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[1] Recent work has shown that variability in the properties and/or transport of
Mediterranean Seawaters spilling across the Strait of Gibraltar into the North Atlantic
have had little impact on the variability of Mediterranean Outflow Water (MOW)
in the that basin over the past fifty years. Here we investigate whether circulation changes
are the dominant source of MOW variability in the North Atlantic between 1948 and 2006.
Using a 1/3° North Atlantic configuration of the HYbrid Coordinate Ocean Model
combined with the Marginal Sea Boundary Condition model, two simulations forced by
either climatological or interannual atmospheric fields are performed. The interannual
simulation reproduces the observed MOW variability without Mediterranean Seawater
changes. Thus, we conclude that MOW variability in the last 60 years is a consequence of
circulation changes in the North Atlantic. A series of simulations that separate the
mechanical effect of the wind from the impact of buoyancy forcing show that MOW
variability can be attributed to shifts between its dominant northward and westward
pathways. The pathway shifts from predominantly northward between 1950 and 1975
to predominantly westward between 1975 and 1995 and finally back to northward after
1995. Though these pathway shifts appear to be wind‐induced, the property changes
are caused by the combined impact of wind and buoyancy forcing on the circulation
of the North Atlantic.
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1. Introduction

[2] The Mediterranean Outflow Water (MOW) is a saline
and warm water mass principally occupying the intermediate
depths of the eastern North Atlantic (Figure 1). This water
mass is produced from the transformation of fresh and warm
surface Atlantic waters into dense and salty Mediterranean
water. Entering the marginal sea by the Strait of Gibraltar,
Atlantic water is gradually modified during its eastward
progression in the Mediterranean Sea through air‐sea inter-
actions andmixing processes. These modifications lead to the
formation of salty and relatively cold intermediate and deep‐
water masses (see review by Pinardi and Masetti [2000]). A
portion of these dense water masses then flows back toward
the Strait of Gibraltar, reaching it after ∼7 to ∼70 years [Artale
et al., 2006]. This Mediterranean Sea Water (MSW) then
cascades along the slope in the Gulf of Cadiz and mixes with
the ambient North Atlantic Central Water (NACW) to form
MOW. Reaching a buoyant depth around 1100 m, MOW

spreads into the North Atlantic: westward to the central
Atlantic and northward following the coasts of Portugal and
Spain [Lozier et al., 1995]. The signature of MOW salinity
can be observed as far west as Bermuda and as far north as the
Rockall Trough (Figure 1). This warm and salty water mass
makes an important contributor to the heat and salt content of
the North Atlantic [Zenk, 1975; Reid, 1979] and has been
cited as a possible contribution to the preconditioning of deep
water mass formation in key areas of the global overturning
circulation such as the Labrador and Nordic seas [Reid,
1979].
[3] Investigating the evolution of MOW properties between

1955 and 1993, Potter and Lozier [2004, hereinafter PL04]
calculated temperature and salinity trends in a region west of
the Gulf of Cadiz defined as theMOWreservoir [10°W, 20°W,
30°N, 40°N]. During this time period, PL04 found a positive
temperature trend (0.101 ± 0.024°C/decade) that far exceeds
the average North Atlantic temperature trend [Levitus et al.,
2000] and a positive salinity trend of 0.028 ± 0.0067 psu/decade.
A more recent study by Leadbetter et al. [2007] compared the
MOW properties fromWOCE transects repeated along 36°N
in 1959, 1981, and 2005. Their findings are consistent with
those of PL04 in that they observe a warming and salinifi-
cation between 1959 and 1981. However, they also found a
cooling and freshening between 1981 and 2005, raising the
question as to what mechanism is responsible for these
property shifts in the MOW reservoir.
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[4] There are three possible sources for the variability of
MOW properties in the reservoir: (1) a change in MSW
properties, (2) a change in NACW properties, or (3) a change
in the circulation of the North Atlantic that would alter the
MOW water mass distribution. Lozier and Sindlinger [2009]
showed that the first two possibilities, namely MSW and
NACW variability, are too weak to explain the observed
variability of the MOW. The main goal of this study is to
investigate the third possible source. In the first part of this
study, we test the viability of the third hypothesis by setting
up two 59‐year simulations of a 1/3° North Atlantic config-
uration of the HYbrid Coordinate Ocean Model (HYCOM):
one with climatological atmospheric forcing and one with
interannual atmospheric forcing from 1948 to 2006. Since the

model resolution is too coarse to resolve the physical pro-
cesses of the overflow in the Gulf of Cadiz, the model was
combined with the Marginal Sea Boundary Condition box
model (MSBC) [Price and Yang, 1998]. In the second part of
this study, we investigate how interannual North Atlantic
atmospheric forcing affects the MOW property variability.
Three simulations are performed to separate the mechanical
effect of the wind stress from the impact of buoyancy forcing
on the property and flow fields of the Atlantic Ocean: (1) a
simulation forced with climatological wind stress and buoy-
ancy forcing, (2) a simulation forced with interannual wind
stress and climatological buoyancy forcing, and (3) a simu-
lation forced with interannual wind stress and buoyancy
forcing. The evolution of MOW properties and the transport
budgets of the reservoir for each simulation are compared to
identify changes in the circulation and properties in the
MOW. The variability of the water masses present in the
North Atlantic is also examined to investigate how the dif-
ferent components of the atmospheric forcing affect water
mass pathways in the North Atlantic. Taking into account the
mechanism(s) involved and its (their) effect(s) on MOW
pathways, the variability and extent of MOW pathways are
discussed with an emphasis on MOW variability in the
Rockall Trough region, which is a potential access point for
MOW to the Nordic seas.
[5] The paper is organized as follows: background on the

distribution of MOW is given in section 2 and the ocean
model and experimental setup are presented in section 3.
Results are discussed in sections 4 through 6, with the main
conclusions presented in section 7.

2. Background on the Distribution of MOW
in the North Atlantic

[6] Previous work on the distribution of MOW in the
North Atlantic has identified two main advective pathways
or branches of MOW: one westward and one northward.
Reid [1994] describes the westward branch of MOW as
extending beyond 35°W, however, Iorga and Lozier [1999a,
1999b], using 80 years of hydrographic data and a geo-
strophic diagnostic model, found that the westward branch
of MOW mainly recirculates between 10°W and 20°W; no
clear advective flow beyond 20°W was identified. This latter
result is consistent with the findings of Mazé et al. [1997],
who argue that the incursion of saline water into the North
Atlantic interior is made only through the propagation of
Meddies and not from a direct advection of MOW.
[7] The northern branch of MOW follows the coasts of

Portugal and Spain, enters the Bay of Biscay, and continues
northward toward the Rockall Trough [Reid, 1979, 1994;
Bower et al., 2002]. Several studies [Reid, 1979, 1994; Iorga
and Lozier, 1999a, 1999b] that have combined hydrographic
data and geostrophic models have conjectured a flow of
MOW into the Rockall Trough, with some studies suggesting
that this flow eventually reaches the Nordic seas [Reid, 1994].
Other studies present results from models [New et al., 2001]
or from observations [McCartney and Mauritzen, 2001]
showing that MOW, blocked by the subpolar front, does not
reach beyond Porcupine Bank (Figure 1, white square). In a
more recent study, Lozier and Stewart [2008] tried to rec-
oncile these two points of view (i.e., whether or not theMOW
is present in the Rockall Trough) by showing that the incur-

Figure 1. (a) Salinity at 1100 m from GDEM3 climatology
on the HYCOM 1/3° Atlantic domain. Gray areas show the
1100 m isobaths. The analysis of the MOW variability is
done over the reservoir and its western and northern path-
ways: the MOW reservoir [10°W, 25°W, 32°N, 42°N]
(box 1), the central Atlantic [30°W, 40°W, 30°N, 40°N]
(box 2) for the western pathway, and the Rockall Trough
[11.5°W, 15°W, 52.5°N, 57.5°N] (box 3) for the northern
pathway. The white square shows the location of Porcupine
Bank. (b) Vertical sections of salinity at 36°N.
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sion of MOW in the Rockall Trough is significantly (anti)
correlated with (eastward) westward shifts of the subpolar
front between 1950 and 2000. Their results are consistent
withHolliday [2003] andHolliday et al. [2008], who observe
a large increase of the salinity anomaly in the upper 900 m
(expected depth of the MOW at this latitude) of the Rockall
Trough and the Nordic seas after 1996. These authors attri-
bute this salinity increase to a sudden westward shift of the
subpolar front that allows more water from the eastern
Atlantic basin (warmer and saltier) and less water from the
western Atlantic basin (cooler and fresher) to enter the
Rockall Trough. In this study, we focus on the relative
strengths of the western and northern branches under differ-
ing forcing conditions and investigate the resultant impact on
MOW property variability.

3. The 1/3° North Atlantic
HYCOM Configuration

3.1. Description of the Model Configuration

[8] HYCOM [Bleck, 2002; Chassignet et al., 2003;
Halliwell, 2004], configured for the North Atlantic is used for
this study. The 1/3° resolution model domain extends from
90°W to 30°E and from 20°S to 70°N (Figure 1) and does not
include the Mediterranean Sea. The bottom topography is
derived from DBDB5 [National Geophysical Data Center,
1985]. The vertical discretization in HYCOM combines pres-
sure coordinates at the surface, isopycnic coordinates in the
stratified open ocean, and sigma coordinates over shallow
coastal regions. Twenty‐eight hybrid layers whose s2 target
densities range from 23.50 to 37.48 kg/m3 are used. The initial
conditions in temperature and salinity are given by the General
Digital Environmental Model (GDEM3) [Teague et al., 1990].
Relaxation to climatology is applied at the northern and
southern boundaries in 10° buffer zones. Vertical mixing is
provided by the KPP model [Large et al., 1994].

[9] The climatological atmospheric forcing is derived
from the 1979–1993 ECMWF climatology (ERA15). To
account for synoptic atmospheric variability, 6‐hourly wind
stress anomalies corresponding to a neutral El Niño period
(September 1984 to September 1985, identified using the
Southern Oscillation Index) are added to the monthly wind
stresses; wind speed is obtained from the 6‐hourly wind
stresses. Heat and freshwater fluxes are calculated using
bulk formulae during model simulations. The heat flux is
derived from surface radiation, air temperature, specific
humidity, wind speed, and model sea surface temperature
(SST). The freshwater flux consists of an E‐P budget plus a
relaxation to observed climatological surface salinity with a
30‐day time scale. Evaporation is calculated from bulk
formulae using wind speed, specific humidity, and model
SST. Precipitation is given by COADS.
[10] The interannual atmospheric forcing covers a period

of 59 years from 1948 to 2006 and is derived from the NCEP/
NCAR reanalysis. To be consistent with the climatological
forcing, we keep the ERA15 mean and add the 6‐hourly
NCEP anomalies to produce the atmospheric forcing. No
interannual variability in precipitation is prescribed.

3.2. Description of the MSBC

[11] Characteristics of the MSBC model are illustrated
schematically in Figure 2. Using information about North
Atlantic surface waters in the Gulf of Cadiz (Tatl, Satl, ratl)
and the heat and evaporation budget (Q, E‐P‐R) over the
Mediterranean Sea, the model first computes the properties
(Tgib, Sgib, rgib) and transport (Trgib) of the MSW at Gibraltar.
The model then calculates properties (Tout, Sout, rout) and
transport (Trout) of the final overflow water by entraining the
NACW properties (Tent, Sent, rent) into the MSW. The reader
is referred to Price and Baringer [1994] and Price and Yang
[1998] for a more detailed explanation of the model.
Although the MSBC is a relatively simple model of the out-

Figure 2. Schematic of the exchange at the Strait of Gibraltar. Satl corresponds to Atlantic waters, Sgib
corresponds to Mediterranean Sea Water at Gibraltar (source water), Sent corresponds to NACW entrained
water, and finally, Sout corresponds to outflow water. Variables in green are prescribed, variables in blue
are given by HYCOM, and variables in red are calculated by the MSBC model.
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flow process, results have been shown to be as accurate as
numerical model results using the parameterization of Xu
et al. [2007] for the Mediterranean outflow region.

3.3. Implementation and Parameters of the MSBC
in HYCOM

[12] Since the model resolution (1/3°) is not sufficient to
resolve the physical processes of the overflow in the Gulf of
Cadiz, we implement the MSBC model in HYCOM. The
Gulf of Cadiz becomes a boundary zone (between ∼6°W to
∼8°W) where the MSBC model determines the water prop-
erties, depth range, and transport of the overflow water
entering the Atlantic basin. Inputs to the MSBC model are
either specified or provided by the model at grid points just
west of the Gulf of Cadiz boundary zone.
[13] Specified inputs are the depth where the entrainment

occurs, the mass (E‐P‐R) and net surface heat (Q) fluxes
averaged over the Mediterranean Sea. Price and Baringer
[1994] prescribe values of 0.7 m/y and 0 W/m2 for the
freshwater and heat flux, respectively. In the observations, the
freshwater flux of the Mediterranean Sea has been estimated
between 0.52 m/y and 0.96 m/y [Garrett, 1996; Béthoux and
Gentili, 1999], and the average net heat flux has been esti-
mated at −7W/m2with variations of ±15W/m2 between 1945
and 1990 [Garrett et al., 1993]. The values of 0.55 m/y and
−13W/m2were found to provideMSWproperties close to the
observations for this configuration of HYCOM. In the Gulf of
Cadiz, most of the entrainment occurs in the first 50 km
outside the Strait of Gibraltar between 350 m and 600 m
[Price and Baringer, 1994]. Since the Gulf of Cadiz bound-
ary zone expands to 8°W, where the entrainment occurs in the
lower depth range of the observations, the depth of the
entrainment was set to 625 m.
[14] The inputs provided by HYCOM (highlighted in blue

in Figure 2) to the MSBC model are the Atlantic inflow
temperature and salinity (Tatl, Satl) averaged over the upper
140 m just west of the Gulf of Cadiz boundary zone, and the
temperature and salinity of the entrained NACW (Tent, Sent) at
the prescribed depth of 625 m. The MSBC outputs (high-
lighted in red in Figure 2) include four transports: Tratl, Trgib,
Trent, and Trout, with the first two being equal but of opposite
sign. The outputs also include the temperature and salinity of
the Gibraltar outflow (Tgib, Sgib) and the MOW (Tout, Sout).
The corresponding densities are calculated using the model
equation of state.
[15] Implementation of the MSBC in HYCOM requires

that MOW, which has a temperature and salinity calculated
by the MSBC, be accepted by interior isopycnic layers
under the condition that the target isopycnic density in each

accepting layer is preserved. Technical details of the MSBC
implementation are described fully in the Appendix.

4. Examination of Circulation Changes
as a Source of MOW Variability

[16] To test the viability of the hypothesis that changes in
MOW result from circulation changes in the North Atlantic,
we use the 1/3° Atlantic Ocean configuration of the HYbrid
Coordinate Ocean Model (HYCOM) described in section 3
and perform two simulations, CLIM1 and INTER1, forced by
climatological atmospheric fields (steady state simulation)
and interannual atmospheric fields (realistic simulation),
respectively. CLIM1 is integrated for a total of 89 years, while
INTER1 is integrated for 59 years starting from year 30 of
CLIM1 (spin‐up period) (Table 1). The realistic simulation
covers the period 1948–2006. In these particular simulations
the MOW temperature, salinity and transport are given by the
MSBC. Also, for the purpose of comparing the results with
observed trends, the main focus is on the period 1955–1993.

4.1. Main Features of the MOW as Modeled
by HYCOM

[17] Before comparing MOW modeled variability with
MOW observed variability, we assess the suitability of the
model to reproduce the observed mean MOW properties and
circulation pathways. The MOW tongue in CLIM1 and
INTER1 (Figure 3) is similar to the MOW tongue in the
GDEM3 climatology (Figures 1a and 1b) in terms of overall
shape, extent and strength. The modeled MOW is contained
within layers s2 = 36.38 kg/m3 and s2 = 36.52 kg/m3 (layers
14 and 15 of the model), isopycnal surfaces that are neutrally
buoyant around 1100 m in the vicinity of the Gulf of Cadiz.
The salty water in the model simulations (S > 35.40 psu)
spreads westward to 40°W and northward to 50°N, as in
GDEM3. The vertical structure of MOW from the model
simulations is also very similar to GDEM3 (Figure 1). As for
model intercomparisons, INTER1 is saltier west of 25°W and
slightly less salty between 10°W and 25°W within and north
of the reservoir compared to CLIM1 (Figures 3e and 3f).
Overall, the main characteristics of the tongue remain close to
the characteristics of the observed tongue in both simulations,
and we consider the model suitable to investigate MOW
variability.

4.2. Analysis of Modeled MOW Variability
in the Gulf of Cadiz

[18] To verify that the difference between the salinity
fields in CLIM1 and INTER1 is caused by circulation
changes (via the different atmospheric forcing fields) and

Table 1. Description of the Simulations of This Study

CLIM1 INTER1 CLIM2 WIND INTER2

Length of simulation 89 years 59 years 59 years 59 years 59 years
MOW T, S, Tr Given by MSBC Given by MSBC Prescribed at 11°C,

36.2 psu and 4 Sv
Prescribed at 11°C,
36.2 psu and 4 Sv

Prescribed at 11°C,
36.2 psu and 4 Sv

Atmospheric forcing Climatology
1979–1993

ECMWF for flux
and wind

Interannual
NCEP/NCAR
1948–2006

for flux and wind

Climatology 1979–1993
ECMWF for flux

and wind

Climatology 1979–1993
ECMWF for flux and

interannual NCEP/NCAR
1948–2006 for wind

Interannual NCEP/NCAR
1948–2006 for flux and wind
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Figure 3. Salinity averaged on layers 14 and 15 (s2 = 36.38 kg/m3 and s2 = 36.52 kg/m3) and over the
59 years of simulation for (a) CLIM1 and (c) INTER1. Vertical salinity section at 36°N for (b) CLIM1
and (d) INTER1. Difference between INTER1 and CLIM1 on (e) layer 14 and on (f) the 36°N vertical
section.
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not by a difference in MOW properties at the exit of the Gulf
of Cadiz (Sout, Trout), we compare CLIM1 and INTER1
MOWproperty and transport variability at the exit of the Gulf
of Cadiz. Since MOW properties are density compensated,
the focus here is on salinity alone (Figure 4).
[19] An inspection of the modeled MOW salinity anomalies

at the exit of the Gulf of Cadiz (Figure 4a) shows that CLIM1
anomalies are small throughout the simulation with a slightly
positive trend of +0.0079 ± 0.002 psu/decade (r2 = 0.36). In
order to calculate the trend in INTER1, CLIM1 drift is sub-
tracted from the INTER1 time series. As a result, INTER1
MOW anomaly time series has a trend close to zero for the
period 1955–1993 (+0.0007 ± 0.002 psu/decade; r2 = 0.01).
[20] Since variations of MOW transport (Trout) can poten-

tially affect the amount of salt imported into the reservoir, we
examine the time evolution of the MOW transport out of the
MSBC model (Figure 4b). The modeled MOW transport
anomaly in CLIM1 is stable and close to zero throughout
the simulation (−0.0042 ± 0.002 Sv/decade; r2 = 0.10). In
INTER1, the modeled MOW transport anomaly varies
between ±0.15 Sv but shows a trend close to zero as in CLIM1
(+0.0067 ± 0.0088 Sv/decade; r2 = 0.02; detrended from
CLIM1). While there is not so much difference in the T/S
variability of MOW at the exit of the Gulf of Cadiz between
CLIM1 and INTER1, the impact of interannual atmospheric
forcing on MOW is revealed in the variability of the modeled
MOW transport.
[21] In summary, we find that the modeled trends for

MOW salinity and transport in the Gulf of Cadiz are suffi-
ciently small to be considered stable. Though these trends
have been compared to observed changes in this section, we

next show that they are small relative to the changes of the
model’s MOW reservoir properties.

4.3. MOW Variability in the Reservoir:
Observed and Modeled

[22] To ensure that we reproduce the observed MOW
variability in this North Atlantic configuration of HYCOM,
we calculate the observed and modeled salinity, tempera-
ture, and density trends over the spatial domain defined by
10°W to 25°W and 32°N to 42°N (box 1, Figure 1), con-
sidered to be the reservoir for MOW. This spatial domain is
slightly altered from that used by PL04 in order to accom-
modate the slightly larger spread of MOW in the model. The
larger MOW spreading area in the model can be attributed to
the ∼4 Sv outflow transport, which is in the upper part of the
observed range (3–4 Sv according to Baringer and Price
[1997]).
[23] Following the same method used by PL04, the

observed salinity trend is calculated from the mid‐depth
maximum salinity anomaly of each profile averaged over
box 1. The temperature and density trends are computed
from anomalies corresponding to these mid‐depth maximum
salinity anomalies (Figure 5). The salinity, temperature, and
density are extracted using 2293 profiles from the hydro-
graphic database HYDROBASE 2 [Curry, 2001; Lozier
et al., 1995] for the periods 1955–1993 and 1955–2003
(N.B. The number of observations available over the region
between 2003 and 2006 was not sufficient to estimate the
trend between 1955 and 2006). The trends for the observed
properties and for the property fields from each simulation
of this study are summarized in Tables 2 and 3. The obser-

Figure 4. (a) Evolution of the anomaly of salinity of the MOW calculated by the MSBC model for
CLIM1 (black) and INTER1 (light gray). (b) Evolution of the anomaly of the MOW transport for CLIM1
and INTER1. The subtracted mean used for the anomaly is the mean for the PL04 period (1955–1993)
represented by the vertical dashed lines.
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vational trends in box 1 are comparable to the trends found by
PL04 for the period 1955–1993, with a salinity trend of
0.0337 ± 0.0032 psu/decade (r2 = 0.76) and a temperature
trend of 0.155 ± 0.013°C/decade (r2 = 0.81). Considering the
period 1955–2003, we find significantly lower salinity and
temperature trends of 0.0240 ± 0.0026 psu/decade (r2 = 0.65)
and 0.119 ± 0.011°C/decade (r2 = 0.72), respectively, con-
sistent with the freshening observed in 2005 by Leadbetter
et al. [2007].

[24] The MOW properties in CLIM1 are quite stable for
40 years after the 30‐year spin‐up. However, the salinity and
temperature slightly increase for the last 20 years of the sim-
ulation (Figures 5a and 5b). The drift of the model between
years 37 and 75 of CLIM1 (corresponding to year 1955 and
year 1993 in INTER1) corresponds to a trend of 0.0004 ±
0.0006 psu/decade (r2 = 0.01) for the salinity and 0.0082 ±
0.0025°C/decade (r2 = 0.22) for the temperature. These drifts
are subtracted from the property time series of INTER1.

Figure 5. Evolution of the anomaly of (a) salinity, (b) temperature, and (c) density for CLIM1 (blue) and
INTER1 (red) and HYDROBASE 2 (black) averaged over box 1 [10°W, 25°W, 32°N, 42°N]. The sub-
tracted mean used for the anomaly is the mean for the PL04 period (1955–1993) represented by the ver-
tical dashed lines. Correlation (r) between observations and model simulations are given for each property.
INTER1 correlation is calculated using the INTER1 time series with the CLIM1 trend subtracted.

Table 2. Salinity, Temperature, and Density Trends at 1100 m Between 1955 and 1993 in Box 1 Using the Hydrographic Profiles of
HYDROBASE 2 and the Results of CLIM1, INTER1, CLIM2, WIND, and INTER2 Experimentsa

Experiments Salinity Trend (psu/decade) Temperature Trend (°C/decade) Density Trend (kg/m3/decade)

HYDROBASE2 (Observations) 0.0337 ± 0.0032 (r2 = 0.76) 0.155 ± 0.013 (r2 = 0.81) 0.0002 ± 0.0011 (r2 = 0.00)
CLIM1 0.0004 ± 0.0006 (r2 = 0.01) 0.008 ± 0.003 (r2 = 0.22) −0.0012 ± 0.0002 (r2 = 0.46)
INTER1 0.0287 ± 0.0019 (r2 = 0.86) 0.125 ± 0.009 (r2 = 0.82) 0.0001 ± 0.0003 (r2 = 0.00)
CLIM2 0.0082 ± 0.0018 (r2 = 0.37) 0.034 ± 0.006 (r2 = 0.75) 0.0003 ± 0.0007 (r2 = 0.05)
WIND 0.0117 ± 0.0011 (r2 = 0.74) 0.052 ± 0.007 (r2 = 0.63) −0.0001 ± 0.0004 (r2 = 0.00)
INTER2 0.0237 ± 0.0024 (r2 = 0.72) 0.092 ± 0.013 (r2 = 0.59) 0.0021 ± 0.0011 (r2 = 0.09)

aINTER1, WIND, and INTER2 results are calculated removing the drift found in CLIM1 or CLIM2.
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[25] INTER1 properties exhibit significant variations com-
pared with those of CLIM1. The salinity and temperature
anomalies first decrease from 1948 to 1962 (−0.05 psu and
−0.25°C) and then increase from 1962 to 1982 (+0.05 psu and
+0.2°C) when both properties stabilize for 8–9 years. INTER1
properties then decrease again until the end of the simulation in
2006. Negligible density variation occurs during the simula-
tion. The salinity trend, 0.0287 ± 0.0019 psu/decade (r2 = 0.86)
matches the observed trend within error while the temperature
trend, 0.125 ± 0.009°C/decade (r2 = 0.82), is slightly lower. For
both time series, over 80% of the variance is explained by the
linear trend. Furthermore, the modeled salinity and tempera-
ture fields in INTER1 are highly correlated with the observed
values, with correlation coefficients of 0.81 and 0.83, respec-
tively. There are only negligible correlations between CLIM1
properties and the observations. Thus, the modeled MOW in
INTER1 reproduces the observed MOW trend and the inter-
annual variability with a fair degree of skill for the period
1955–1993. This result implies that North Atlantic circulation
changes are sufficient to explain observed MOW variability
between 1955 and 1993. A summary of the salinity, temper-
ature and density trends for each experiment and time period is
given in Tables 2 and 3.
[26] Between 1955 and 2003, the model drift (in CLIM1) is

slightly larger than between 1955 and 1993 with 0.0003 ±
0.0007 psu/decade for the salinity and 0.019 ± 0.002°C/decade
for the temperature. The corresponding trends for INTER1
with the drift removed are 0.0133 ± 0.0022 psu/decade for the
salinity and 0.060 ± 0.01°C/decade for the temperature. These

trends are in agreement with the variability ofMOWproperties
described by Leadbetter et al. [2007]. Indeed, comparing Q/S
profiles (potential temperature/salinity) of INTER1 averaged
between 10°W and 20°W at 36°N with the profiles of
Leadbetter et al. [2007] for 1959, 1981, and 2005 (Figure 6),
we see that the simulation reproduces the warming and sali-
nification between 1959 and 1981 and the cooling and fresh-
ening between 1981 and 2005.
[27] In summary, the observed MOW reservoir variability

is successfully reproduced over the last 59 years without
property and/or transport changes of the source water from
the Mediterranean Sea. Instead, the variable MOW proper-
ties are attributed to ocean circulation changes that result
from interannually varying atmospheric forcing alone. In the
second part of this study, we investigate the impact of each
component of the atmospheric forcing (i.e., wind stress and
buoyancy fluxes) on the MOW and describe the mechan-
isms responsible for MOW variability and its pathways over
the past decades.

5. Description of the Mechanism Driving
the MOW Variability

[28] Three simulations of 59 years are performed starting
from year 30 of CLIM1 described in section 4. CLIM2, the
control simulation, is forced by the climatological forcing
ERA15. The WIND simulation is forced with the NCEP/
NCAR interannual wind stress over the period 1948–2006 and
the climatological buoyancy forcing from ERA15. The
INTER2 simulation is forced with the interannual NCEP/

Table 3. Same as Table 2 but for 1955–2003

Experiments Salinity Trend (psu/decade) Temperature Trend (°C/decade) Density Trend (kg/m3/decade)

HYDROBASE2 (Observations) 0.024 ± 0.0026 (r2 = 0.65) 0.119 ± 0.011 (r2 = 0.72) 0.000 ± 0.0001 (r2 = 0.00)
CLIM1 0.0039 ± 0.0007 (r2 = 0.42) 0.019 ± 0.002 (r2 = 0.58) −0.0003 ± 0.0002 (r2 = 0.04)
INTER1 0.0133 ± 0.0022 (r2 = 0.45) 0.060 ± 0.010 (r2 = 0.42) −0.0002 ± 0.0003 (r2 = 0.01)
CLIM2 0.0079 ± 0.0011 (r2 = 0.50) 0.037 ± 0.005 (r2 = 0.59) −0.0005 ± 0.0004 (r2 = 0.02)
WIND 0.0090 ± 0.0009 (r2 = 0.67) 0.049 ± 0.005 (r2 = 0.72) −0.0018 ± 0.0005 (r2 = 0.25)
INTER2 0.0131 ± 0.0023 (r2 = 0.41) 0.047 ± 0.010 (r2 = 0.30) 0.0020 ± 0.0007 (r2 = 0.14)

Figure 6. Mean �/S profiles of a repeated section (1959 in black, 1981 in red, and 2005 in blue) at 36°N
between 10°–20°W at the depth of the MOW (a) from Leadbetter et al. [2007] and (b) for INTER1.
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NCAR wind stress and buoyancy forcing (see Table 1). Since
the variability of theMOW at the exit of the Gulf of Cadiz does
not contribute to the MOW variability in the Atlantic (see
section 4.3), we prescribe a constant property Mediterranean
outflow at 8.3°W in the Gulf of Cadiz equal to the average
values of the MSBCMOW salinity, temperature, and transport
of the climatological experiment CLIM1: S = 36.2 psu, T =
11°C, and the total transport Tr = 4 Sv (1 Sv = 106 m3/s). The
MOW is “injected” into HYCOM in layers 14 and 15, corre-
sponding to the target densities s2 = 36.38 kg/m3 and s2 =
36.52 kg/m3, in which MOW is neutrally buoyant.

5.1. Comparison of Observed and Modeled
MOW Variability

[29] As in section 4.3, to see if the model reproduces the
observed trends in the reservoir in this North Atlantic con-
figuration of HYCOM, we calculate the modeled salinity,
temperature, and density trends over box 1 (Figure 7).
[30] The trends for the observed properties and for the

property fields from each of the three simulations discussed
above are summarized in Tables 2 and 3, for the time periods
1955–1993 and 1955–2003, respectively. CLIM2 has a slight
model drift of 0.0082 ± 0.0018 psu/decade (r2 = 0.37) for the
salinity and 0.034 ± 0.007°C/decade (r2 = 0.75) for the tem-
perature between year 7 and 45, corresponding to year 1955
and 1993 in the interannual runs. The drift between year 7 and
55 (1955–2003) is comparable (see Table 3). As in sections
4.2 and 4.3, these drifts are subtracted from the appropriate
time series with variable forcing.
[31] WIND has a salinity (temperature) trend of 0.0117 ±

0.0011 psu/decade (0.052 ± 0.007°C/decade) over the time
period 1955–1993, weaker than the observed trend by
approximately half. During 1955–2003, the WIND salinity
(temperature) trend remains close to its 1955–1993 trend

with 0.0090 ± 0.0009 psu/decade (0.049 ± 0.005°C/decade).
In contrast, the INTER2 salinity (temperature) trend is
0.0237 ± 0.0024 psu/decade (0.093 ± 0.013°C/decade) for the
1955–1993 period and 0.0131 ± 0.0023 psu/decade (0.047 ±
0.010°C/decade) for 1955–2003. The INTER2 trends are
somewhat weaker than the observed trends (∼ 71% and 55%
of the salinity trends for 1955–1993 and 1955–2003,
respectively), yet significantly closer to the observations than
CLIM2 or WIND. As with INTER1, a significant portion of
the variance in the INTER2 and WIND property time series
is explained by the linear trends. For the remainder of the
paper, we assume that the match between INTER2 and the
observed property changes is sufficient to further use this
simulation. Furthermore, from this analysis, we conclude
that both an interannually varying wind stress and an inter-
annually varying buoyancy forcing are necessary to repro-
duce the observed MOW trend in the reservoir.

5.2. Evolution of the MOW Salinity Pattern

[32] To investigate further the MOW reservoir variability
reproduced in INTER2, the MOW salinity pattern during the
period when INTER2 exhibits relatively low salinity (1955–
1970) is compared to the salinity pattern during the period
when INTER2 exhibits relatively high salinity (1980–1995)
(Figure 8). For both of these time periods the salinity is
averaged on layers 14 and 15 (s2 = 36.38 kg/m3 and s2 =
36.52 kg/m3), the layers in which MOW is introduced into
HYCOM.
[33] The comparison of CLIM2 salinity patterns between

the two periods (Figures 8a and 8d) shows a freshening west
of 30°W and a salinification south of 30°N (Figure 8g),
illustrating the drift of the model between these two periods.
As seen in Figures 8b, 8e, and 8h, the evolution of the
WIND salinity pattern is similar to the evolution in CLIM2,

Figure 7. Evolution of the anomaly of salinity and temperature in box 1 (Figure 1) for CLIM2 (blue),
WIND (green), INTER2 (red) and HYDROBASE 2 (light gray). The subtracted mean used for the
anomaly is the mean for the PL04 period (1955–1993) represented by the vertical dashed lines. Corre-
lation (r) between observations and model simulations are given for each property. WIND and INTER2
correlations are calculated using WIND and INTER2 time series with the CLIM2 trend subtracted.
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with the exception of a more accentuated salinification in
the region from 20 to 30°W and 40–50°N. In INTER2, there
are notable differences from CLIM2 and WIND. While the
salinification south of 30°N in the control simulation is also
present in this model configuration (Figure 8i), albeit
stronger, the freshening west of 30°W is not. On the con-
trary, we find a widespread salinification in the central and
western portions of the basin. This salinification is readily
apparent in the extension of the MOW tongue from the
earlier to the latter time period: the western extent of the
MOW tongue (as measured by the 35.9 psu isohaline) is
located near 20°W during 1955–1970, yet at 27°W during
1980–1995 (Figures 8c and 8f). Such an extension is not
apparent in the CLIM2 and WIND fields. The salinification
in the INTER2 fields finds an exception only near the
extended regions of the Gulf of Cadiz and the Bay of Biscay,
where freshening is noted, especially for the latter region.
Given these strong features, we conjecture that the salinifi-
cation in the west and freshening in the north (in the Bay of
Biscay) are due to a westward expansion of the tongue and
consequently its retraction from the north. This mechanism

can be described as a shift of theMOWpathway from north to
west. This possibility is pursued in the following sections.

5.3. Evolution of the Transport in Box 1

[34] To ascertain whether an MOW pathway shift
occurred between 1955 and 1970 and 1980–1995, we ana-
lyze the evolution of the transports at each boundary of
box 1 (Figure 9). The transport is positive for water flowing
out of the box and is calculated for layers 14 and 15. In all
cases, the transport at the eastern boundary of box 1 is close
to the 4 Sv prescribed as MOW transport. The balance to
this input is achieved by a combination of output from the
northern, southern and western boundaries. Importantly,
these outputs vary with each model run, as described below.
[35] The outgoing transports in box 1 in the climatological

simulation CLIM2 are relatively stable throughout the
simulation. The northern boundary transport is dominant
(with an average of +2.17 Sv); the southern and western
boundary transports are close to zero except during 1950–
1955 and 1985–2005, when the western boundary transport
is ∼+1 Sv. In WIND, the transports exhibit larger variations
than in CLIM2. The northern boundary transport is also the

Figure 8. Salinity of averaged over s2 = 36.38 kg/m3 and s2 = 36.52 kg/m3 for (left) CLIM2, (middle)
WIND, and (right) INTER2 averaged over the periods (a–c) 1955–1970 and (d–f) 1980–1995 and the
(g–i) difference of salinity between these two periods.
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dominant transport for most of the simulation, with an
average of +1.93 Sv compared with an average of +1.20 Sv
for the western boundary transport. Occasionally, the
western boundary transport has a stronger intensity than the
northern boundary transport (i.e., during 1950–1955 and
1990–1995). Furthermore, WIND presents a significant
anti‐correlation between its western and northern boundary
transports (r = 0.80, p < 0.01 at lag 0). In INTER2, the
averages of the northern and western boundary transports
are roughly equivalent over the period of the simulation, at
+1.51 Sv and +1.65 Sv, respectively. The northern boundary
transport is dominant during the 1955–1965 period and after
1995; and the western boundary transport is generally
dominant during 1970–1995. Furthermore, as with WIND,
the transports at the northern and western boundaries are
strongly anti‐correlated (r = 0.79; p < 0.01 at lag 0). These
results indicate that MOW has preferred pathways (north-
ward or westward) that are temporally variable as seen in
WIND and INTER2 and that the dominant MOW pathway
has varied between 1948 and 2006.

[36] To understand how variability of the transport relates
to variability of the atmospheric forcing, we calculate the
correlation of each transport with the dominant mode of
North Atlantic atmospheric variability: the winter North
Atlantic Oscillation index (NAO) [Hurrell, 1995]. In
INTER2, the NAO index is significantly correlated with the
western boundary transport at lag 0 (r = 0.65; p < 0.01) and
significantly anti‐correlated with the northern boundary
transport at lag 0 (r = 0.45; p < 0.01). Thus, MOW has a
tendency to spread northward during low NAO and west-
ward during high NAO, explaining the salinification in the
west and the freshening in the north in the 1980–1995
period compared with the 1955–1970 period. Furthermore,
the variability of the western/northern boundary transport
in INTER2 is correlated/anticorrelated with the salinity
variability in box 1 (r = 0.72/−0.45; p < 0.01), supporting
our conjecture that shifts in the dominant pathway are
responsible for the salinity trend in box 1 observed between
1955 and 2003. As evident in Figure 9, WIND transports
are significantly correlated with INTER2 transports (r =

Figure 9. (a–c) Transport budget in box 1 (see Figure 1) for each experiment: transport at the eastern
boundary (dark gray), at the western boundary (thick black), at the northern boundary (light gray) and at
the southern boundary (thin black). Transports are positive for a flow going out of the box. (d) The
anomaly of western boundary transport for WIND (light gray) and INTER2 (thick black) with the winter
NAO index [Hurrell, 1995] superimposed in thin black.
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0.70/0.65; p < 0.01 for the northern/western boundary
transports), indicating that the pathway shifts in INTER2 are
primarily wind‐induced. Interestingly, the WIND transports
are not significantly correlated with the NAO index or with
the salinity in box 1, suggesting in the former case that the
full forcing field (wind and buoyancy) is needed to most
closely capture the broad variability measured by the NAO
index. The latter case suggests that although the mechanical
impact of the time varying wind stress induces an anti‐
correlation between the northern and western boundary
transport, time‐varying buoyancy forcing is needed to
reproduce the observed MOW property variability.

5.4. Impacts of the Pathway Shifts

[37] We next investigate the impact of these pathway
shifts on the distribution of MOW in the North Atlantic. We
include changes in the thickness and spread of Labrador Sea
Water (LSW) in this investigation since LSW and MOW
constitute the two major mid‐depth water masses in the
North Atlantic and the salinity field at mid‐depth is intri-
cately linked to the distribution of both of these water
masses. Also in the section, the consequences for MOW
variability in the Rockall Trough are analyzed.
5.4.1. Variability of MOW Along the Western Pathway
[38] A comparison of the water mass distribution of

WIND and INTER2 in the central Atlantic is conducted in
the region where the MOW tongue expands to the west of

box 1 [30°W, 40°W, 30°N, 40°N] (box 2, Figure 1). The
thickness evolution of each density class between 500 m and
2600 m (here corresponding to ten density classes from s2 =
36.04 kg/m3 to s2 = 36.97 kg/m3) is calculated (Figure 10).
[39] WIND shows weak variability in layer thickness in

every density class, except for the LSW densities (s2 =
36.83 kg/m3 and s2 = 36.89 kg/m

3), which exhibit an increase
in the 1960s and again in the 1980s (Figure 10a). The salinity
in the MOW density classes (s2 = 36.38 kg/m3 and s2 =
36.52 kg/m3) in this region stays quite stable throughout the
simulation (Figure 10a, top). In INTER2, larger variability of
the MOW density class thickness (s2 = 36.52 kg/m3) and the
LSW density class thickness (s2 = 36.83 kg/m3) (Figure 10b)
than in WIND is apparent. The increase in salinity (+0.1 psu)
after 1970 in the MOW density classes (Figure 10b, top)
indicates that the thickness can indeed be attributed to MOW.
We also note that the increase of the MOW density class
thickness in the 1980s coincides with a decrease of the LSW
density class thickness over the same period. Since the
thicknesses of the density classes located between LSW and
MOW stay constant throughout the simulation, we suggest
that the variability of the LSW and MOW density class
thicknesses are connected. This connection is examined in the
following section.
5.4.2. LSW Variability and MOW Pathway Shifts
[40] To understand howLSWvariability is related toMOW

pathway shifts, the evolution of LSW density class thickness

Figure 10. Time evolution of the thickness of ten density classes ranging from s2 = 36.04 kg/m3 and
s2 = 36.97 kg/m3 averaged over box 2 for (a) WIND and (b) INTER2. The evolution of salinity averaged
over the same region for the two MOW density classes is given on top. The evolution of the MOW den-
sity classes is in light gray while the evolution of the LSW density classes is in dark gray. Vertical dotted
lines bounds the period 1955–1970 and 1980–1995. The number of the layer and their corresponding den-
sities is given on the right panel.
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over the entire North Atlantic is analyzed concurrently with
the evolution of theMOW salinity tongue for twelve intervals
of 5 years over our study domain (Figure 11). In INTER2, the
LSW density class thickness varies strongly during the nearly
60 years of simulation. At the beginning of the simulation
(1950–1954), LSW covers most of the western basin of North
Atlantic (north of 40°N) and part of the eastern basin except
for the region east of 25°W at the latitude of the Bay of Biscay
(40°N–48°N). The average thickness of the LSW density
class is ∼800 m from 65°N to 45°N and decreases to an
average thickness of less than 300 m south of 40°N. At the
outset, theMOW tongue is strongly constrained to the eastern
part of the basin (white contours). Between 1955 and 1969,
NAO is in a negative phase and little to no LSW is formed,
therefore, the thickness of the LSW density class constantly
decreases during this period, in agreement with observations
[Curry et al., 1998]. Between 1955 and 1969, MOW is
constrained at the coast but a northward extension of the
salinity contours in the northern part of the Bay of Biscay is
apparent, in agreement with a preferred northward pathway
during low NAO period (see section 5.3).
[41] During intermediate NAO years (1970–1979), LSW

density class thickness continues to decrease till it reaches
an average of less than 400 m over the northern Atlantic.
LSW then starts to retreat from the eastern North Atlantic
basin (1975–1979). During that same time period, MOW
salinity contours retract from the northern Bay of Biscay and
starts to expand westward to the central Atlantic.

[42] The formation of LSW resumes in the high NAO
period (1980–1999). Starting with moderate water mass for-
mation during 1980–1984, LSW formation is enhanced dur-
ing 1985–1999 when the thickness of the water mass reaches
more than 1000 m over most of the subpolar gyre region, as
observed by Curry et al. [1998]. Retreated to the western
north Atlantic basin (1985–1989), LSW progressively refills
the North Atlantic and reaches the central Atlantic and the
eastern basin during1995–1999. During the high NAO
period, MOW salinity continues to expand westward to the
central North Atlantic region and the salinity contours are
confined to the southern part of Bay of Biscay, consistent with
a preferred westward pathway during a high NAO period.
[43] After 1995, NAO is in an intermediate phase; LSW

covers most of the northern Atlantic and has an average
thickness of ∼800 m, as it did at the beginning of the simula-
tion. The MOW is still extended westward during this period;
however, we notice a slight retreat of the inner salinity contours
toward the east, especially after 2000. At the same time, the
salinity contours in the Bay of Biscay shows a northward
extension as in the low NAO state. This last result shows that
the MOW has a preferred northward pathway after 2000, as it
did during 1950–1970. Note: the pathway shifts discussed
above are consistent with the changes shown in Figure 9.
[44] A similar investigation to that shown in Figure 11 was

conducted for WIND, though the results were not sufficiently
interesting to show here. In brief, the variability of the LSW
density class thickness and spreading area for WIND is

Figure 11. Evolution of the LSW density class (s2 = 36.83 kg/m3) thickness (m) by 5‐year bin from
1950 to 2006 in INTER2. White contours are salinity contours of the MOW (s2 = 36.52 kg/m3) from
35.7 psu to 36.2 psu. The NAO state is given for each 5‐year bin from 1950 to 2004 and for 2005–2006.
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weaker than in INTER2. The LSW density class thickness
average over the North Atlantic basin have variations from
∼600 m (1950–1969 and 1990–2006) to ∼900 m (1970–
1989) and the spreading area stays similar to the INTER2
1950–1954 spreading area (Figure 11), except for the last
15 years of simulation when a slight northward displacement
of the southeastern boundary (near the box 1 region) occurs.
During the simulation, the MOW salinity tongue stays con-
fined to the eastern basin with salinity contours extended
northward and occasionally westward, in agreement with the
variability of the WIND northern and western boundary
transports (see section 5.3).
[45] In sum, though the northern and western pathway

shifts are evident in both WIND and INTER2, only INTER2
reproduces a realistic salinity change in the eastern subtrop-
ical basin. We conclude that variable buoyancy forcing is
necessary to produce the observed properties of the water
masses that are affected by these wind‐induced pathway
shifts. Do these pathway shifts also explain MOW variability
along the northern pathway, in particular in the Rockall
Trough? This question is next addressed.
5.4.3. Variability of the MOW in the Rockall Trough
[46] The impact of a variable northern pathway is analyzed

by calculating the salinity anomaly averaged over the Rockall
Trough [11.5°W, 15°W, 52.5°N, 57.5°N] (box 3, Figure 1).
To highlight the impact of low and high NAO phases on

MOW pathway changes and the subsequent property chan-
ges, we calculate the salinity anomaly relative to the mean
salinity between 1955 and 1995 for both box 3 and box 1.
[47] In the Rockall Trough, INTER2 salinity anomalies

vary from an average of ∼+0.05 psu in the low NAO phase
(1950–1970) to an average of −0.05 psu in the high NAO
phase (1975–1995) (Figure 12c). During the two periods of
consistently low and high NAO (shaded gray in Figure 12),
a higher (lower) northward transport is linked to higher
(lower) salinities in the Rockall Trough. Indeed, the corre-
lation between the Rockall Trough salinity and the northern
transport of box 1 (Figure 12a) during 1948–1995 is positive
(+0.57) and significant (p < 0.01). The correlation between
the Rockall Trough salinity and salinity in box 1 (Figure 12b),
where the MOW reservoir resides, is negative (−0.56) and
significant (p < 0.01), in agreement with the pathway shift
hypothesis.
[48] After 1995, when the NAO index decreases, an

expected increase in the northward pathway and decrease in
the salinity in box 1 are evident, changes that are consistent
with a pathway shift hypothesis. Importantly, the gradual
decrease in salinity in box 1 is in agreement with observa-
tions [Leadbetter et al., 2007]. However, though the salinity
in box 3 (Rockall Trough) initially increases (in agreement
with Holliday [2003] and Holliday et al. [2008]), it decreases
starting in 1999. Thus after 1999, the salinities in box 1 and

Figure 12. Evolution of the 3‐year running mean (a) northward transport anomaly, and salinity anomaly
(b) in box 1 and (c) in the Rockall Trough (box 3) for INTER2. To highlight the impact of low (dark gray
shaded area) and high (light gray shaded area) NAO phases on the MOW circulation, the subtracted mean
used for the anomaly is 1955–1995.
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box 3 are no longer significantly anti‐correlated. We suggest
that the lack of correlation between the salinity in box 1 and in
the Rockall Trough after 1999 might be explained by the fact
that NAO is in a “weak” intermediate phase during this period
(see Figure 9d), in contrast to the 1950–1970 period (strong
negative phase) and the 1975–1995 period (strong positive
phase). Moreover, using numerical experiments, Hátún et al.
[2005] showed that salinity changes in the Rockall Trough
after 1995 resulted from a change of the subpolar gyre cir-
culation, more specifically of the location and strength of the
North Atlantic Current. Later, Lohmann et al. [2009], also
using numerical models, showed a decrease of the subpolar
gyre strength after an extended period (10‐year) of positive
NAO forcing; this weakening was mostly caused by an
advection of warm water from the subtropics. These results
suggest that dynamics other than those associated with NAO
were dominant during this time period in the Rockall Trough.
As such, further investigation into the evolution of the
Rockall Trough salinity field in our experiment is needed for
this particular time period.

6. Discussion

[49] We have shown that MOW variability in the Atlantic
Ocean during the last 60 years depends on the varying north-
ward and westward transports in the eastern North Atlantic and
on variable water mass formation. To evaluate how well our

model reproduces the water mass transport in the North
Atlantic, in particular at depth, we show, in Figure 13, the
baroclinic mass transport index (0–2000 db) deduced from
the anomaly of Potential Energy Anomaly (PEA) between the
Labrador Sea and the Bermuda Islands that Curry and
McCartney [2001] calculated from observations. This trans-
port index represents the eastward transport between the
subpolar gyre and the subtropical gyre. We compare the
INTER2 transport index with the NAO index and the INTER2
SSH anomaly averaged over the subpolar gyre [60–15°W,
50–65°N] (Figure 13c). We find a significant correlation
between the INTER2 transport index and the NAO maximum
with a 2‐year lag (r = 0.71; p < 0.01) in agreement with the
observations [Curry and McCartney, 2001]. We also find a
lower but still significant correlation (r = 0.33; p < 0.01) with
a 2‐year lag for WIND (Figure 13b). The transport index
averaged over 1950–2000 found by Curry and McCartney
[2001] is 60 MT/s (megatons per second), and is calculated
at 65.9 MT/s in the GDEM3 climatology. The same calcu-
lation gives 66.8 MT/s in INTER2, 74.5 MT/s in WIND and
74.3 MT/s in CLIM2. Thus, we conclude that the large scale
circulation of the North Atlantic, as represented by this
transport index is adequately represented in INTER2. Finally,
we note that the high transport index for WIND is attributed
to the constant buoyancy forcing applied throughout its
simulation. This buoyancy forcingwas extracted fromERA15,
which is a climatology based on the high NAO period 1979–

Figure 13. Evolution of the NAO index (black), the transport index anomaly (red) between the Labrador
Sea and the Bermuda Islands lagged by 2 years and the SSH anomaly (reversed) averaged over the box
[60–15°W, 50–65°N] (green) lagged by 1 year, for (a) CLIM2, (b) WIND and (c) INTER2. The sub-
tracted mean is the mean for the period 1948–2006.
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1993. Thus, LSW formation is constantly on the high side,
enhancing the circulation between the two gyres.

7. Conclusions

[50] Possible sources of MOW variability include a change
in theMediterranean SeaWater, a change in the North Atlantic
Central Water, or a change of the North Atlantic circulation
resulting in a shift of the preferred MOW pathway. In an
observational analysis, Lozier and Sindlinger [2009] showed
that the variability of MSW and NACW is too weak to explain
the observed MOW variability. In this study, we investigated
the third possible source of MOW variability in the Atlantic
Ocean using the Hybrid Coordinate Ocean Model (HYCOM).
[51] The first part of this study tested the viability of this

hypothesis with a set of model runs. Configured for the North
Atlantic and combined with the Marginal Sea Boundary
Condition model (MSBC), two 59‐year simulations, forced
by either a climatological forcing (steady state simulation,
CLIM1) or an interannual atmospheric forcing (1948–2006
period, INTER1) were performed. The observed trends in the
MOW reservoir were reproduced in the interannual simula-
tion, demonstrating that MOW reservoir variability can be
explained by variable atmospheric forcing that induces
changes in the circulation of the North Atlantic.
[52] In the second part of this study, three simulations of

59 years (1948–2006) were performed using a 1/3° North
Atlantic configuration of HYCOM: one forced with climato-
logical wind stress and buoyancy forcing, the second forced
with interannual wind stress and climatological buoyancy
forcing, and the third forced with interannual wind stress and
buoyancy forcing. Only the simulation using interannual
buoyancy and wind stress forcing was able to reproduce the
observed trends in temperature and salinity of the MOW res-
ervoir. The comparison of themid‐depth salinity between 1955
and 1970 and 1980 and 1995 shows a negative salinity
anomaly north of the reservoir and a positive anomaly west of
the reservoir. From an analysis of the MOW transports out of
the reservoir we were able to show that the cause of these
property changes is a shift of the MOW dominant pathway
from northward during 1955–1970 to westward 1980–1995.
While WIND presents a significant anti‐correlation between
the northward and westward transport as in INTER2, our
analysis shows that buoyancy forcing is necessary to reproduce
the observed property fields. As a consequence of the pathway
shifts, salinity anomalies along the northern pathway, specifi-
cally in the Rockall Trough, are out of phase with salinity
anomalies along the westward pathway in the subtropical gyre.
Thus, our work has shown that the observed salinity changes in
the MOW reservoir can be explained solely by circulation‐
induced shifts in the salinity field in the eastern North Atlantic
basin. Furthermore, though this study does not explicitly rule
out the possibility that NACW and/or MSW change has
impacted MOW reservoir property changes, past studies have
done so. We conclude, therefore, that circulation changes are
the only viable mechanism to explain the observed MOW
reservoir changes over the time period studied.

Appendix A: Implementation of the MSBC
Model in HYCOM

[53] The first step in implementing the Price‐Yang MSBC
model is to define the Gulf of Cadiz boundary zone at the

initialization stage of each model run. The meridional
boundary of this zone must be located sufficiently far to the
west of the Strait of Gibraltar so that water depths exceed
1500 m to permit the unimpeded injection of overflow water.
The meridional boundary is therefore chosen as the first col-
umn of grid points west of the Strait where a maximum depth
of 1500m is encountered at two or more grid points within this
column. This column is defined by index i1. All grid points in
and to the east of this column within the Gulf of Cadiz are then
considered to be part of the boundary zone. The latitude range
over which water is exchanged between the interior Atlantic
and the boundary zone consists of all grid points in this column
beginningwith the first point located south of the latitude of the
Strait and extending northward to the Iberian coast. These
rows are defined by indices j1 to j2. The required input variables
for the MSBC model, Tatl, Satl, Tent, and Sent (Figure 2) are
obtained from the first column of grid points to the west of the
boundary longitude (index i1 − 1). The MSBC model always
sets current velocity to zero at all u and v grid points within the
boundary zone. It also initially resets the temperature, salinity,
and layer thicknesses at all p grid points within the boundary
zone to their climatological values, with the exception of the
model layers that receive the injected MOW.
[54] The primary difficulty associated with injecting Medi-

terranean overflow water is that this water must be accepted by
interior isopycnic layers with discrete target densities that do
not match the density of the overflow water. The simplest way
to do this would be to identify the model layer located just west
of the boundary zone that spanned the MOW injection depth
calculated by the MSBC model, inject the MOW transport
calculated by MSBC into this layer with the temperature and
salinity values calculated by the MSBC model, and then rely
on the hybrid vertical coordinate grid generator to re‐establish
isopycnic conditions in the layer. However, this requires the
grid generator to move model interfaces large distances during
each time step, which induces large numerical diffusivity and
produces highly uneven layer thicknesses in the MOW tongue
west of the Gulf of Cadiz. It was therefore necessary to inject
the water in a manner that preserved the isopycnic target
densities in the receiving layers.
[55] The first step of this procedure is to identify the two

isopycnic layers with target potential densities that bracket the
MOW density calculated by the HYCOM equation of state:

�out ¼ � Tout; Sout; p0ð Þ;

where p0 is the reference pressure and potential density is
calculated in sigma units.
[56] All overflow water is accepted by these layers, denoted

by indices k1 and k2, and separated by interfaces located at
pressure depths pk1, pk2, and pk3 (Figure A1). The procedure to
partition the MOW injection into the two layers is designed to
ensure, to the greatest extent possible, that the mass‐weighted
average temperature of the injectedwater equalsTout calculated
by the MSBCmodel. Within the boundary zone, the salinity in
the two selected layers is set to Sout calculated by the MSBC
model, and then the temperature in each layer is set to

Tk1out ¼ ��1 �k1; Sout; p0ð Þ;

Tk2out ¼ ��1 �k2; Sout; p0ð Þ
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where s−1 signifies the inversion of the equation of state built
into HYCOM to calculate temperature from potential density
and salinity, and where sk1 and sk2 are the isopycnic target
potential densities of the two layers. The pressure depth of the
intermediate interface pk2 within the boundary zone is then
reset to

p̂k2 ¼
pout þ 0:5� qð Þ pk2 � pk1ð Þ q � 0:5

pout þ 0:5� qð Þ pk3 � pk2ð Þ q > 0:5

8<
:

9=
;;

where

q ¼ Tk1out � Tout
Tk1out � Tk2out

;

and where pout is the central pressure depth of the injected
overflow water. Note that qmust be bounded between 0 and 1
because these limits can be exceeded due to the nonlinear
equation of state since the two layers were selected based on
their target potential densities and not temperature. The inter-
face pressure depths above and below the two layers are then
given by

p̂k1 ¼ p̂k2 þ pk1 � pk2

p̂k3 ¼ p̂k2 þ pk3 � pk2
:

[57] All other interfaces above and below these three within
the boundary zone are set to their climatological mean pres-
sure depths, except to maintain a minimum thickness of 5 m.
[58] With layer thicknesses and water properties set at all

of the grid points within the boundary zone, MOW injection
into the interior Atlantic is accomplished by partitioning the
total zonal transport Uout provided by the MSBC model
among the two accepting layers as

Trk1 ¼ 1� qð ÞTrout

Trk2 ¼ qTrout
;

[59] It is implemented by controlling the zonal velocity at
the column of u grid points located immediately west of
column i1 of the pressure grid points that represent the off-
shore edge of the boundary zone. The zonal transport of the
injected water in each layer is distributed over both the layer
thickness and the meridional distance between grid point
rows j1 and j2. To ensure that there is no net zonal transport
between the interior Atlantic and the boundary zone, the other
two zonal transports at the edge of the boundary zone calcu-
lated by the MSBC model (Tratl and Trent) must also be
accounted for. Both of these transports are distributed over the
same latitude range (from j1 to j2) as Trout, but Tratl is distrib-
uted over the upper 140 m while Trent is distributed over the
depth range between 140 m and pk1.
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