea. This happened

when the NAO index also became strongly negative

(Fig. 3b). Similar events associated with the negative

NAO, but with smaller changes in TAMOC and SLAMS,

were repeated in 2012 and 2013.

As already mentioned, the correlation between the

Mediterranean Sea level and TAMOC is nearly basin

wide across the Mediterranean, except for some interior

regions (Fig. 2). It appears that the correlation is signifi-

cant mainly because of high inverse correlation between

SLAMS and Ekman transport at 26.58N (r 5 20.52;

Table 1): the positive (northward) anomalies of TEK are

associated with the negative anomalies of SLAMS and

vice versa. The variability of TEK at 26.58N is part of the

large-scale variability in winds over the North Atlantic.

This large-scale variability is modulated by the NAO,

which explains the high correlation (r 5 0.77) between

the monthly TEK and NAO indices (Table 1). Probably

due to its connection with TEK, the NAO is significantly

correlated with TAMOC (r 5 0.43), which for the longer

time scales has been reported earlier (e.g., Stepanov and

Haines 2014; Delworth and Zeng 2016).

To investigate whether the observed relationship

between SLAMS and TEK in 2004–17 holds for prior

periods, we compared (i) the satellite altimetry record

of SLAMS to TEK from ERA-Interim in 1993–2017 and

(ii) the tide gauge records at Marseille (1900–2010)

and Trieste (1927–2010) to TEK from ERA-20C (1900–

2010). The correlation between the monthly time series

of SLAMS and TEK is 20.43 (Fig. 4a). The wavelet co-

herence (Fig. 4b) shows that the relationship is non-

stationary but is time and frequency dependent. The

relationship between SLAMS and TEK becomes stron-

ger after 2005, when the time series covary at most

frequencies. The time series covary out of phase, which

is demonstrated by the predominantly left-oriented ar-

rows. The correlation between the longer tide gauge

records and TEK (not shown) is 20.21 for Marseille

and 20.22 for Trieste, significant at 95% confidence.

The reduction of correlation coefficient is due to the

longer time series (more degrees of freedom), limited

representativeness of Marseille and Trieste tide gauge

records for the basin-averaged Mediterranean Sea

level (correlation between the tide gauge records and

altimetry SLAMS in 1993–2017 is 0.6 for Marseille and

0.8 for Trieste), and also because the uncertainties in

Ekman transport computed from the ERA-20C re-

analysis are larger for presatellite era (prior to 1979)

than for satellite era.

The other components of the AMOC, TFC and TUMO,

are not correlated with SLAMS (Table 1). Their corre-

lation with TAMOC is also smaller (0.44 and 0.42, re-

spectively) than correlation between TEK and TAMOC

(0.57). Therefore, at nonseasonal month-to-month time

scales, wind stress appears to be the main driver of the

AMOC variability at 26.58N.We find that bothTUNADW

and TLNADW are also significantly correlated with the

AMOC (r 5 20.50 and 20.89, respectively; Table 1),

which is expected because the northward TAMOC is

compensated by the total southward North Atlantic

Deep Water transport. However, TUNADW is not cor-

related with SLAMS (r 5 20.01), whereas TLNADW is

positively correlated with SLAMS (r5 0.46; Table 1). We

recall that the midocean meridional transports provided

by RAPID include the (unmeasured) compensating

flow that ensures a net zeromeridional volume transport

(McCarthy et al. 2015a). It appears that the correlation

between TLNADW and SLAMS is primarily due to this

compensating transport. If the compensating transport

is subtracted from TLNADW, then the correlation be-

tween SLAMS and TLNADW becomes 20.21. Since the

LNADW layer lies just above the reference level (4820

dbar), then it is the most sensitive to changes in the

compensating transport and is strongly influenced by it,

whereas farther up in the water column there tends to be

more cancellation between the shear-related transport

changes and the opposing barotropic changes. Although

TABLE 1. Correlation coefficients between the nonseasonal sea level averaged over theMediterranean (SLAMS), monthly station-based

NAO indices, andmeridional transports across 26.58N:TAMOC,TFC,TEK,TUMO,TUNADW, andTLNADW. Correlation coefficients between

the time series, from which interannual signals have been removed, are shown in brackets. The 95% significance level for correlation is

about 0.2.

SLAMS TAMOC TFC TEK TUMO TUNADW TLNADW

SLAMS — 20.40 (20.44) 20.18 (20.21) 20.52 (20.53) 0.04 (20.02) 20.01 (0.00) 0.46 (0.50)

TAMOC — — 0.44 (0.44) 0.57 (0.54) 0.42 (0.51) 20.50 (20.48) 20.89 (20.91)

NAO 20.48 (20.48) 0.43 (0.39) 0.13 (0.12) 0.77 (0.78) 20.15 (20.15) 20.12 (20.09) 20.42 (20.39)

1 FEBRUARY 2019 VOLKOV ET AL . 941



TLNADW from RAPID contains the unmeasured com-

pensating transport, it is well correlated with an in-

dependent estimate of TLNADW derived solely from

satellite time-variable gravity measurements (Landerer

et al. 2015), meaning that the RAPID estimate is robust.

Note that since a substantial part of the barotropic

compensation is balancing Ekman transport variations,

there is also a relatively high correlation between TEK

and TLNADW (20.59; Frajka-Williams et al. 2016).

b. Interannual variability

It should be noted that removing interannual signals

from the time series does not significantly affect the

observed correlations (Table 1), suggesting that the

zero-lag relationships are dominated by month-to-

month fluctuations. However, in addition to these

month-to-month variations, there are lagged correla-

tions between the interannual signals of SLAMS and

meridional transports at 26.58N (Fig. 5; Table 2). The

maximum correlation between TAMOC and SLAMS

is 20.78, with SLAMS lagging behind TAMOC by six

months (Fig. 5b). It has been reported earlier that the

Ekman component plays a dominant role in the AMOC

variability on short time scales and the geostrophic

component, represented mainly by TUMO, becomes

more important on interannual time scales (e.g.,

Buckley and Marshall 2016). On these interannual time

scales, we find that TUMO is highly correlated with the

Mediterranean Sea level: the correlation between TUMO

and SLAMS reaches a maximum of20.79 when the latter

lags behind the former by 12 months (Fig. 5b). This

relationship suggests that theMediterranean Sea level

may respond to baroclinic changes in the subtropical

North Atlantic, and in the remainder of the manu-

script, we will try to unveil the mechanisms that link

these two remote processes. The correlation between

TEK and SLAMS on interannual time scales is also

significant (r 5 20.79) at 1-month time lag, and it is

mainly due to the large anomalies in 2010 and in 2012/

13 (Fig. 5a).

5. Wind forcing as a common driver

We have demonstrated that the correlation between

the monthly SLAMS and AMOC is mainly due to the

relationship between these quantities and the atmo-

spheric forcing that is expressed through the local

Ekman transport at 26.58N and through the gyre-scale

NAO. To reveal the atmospheric circulation patterns

that contribute to the variability of the AMOC and

SLAMS, here we present the regression of the monthly

FIG. 5. (a) The smoothed time series of SLAMS (red) and the AMOC transport components:TAMOC (black), TFC

(dotted black), TEK (dashed black), and TUMO (blue). Note that the y axis for the transport is reversed. (b) Cross-

correlation functions of SLAMS and TAMOC (black), SLAMS and TEK (dotted black), and SLAMS and TUMO (blue).

All time series were detrended.

TABLE 2. Maximum lagged correlation coefficients and time lags

between the low-pass filtered (interannual) SLAMS andmeridional

transports across 26.58N (as shown in Fig. 5b): TAMOC, TEK, and

TUMO. The 95% significance level for correlation is 0.5 at zero lag

and 0.6 at 12-month lag.

SLAMS Lag (months)

TAMOC 20.78 6

TEK 20.79 1

TUMO 20.79 12
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ERA-Interim SLP and 10-m wind velocity fields on the

AMOC and on SLAMS time series (seasonal cycles re-

moved). It appears that both theAMOC and SLAMS are

related to similar dipole SLP patterns reminiscent of

NAO, with one pressure center located at midlatitude

(the Azores high) and the other at high-latitude North

Atlantic (the Icelandic low; Fig. 6). This suggests that

the AMOC and SLAMS are both driven, at least par-

tially, by the same mode of the large-scale atmospheric

variability. It is interesting to note, however, that the

subtropical lobe of the pattern in Fig. 6b is centered

more toward the eastern part of the ocean and over

western Europe than in Fig. 6a.

As expected, the spatial pattern of regression be-

tween SLP and AMOC (Fig. 6a) is mostly determined

by regression between SLP and TEK (not shown).

An increase/decrease of SLP at midlatitudes (;408N)

is associated with a strengthening/weakening of the

North Atlantic westerly and trade winds. The stronger/

weaker trade winds in the subtropics around 26.58N drive

the northward/southward near-surface Ekman transport

anomalies and, thus, directly impact the AMOC. An in-

crease/decrease of SLP by about 0.8mb around 408N,

358W is associated with a 1Sv increase/decrease in the

AMOC transport. The other AMOC constituents (TFC

andTUMO) are not significantly related to SLP changes in

the North Atlantic (not shown), however, ultimately,

their variability is in part the result of how the ocean

thermohaline structure and circulation adjust to the

varying atmospheric forcing.

The month-to-month variability of SLAMS is mostly

driven by winds over the Strait of Gibraltar and just west

of it (Landerer and Volkov 2013). This is essentially a

basin-wide barotropic response to the along-strait wind

setup that forces water into or out of the Mediterranean

Sea until the zonal sea level pressure gradient balances

the wind stress (Fukumori et al. 2007; Menemenlis et al.

2007). Because these winds are part of the North At-

lantic large-scale atmospheric circulation, it is not sur-

prising that SLAMS is related to an NAO-like dipole

SLP and associated atmospheric circulation patterns

(Fig. 6b). An increase/decrease of SLP by about 1mb

FIG. 6. The regression maps of monthly SLP and 10-m wind velocity from ERA-Interim

projected on (a) the AMOC transport across 26.58N and (b) sea level in theMediterranean Sea

at zero lag (monthly unsmoothed values with seasonal cycles removed).
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around 458N, 158W is associated with northeastward/

southwestward wind anomalies along the northwest

African coast and eastward/westward wind anomalies

across the Strait of Gibraltar that force water to flow

into/out of the Mediterranean Sea and, thus, raise/lower

its level surface by about 1 cm.

It is instructive to explore the atmospheric SLP and

circulation pattern during the observed record-high

Mediterranean Sea level and record-low AMOC in

2009–11 and in 2013 relative to the 1979–2015 SLP and

wind climatology (Fig. 7a). For this, we present a com-

posite map of SLP and 10-m wind velocity for the pe-

riods when SLAMS (shown in Fig. 3a) was greater than

4 cm (Fig. 7b). During these periods, the Greenland

anticyclone strengthened and expanded, while the sub-

tropical and subpolar SLP centers became weaker and

shifted southward by about 108. These changes were

associated with a southward shift of westerly and trade

winds. The westerly winds became more zonal and

centered near the latitude of the Strait of Gibraltar

(;358N), which led to stronger westerly winds over the

strait itself that pumped water into the Mediterranean

Sea and raised its sea level. At the same time, the usually

northward Ekman transport at 26.58N (directed 908 to
the right of the wind direction in the Northern Hemi-

sphere) weakened to almost zero (it can occasionally

reverse, as seen in Fig. 4a) and, therefore, reduced the

AMOC transport.

6. Dynamic connection with the large-scale North
Atlantic circulation

a. Relation to sea level in the eastern North Atlantic

Using an ocean general circulation model, Calafat

et al. (2012) showed that on decadal time scales, sea level

at the Atlantic side of Gibraltar is correlated with sea

level along the northwest coast of Africa. The authors

suggested that the long-shore wind forcing drives the

coastal sea level variability, which by the means of

coastally trapped waves propagates toward the Strait

of Gibraltar and ultimately translates to basin-wide

FIG. 7. SLP (color) and 10-m wind velocity (arrows) for (a) 1979–2017 mean climatology and

(b) composite for the periods when SLAMS $ 4 cm over the Mediterranean Sea (see Fig. 3a).
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changes of sea level in the Mediterranean. Here, we

utilize this concept to understand the mechanism that

links the North Atlantic large-scale geostrophic circu-

lation and the Mediterranean Sea level.

Displayed in Fig. 8 are the correlation maps between

the monthly (unsmoothed) SLAMS andSLA (Fig. 8a)

and the monthly (unsmoothed) dynamic height at the

eastern boundary from RAPID moorings and SLA

(Fig. 8b). Despite minor differences, the two maps ex-

hibit similar patterns, probably related to large-scale

baroclinic processes as suggested by the correlation with

the dynamic height. The correlation pattern is also

consistent with the gyre-scale atmospheric circulation.

When there is a cyclonic circulation anomaly in the

subtropical North Atlantic (similar to the pattern in

Fig. 6b, associated with a positive sea level anomaly in

the Mediterranean) the upper-ocean Ekman transport

anomaly near the eastern boundary is directed onshore

and, therefore, it tends to reduce the coastal upwelling

typical for this region, deepen the thermocline, and,

thus, produce a positive steric sea level anomaly along

the African coast. In addition, the anomaly pattern

shown in Fig. 6b causes an anticyclonic (negative) wind

stress curl anomaly along the eastern part of the RAPID

line at 26.58N, which leads to additional Ekman pump-

ing and higher dynamic height.

In agreement with Calafat et al. (2012), there is a band

of high correlation along the northwest African coast

FIG. 8. Correlation maps for (a) correlation between the monthly (unsmoothed) sea level

averaged over the Mediterranean and satellite altimetry SLA in the North Atlantic and

(b) correlation between the monthly (unsmoothed) dynamic height from the eastern boundary

moorings and satellite altimetry SLA in the North Atlantic. The 95% significance level is60.2;

the positive (negative) significance level is shown by red (cyan) contours.
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toward the Strait of Gibraltar (Fig. 8). The correlation

between the dynamic height fromRAPIDmoorings and

local SLA is about 0.6. The shallowest RAPID mooring

near the eastern boundary sits at 1000-m depth and

about 50km offshore. High correlation between the dy-

namic height computed from themooring data and coastal

sea level from altimetry (Fig. 8b) suggests that the latter

can be partially controlled by baroclinic processes in the

deep ocean. The existence of coastally trapped waves

means that whenever the sea level becomes high at a

certain location near the coast, it also becomes high farther

poleward because of propagation (Gill 1982). If we con-

sider the characteristic poleward propagation speed of

about 2cms21 (for the first baroclinic mode; Smith 1978),

it takes about eight days for the sea level signal to propa-

gate from 26.58N to the Strait of Gibraltar. This explains

why, at the time scales considered in this study, monthly

sea level anomalies along the African coast and in the

Mediterranean Sea appear to be synchronous. A rather

broad area of significant positive correlation in the tropical

North Atlantic indicates that the coastal sea level is cou-

pled to the sea level over the deep ocean. Therefore, the

Mediterranean Sea level is also linked to baroclinic

changes in the North Atlantic that can be related to the

upper-ocean geostrophic circulation.

b. Tripole mode of sea level variability in the North
Atlantic

It appears that the correlation pattern in Fig. 8 is re-

lated to the first mode of the interannual sea level var-

iability, as illustrated by the first EOF of the low-pass

filtered (with a cutoff period of one year) SLA (Fig. 9a)

andSLAst (Fig. 9b), explaining 41.8% and 42.6% of the

variance, respectively. Because the mass contribution to

the interannual sea level variability is apparently small,

the two independent observing systems (satellite altim-

etry and Argo) show very similar spatial (Figs. 9a,b) and

temporal (Fig. 9c) patterns. The EOF-1 manifests a tri-

pole pattern of the large-scale interannual sea level

variability: the midlatitude band, stretching from the

FIG. 9. The first empirical mode of sea level variability for the spatial patterns of EOF-1 of (a) SLA from satellite

altimetry and (b) SLAST from JAMSTECdata and (c) the time evolution (PC) of EOF-1 for SLA (blue) and SLAST

(red). In (c), the blue curve with circles shows SLAMS and the red curve shows the meridional heat transport across

26.58N (note that y axis for heat transport is reversed). The vertical magenta lines in (c) mark October 2008 and

October 2010, when sea level in the equatorial–tropical band was at a local minimum and the record-high maxi-

mum, respectively.

946 JOURNAL OF CL IMATE VOLUME 32



Caribbean to Europe and associated with the Gulf

Stream and the North Atlantic Current (NAC), varies

out of phase with both the equatorial–tropical band in-

cluding the Mediterranean and the subpolar North

Atlantic. The temporal evolution of EOF-1 is well cor-

related (r 5 0.79) with SLAMS in 2006–15 (Fig. 9c)

meaning that at least during this time interval the basin-

averaged sea level in the Mediterranean was part of the

large-scale sea level variability in the North Atlantic.

Interestingly, the RAPID section at 26.58N lies ex-

actly across the boundary between the midlatitude and

equatorial–tropical bands of the tripole sea level vari-

ability pattern. The western part of the section is within

the midlatitude band, while the eastern part of the

section crosses the northeastward extension of the

equatorial–tropical band, meaning that there is a zonal

sea level gradient associated with EOF-1. This provides a

direct link to the AMOC, because the TUMO at 26.58N is

related to the zonal difference in pressure and sea level

between the eastern and western boundaries of the North

Atlantic (e.g., Frajka-Williams 2015).We recall thatTUMO

and SLAMS, which is characteristic for the eastern

boundary sea level, are not in phase (Fig. 5a) and on av-

erage there is a 12-month time lag (Fig. 5b; Table 2). The

periods of the low sea level at the eastern boundary in

winters 2007/08 and 2011/12 were followed by strength-

ening of the southward upper-midocean transport. And

then, as the southwardTUMO reached maximum values in

2009 and 2012, the sea level at the eastern boundary and in

the Mediterranean was increasing until it reached peak

values in 2010 and 2013 (Figs. 5a, 9c).

The time-mean profiles of temperature (Fig. 10a) and

salinity (Fig. 10c) averaged between 108 and 408W
provide a possible explanation of why the southward/

northward anomalies of TUMO and the AMOC are as-

sociated with increasing/decreasing sea level in the

equatorial–tropical/midlatitude bands. Both the tem-

perature and salinity profiles display a downward dome-

shaped structure centered at 308–358N and associated with

themidlatitude band. Because themeridional temperature

and salinity gradients (contours in Figs. 9a,c) south of the

dome are predominantly positive, the time-mean TUMO

(southward) advects heat and salt from the midlatitude

band to the equatorial–tropical band. Hence, the south-

ward/northward anomalies of TUMO can lead to heat and

salt convergence/divergence in the equatorial–tropical

band. It has been shown earlier that this process drives

the subsurface temperature variability in the tropical

North Atlantic (Wang and Zhang 2013).

It is instructive to compare the thermohaline struc-

tures in October 2008 and October 2010, when the sea

level in the equatorial–tropical band was at low and

maximum values, respectively (Fig. 9c). The differences

of temperature (Fig. 10b) and salinity (Fig. 10d) be-

tween October 2010 and October 2008 clearly show the

upper-ocean cooling and freshening in the midlatitude

band and warming and salinification in the equatorial–

tropical band. The temperature (salinity) increase ex-

ceeded 18C (0.1 psu) in the upper 100m and 0.28C (0.02

psu) at a depth of 500m. The maximum increase of

temperature and salinity in the tropics was centered at

208N. The fact that temperature and salinity changes are

not limited to the mixed layer indicates an important

role of geostrophic advection in driving these changes.

At 26.58N, the upper-midocean transport is correlated

with the meridional heat transport (cf. Fig. 5a and

Fig. 9c) derived from the RAPID/MOCHA/WBTS ob-

serving system (Johns et al. 2011). Apparently, the inter-

annual variability of theAMOCandassociatedmeridional

heat transport is linked to the tripole mode of sea level

variability in theNorthAtlantic. The negative (southward)

heat transport anomalies in 2009 and 2012 were followed

by the positive anomalies of heat content and, therefore,

steric sea level in the equatorial–tropical band (Fig. 9c),

consistent with Cunningham et al. (2013) andBryden et al.

(2014) analyses. This provides further evidence that a re-

duction of the AMOC, associated with the strengthening

of the southward TUMO, can lead to heat convergence in

the equatorial–tropical band and, consequently, rising sea

levels along the northwest coast ofAfrica and ultimately in

the Mediterranean Sea.

c. Mechanisms driving the thermosteric sea level
change in 2008–10

We have shown that the difference in the thermoha-

line structure between October 2010 and October 2008

appears to be mechanistically related to the meridional

advection of heat and freshwater. Changes in the ther-

mohaline structure are in turn linked to changes in the

steric sea level. The sea level change fromOctober 2008 to

October 2010 (Fig. 11a) was mostly accounted for by the

steric sea level change (Fig. 11b). The differences between

Figs. 11a and 11b are largely due to the differences in

the spatial resolution and sampling of satellite altimetry

and Argo measurements. The thermosteric component

(Fig. 11c) determines the sign of the steric sea level change,

but it is partly offset by the halosteric sea level change

(Fig. 11d). In agreement with temperature and salinity

profiles (Figs. 10b,d), the maximum thermosteric and

halosteric sea level change is centered at about 208N and

concentrated in the eastern part of the tropical North At-

lantic. The maximum thermosteric sea level change near

the eastern boundary exceeds 8cm and about 50% of this

change is compensated by the halosteric component.

Because the thermosteric component (Fig. 12a, as in

Fig. 11c) determines the sign of the sea level change near
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the eastern boundary of the North Atlantic, we further

analyze what mechanisms caused the thermosteric sea

level change in the region. According to Eq. (3), the

thermosteric sea level variability is driven by the net

surface heat flux and heat advection by ocean currents.

Between October 2008 and October 2010, the net sur-

face heat flux anomaly was negative, that is, warming

the ocean and raising the thermosteric sea level, over

about a 108–158 tropical band centered at about 208N
(Fig. 12b). The magnitude of the thermosteric sea level

change due to the net surface heat flux was amplified in

the eastern part of the basin and reached about 2 cm,

while the total thermosteric sea level change reached

6–8 cm. Clearly, the net surface heat flux does not fully

explain the observed thermosteric sea level change in

the region and, therefore, the remaining amount of heat

had to be advected by ocean currents. It should be noted

that the thermosteric sea level change due to Qnet [in

Eqs. (3) and (5)] is somewhat sensitive to the period over

which the mean climatology Qnet was computed. Nev-

ertheless, we found that using longer periods, for ex-

ample, 2000–17 (satellite era) and 1979–2017 (including

presatellite era), does not impact the conclusions. Fur-

thermore, when these periods are used, the contribution

of Qnet is even smaller compared to using the 2004–17

climatology.

We are not able to directly calculate the contribution

of heat advection because of the lack of velocity data,

FIG. 10. The JAMSTEC time-mean profiles of (a) temperature and (c) salinity (color) averaged between 108 and
408W, with the meridional gradients (contours) of temperature [8C (100 km)21] and salinity [psu (100 km)21]

gradients, respectively. The differences of the low-pass filtered (b) temperature and (d) salinity profiles between

October 2010 (high sea level near the eastern boundary) and October 2008 (low sea level near the eastern

boundary).
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but using a pseudo air–sea heat flux given by Eq. (4), we

can evaluate the role of the near-surface advection by

Ekman currents (Fig. 12c). Over the ocean interior,

the contribution of Ekman advection to the thermo-

steric sea level change in 2008–10 is fairly small and

hardly exceeds 1 cm in the tropics and midlatitudes.

However, in the vicinity of the eastern boundary be-

tween 208 and 268N, the Ekman advection becomes

important and its contribution increases up to 4 cm

toward the African coast. This agrees with Calafat

et al. (2012), who demonstrated the important role

of heat advection by Ekman currents in the coastal

sea level changes south of 258N. Complementary to

their result, we note that in 2008–10, the Ekman heat

advection near the African coast was also accompa-

nied by a larger-scale geostrophic heat advection into

the equatorial–tropical band of the North Atlantic,

which was also associated with the coastal sea level

rise. This result appears to be not sensitive to the cli-

matology of HEk [Eq. (5)].

The advection of heat by geostrophic currents [the

last term in Eq. (5)] in 2008–10 can be estimated in-

directly as the residual of the thermosteric sea level

change (Fig. 12a) after subtracting the contributions

of the net surface heat flux (Fig. 12b) and Ekman ad-

vection (Fig. 12c). The uncertainty of this estimate is

unknown, and it arises from the uncertainties in Argo

and ERA-Interim data products. Keeping in mind the

FIG. 11. Processes responsible for the sea level change from October 2008 to October 2010 for (a) the total sea

level change observed by satellite altimetry, (b) the steric sea level change derived from JAMSTEC gridded

product, (c) the thermosteric sea level change, and (d) the halosteric sea level change.
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shortcomings of the residual calculation, it is interest-

ing to note that the residual provides an illustration

of the likely dominance of geostrophic advection in

driving the heat convergence in the equatorial–tropical

band of the North Atlantic during the time interval

considered, consistent with Cunningham et al. (2013)

and Bryden et al. (2014). The associated sea level rise

just south of the RAPID line and between October

2008 and October 2010 ranges from 4 to above 8 cm,

which is greater than the combined contribution of

the air–sea heat exchange and Ekman advection.

More detailed studies of this and similar events using

ocean models that realistically simulate the AMOC

will help to elucidate the potential role of geostrophic

advection.

7. Summary and discussion

Wehave documented that from 2004 through 2016 the

nearly basin-wide nonseasonal Mediterranean Sea level

measured by altimetry satellites is significantly corre-

lated with the AMOCmeasured by the RAPID array at

about 26.58N (Figs. 2, 3a). A stronger/weaker AMOC is

associated with a lower/higher sea level in the Medi-

terranean, which was particularly pronounced during

the record largest basin-mean sea level anomalies in

FIG. 12. (a) Thermosteric sea level change from October 2008 to October 2010 (as in Fig. 11c) and processes

responsible for this change: (b) the sea level change driven by Qnet, (c) the sea level change due to the Ekman

temperature advection, and (d) the residual [5 (a) 2 (b) 2 (c)] illustrating the contribution of advection by

geostrophic currents.
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2010/11 and 2013. We have shown that on the monthly

time scales this correlation is mainly due to the corre-

lation between the Mediterranean Sea level and the

northward Ekman transport at 26.58N. The northward

Ekman transport in the tropics is driven by trade winds

that are part of the subtropical cell of the NAO pattern.

The other two components of the AMOC, Florida

Current transport (TFC) and upper-midocean transport

(TUMO), are not correlated with the Mediterranean Sea

level on monthly time scales (Table 1). Nevertheless,

there is a significant lagged correlation between the

Mediterranean Sea level and TUMO at 26.58N on in-

terannual (periods greater than one year) time scales:

the southward/northward anomalies of TUMO are fol-

lowed by higher/lower sea level anomalies in the Med-

iterranean about one year later (Fig. 5; Table 2). At

the same time, the maximum correlation between the

Mediterranean Sea level and Ekman transport at 26.58N
on interannual time scales (r 5 20.79) is observed at a

1-month time lag. These observations suggest that wind

forcing can be a common driver for both the Mediter-

ranean Sea level and the AMOC on monthly to in-

terannual time scales, while the large-scale ocean

circulation represented by the AMOC can affect the

Mediterranean Sea level on interannual time scales.

While the connection with the wind-forced Ekman

component of theAMOCappears to be straightforward,

the impact of large-scale ocean circulation is indirect

and more complex.

The identified mechanisms responsible for the tele-

connection between the Mediterranean Sea level and

the AMOC are sketched in a simplified diagram in

Fig. 13. We have shown that both the AMOC and the

Mediterranean Sea level are related to similar gyre-scale

atmospheric sea level pressure (SLP) and circulation

patterns intrinsic to the NAO dipole pattern (Fig. 6). An

increase/decrease of SLP in the center of the North

Atlantic subtropical gyre, associated with a positive/

negative NAO phase (Figs. 13a,b, respectively), is

linked with a strengthening/weakening of westerly

winds in the midlatitudes and trade winds in the sub-

tropics and tropics. The trade winds drive northward/

southward Ekman transport anomalies that directly

strengthen/weaken the AMOC. Because winds over and

in the vicinity of the Strait of Gibraltar are also part of

the large-scale atmospheric circulation in the North

Atlantic, the above changes are associated with south-

westward/northeastward wind anomalies along the

northwest African coast and westward/eastward wind

anomalies over the Strait of Gibraltar. According to

previous studies, these winds are able to modify the sea

level gradient along the strait and cause barotropic sea

level fluctuations in the Mediterranean (Fukumori et al.

2007; Menemenlis et al. 2007; Calafat et al. 2012;

Landerer and Volkov 2013; Volkov and Landerer 2015).

Using altimetry and Argo data, we have shown that

the Mediterranean Sea level is well correlated at a zero

lag with sea level in the tropical band of the North At-

lantic, in particular along the northwest African coast

stretching toward Gibraltar (Fig. 8) in agreement with a

previous modeling study by Calafat et al. (2012). This

means that the AMOC, which depends on the sea level

gradient across the NorthAtlantic and, thus, on sea level

at the eastern boundary, is also related to the Mediter-

ranean Sea level. This relationship is due to the large-

scale interannual sea level variability in the North

Atlantic, the leading mode of which exhibits a tripole

spatial pattern, with the midlatitude band varying out of

phase with the equatorial–tropical and subpolar bands

(Figs. 9a,b). The temporal evolution of the tripole mode

is correlated with both the AMOC and the Mediterra-

nean Sea level (Fig. 9c).

Given the dominance of the thermosteric component

in the North Atlantic sea level variability, the tripole

mode mainly reflects the redistribution of heat. The

meridional heat transport estimated at 26.58N is a good

indicator of heat exchange between the midlatitude and

the equatorial–tropical bands, because the RAPID/

MOCHA/WBTS observational array lies just across the

boundary between the two bands. The observed heat

convergence in the equatorial–tropical band with peaks

in 2010 and 2013 was largely driven by the meridional

heat transport across 26.58N. The southward anomalies

of theAMOCabout one year prior to these peaks, which

were mainly due to the increased southward upper-

midocean transport, advected heat from the North At-

lantic subtropical gyre, characterized by the downward

doming of isotherms as opposed to the upward doming

of isotherms in the equatorial–tropical band. The as-

sociated warming and sea level rise in the equatorial–

tropical band extended northeastward toward the

Strait of Gibraltar along the African coast and ulti-

mately induced basin-wide changes of sea level in the

Mediterranean.

During a positive/negative NAO state (Figs. 13a,b,

respectively), the eastern boundary of the North At-

lantic is also exposed to a surface cooling/heating

anomaly. Thus, up to 25%–30% of the thermosteric sea

level rise near the eastern boundary between 208 and
258N in 2008–10 was accounted for by a surface heating

anomaly (cf. Fig. 11a and Fig. 11b). At the same time,

the anticyclonic/cyclonic wind anomaly favors offshore/

onshore Ekman transport near the eastern boundary

that leads to a local heat divergence/convergence and

strengthens/reduces the usual-for-this-region upwelling.

We have shown that in 2008–10 the contribution of the
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Ekman-induced heat advection reached up to 30% of

the thermosteric sea level rise near the African coast

between 208 and 258N (cf. Fig. 12a and Fig. 12c). As

pointed out earlier, a positive/negativeNAO state is also

associated with westward/eastward wind anomalies over

the Strait of Gibraltar that force water to flow out of/into

the Mediterranean and, therefore, can amplify the re-

mote influence of surface and lateral buoyancy fluxes in

the eastern subtropical North Atlantic. Interestingly, on

interannual time scales, the amplitude of the Argo-

derived steric sea level near the eastern boundary is

about twice less than the amplitude of the altimetry-

derived Mediterranean Sea level. This is possibly be-

cause buoyancy fluxes in the eastern North Atlantic and

winds over the Strait of Gibraltar have an equal con-

tribution to theMediterranean Sea level and amplify the

effect of each other.

It is noteworthy that an increase/decrease of sea

level near the eastern boundary changes the zonal sea

level gradient across the subtropical North Atlantic

and, therefore, provides a negative feedback mecha-

nism on the AMOC changes through a reduction/

strengthening of the near-surface southward geost-

rophic transport, that is, the southward TUMO. The

peaks of sea level in the equatorial–tropical band in

2010 and 2013 were associated with the reduction of

the southward heat transport across 26.58N followed by

the local heat divergence and lowering of sea level in

FIG. 13. Sketch summarizing the physical mechanisms linking the AMOC at 26.58N and sea level in the Medi-

terranean Sea. A (a) positive/(b) negative NAO phase is associated with a stronger/weaker-than-average westerly

and trade winds. A strengthening/weakening of the AMOC at 26.58N on monthly and interannual time scales is

mainly due to both (i) the direct forcing by trade winds that drive the northward/southward anomalies of TEK and

(ii) the baroclinic adjustment of the upper-ocean thermohaline structure and circulation to variable atmospheric

buoyancy and momentum fluxes. First, the AMOC and the Mediterranean Sea level are linked because they are

both forced by the same NAO-induced atmospheric circulation pattern. Anticyclonic/cyclonic anomalies of the

subtropical atmospheric circulation drive the northward/southward TEK anomalies at 26.58N, and they are asso-

ciated with westward/eastward wind anomalies over the Strait of Gibraltar that pump water out of/into the

Mediterranean Sea and, thus, lower/raise its sea level. Second, on interannual time scales, a positive/negative

anomaly of the meridional heat transport leads to heat divergence/convergence in the equatorial–tropical band,

which is associated with sea level rise that affects the northwest coast of Africa and ultimately the Mediterranean.
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2011/12 and 2013–15, respectively (Fig. 9c). Such a

feedback mechanism could be part of a North Atlantic

self-oscillatory system.

As for any nonlinear coupled system, it is difficult to

single out the process that provides the primary forcing

(AMOCor atmospheric forcing in our case). As we have

seen, the atmospheric forcing does directly impact the

AMOC via the northward Ekman transport. However,

it is necessary to note that the NAO-modulated changes

in the atmospheric circulation, as reflected in the north-

ward Ekman transport at 26.58N, are not necessarily

coherent with changes in the large-scale geostrophic

circulation. This is because the former is driven by

convergence/divergence of Ekman flow and, therefore,

is proportional to wind stress curl and not to wind

stress. For example, TEK and TUMO are not correlated

in 2004–07, but starting from 2008, changes in TEK

follow changes inTUMOwith about a 10-month time lag

(Fig. 5). Therefore, while it is very likely that the geo-

strophic part of the AMOC is wind forced (e.g., Zhao

and Johns 2014), it is not a simple response to theNAO,

and the mechanisms schematized in Fig. 13 are not

necessarily coincident. It has been reported that a 30%

reduction of the AMOC in 2008/09 was the largest

contributor to the observed cooling in the upper 2 km

of the subtropical North Atlantic, which may have

pushed the atmospheric circulation into an NAO neg-

ative state in 2009/10 (Cunningham et al. 2013; Bryden

et al. 2014). This illustrates a likely ocean–atmosphere

feedback mechanism that may have ultimately affected

the Mediterranean Sea as well.

The analysis presented in this manuscript is the first

attempt to provide a comprehensive and physically con-

sistent explanation for the observed teleconnection be-

tween the AMOC and the Mediterranean Sea level from

2004 to 2017. It should be noted, however, that while the

proposed mechanism appears to be valid for this partic-

ular period, it may not hold at all times. Continued ob-

servations by the RAPID/MOCHA/WBTS array and

dedicated modeling exercises are required to shed more

light on the observed teleconnection.
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