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Introduction

The ATLAS project works towards improving understanding of the North Atlantic Ocean, in particular,
how it is connected, how it functions and how it will respond to future changes. The first step to
achieve this goal is the study of the Atlantic Meridional Overturning Circulation (AMOC), since it
connects deep-sea ecosystems with the transport of heat, salt, and energy in the whole Atlantic
Ocean.
The AMOC is the main contributor to the heat interchange in the North Atlantic (Kanzow et al., 2010).
It consists, from a simplified point of view, of an upper transport of warm water to the north and a
deep transport of cold water to the equator. Thus, the AMOC carries an important amount of heat,
approximately 1.5 PW at 25°N, from the equator to high latitudes (Huisman et al., 2010), helping to
regulate the climate, especially in Europe (Bryden et al., 2005). Any slowdown in the AMOC, due to
both the natural variability and the anthropogenic climate change, would significantly reduce
temperature in the regions around the North Atlantic and even in other parts of the world (Vellinga
et al., 2002).
The strength of the AMOC is affected by the input of freshwater in the North Atlantic. Light, fresh
water entering in the North Atlantic would produce a reduction in the transport of the AMOC (Willis,
2010), while a supply of salty water, such as the Mediterranean Outflow Water (MOW), would
enhance the formation of deep water (Rahmstorf, 1998), strengthening the AMOC (Reid, 1978, 1979;
Artale et al., 2002; Cacho et al., 2000), and even stabilizing it (Ivanovic et al., 2014).
The MOW is an intermediate water mass, salty and warm, that is formed when dense Mediterranean
water passes through the Strait of Gibraltar and mixes with the North Atlantic Central Water (Daniault
et al., 1994). This water mass spreads into the North Atlantic at an average depth of about 1100 m,
and its signal can be found as far as Bermuda in the west and Rockall Trough in the north (Bozec et al.,
2011). The interchange of water between the Mediterranean and the Atlantic depends on two factors:
the geometry of the Strait of Gibraltar, which regulates the total volume of water able to physically
pass from one basin to the other, and the density gradient, which contributes to controlling salinity
and temperature exchange (Ivanovic et al., 2014).
In this report, in order to determine if the variation of the volume of the MOW is having any effect on
the fluctuation of the transport of the AMOC, we will use data from the Argo observing system and
RAPID arrays to estimate if there is correlation between the inter-annual to decadal MOW distribution
in the eastern Atlantic and the components of the AMOC, in particular with the upper mid-ocean
transport (UMO).
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Methodology

In this work, data from the RAPID array and the Argo observing system will be used.

2.1

The RAPID array

Under the RAPID (2001-2007), RAPID-WATCH (2008-2014) and RAPID-AMOC (2014-2020)
programmes, an array of instruments was deployed across the Atlantic, from Morocco to Florida, at
26°N (Figure 1). Those instruments have been measuring temperature, salinity and current velocities
from the near surface to the sea floor for approximately 13 years. Those data, combined with
observations from the Florida current and satellite measurements of surface winds, have been used
to determine the overturning circulation in the North Atlantic.

Figure 1. RAPID array position.

The products utilized in this work (Smeed et al., 2017) are available to download from the RAPIDAMOC website (http://www.rapid.ac.uk/rapidmoc/) and are summarized in Table 1.
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Table 1. RAPID data.

File
Description

MOC Transport Time Series
12-hourly, 10-day low pass filtered transport time series (from April 2004 to
February 2017) that includes:
 Florida Straits transport.
 MOC transport.
 Ekman transport.
 Upper mid-ocean transport.
 Thermocline recirculation (0-800 m).
 Intermediate water (800-1100 m).
 Upper North Atlantic Deep Water (1100-3000 m).
 Lower North Atlantic Deep Water (3000-5000 m).



Antarctic bottom water (> 5000 m).

File
Description

Vertical profiles
12 hourly, 2-day low pass filtered overturning streamfunction (from April 2004 to
February 2017).

File
Description

TS gridded data
12-hourly temperature and salinity data merged into five vertical profiles:
 Western boundary profiles.
 Western boundary mooring WB3.
 Western Mid-Atlantic Ridge.
 Eastern Mid-Atlantic Ridge.


2.2

Eastern boundary profile.

The Argo observing system

The Argo observing system is an array of around 3800 free-drifting profiling floats distributed globally
about each 3° in latitude and longitude (Figure 2). Every 10 days, these floats measure the pressure,
temperature and salinity of the first 2000 m of the water column, and once they reach the surface,
transmit the recorded information to satellites. These data are publicly available in both near realtime, after an automated quality control, and delayed mode, in annual collections of scientifically
quality-controlled data. In addition, the time integrated velocity at depth can also be estimated
through the position of the float at the beginning and end of each cycle (Willis and Fu, 2008).
The first floats were deployed in 2000 and the array has been maintained by deploying about 800 new
floats every year. In this way, a set of uniformly distributed measurements of temperature, salinity
and velocity of the upper ocean have been gathered for about 18 years.
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Figure 2. Positions of Argo floats between 68°N and 68°S in the Northeast Atlantic (from 24th of July to the 14th of August
2018).

In this work, to estimate the volume of the MOW, we have used the Roemminch-Gilson Argo
Climatology (Roemmich and Gilson, 2009) for the period from 2004 to 2016, adding also the monthly
extensions from January 2017 to February 2017. This climatology provides values of salinity and
temperature, derived from Argo data only, in a regular 1° x 1° grid from surface to about 2000 m.
In addition, the mean field files of temperature and salinity also for the period 2004-2016, with
resolution of 1°/6 x 1°/6, were used to analyse the spatial distribution of the main fields of
temperature and salinity at the depth of the MOW core.
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3.

Results

3.1

The AMOC

The MOC, defined as the maximum of the meridional transport integrated from surface to depth, i.e.
the maximum of the overturning streamfunction, is found at around 1100 m, as can be observed in
Figure 3, where the overturning streamfunction is displayed.

Figure 3. Overturning streamfunction.

The time series from RAPID estimates the MOC transport as the sum of three components (Figure 4)
(McCarthy et al., 2015): the transport through the Florida Straits, i.e. the volume of water carried by
the Gulf Stream; the Ekman transport, result of the interaction between the wind and the ocean
surface; and the transport by the upper mid-ocean, derived from the density difference between the
water off N America and Africa. For the period from April 2004 to February 2017, these components
reach mean values of 31.4±3.2 Sv for the Gulf Stream, 3.7±3.0 Sv for Ekman, and -18.0±3.5 Sv for the
upper mid-ocean, which sum a transport of 17.0±4.4 Sv for the MOC.
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Figure 4. MOC components. The coloured lines correspond to the 10-day low pass filtered transport data provided by
RAPID. The black lines are 90-day filtered data using a 6th-order low pass Butterworth filter.

The transport for the different layers of the water column is shown in Figure 5. The flow is mainly
southwards, except for the intermediate water (800-1100 m) and the Antarctic Bottom Water (>5000
m). The waters between 1100 and 5000 m (corresponding to the Upper and Lower North Atlantic Deep
Waters) form the lower limb of the MOC. Their contribution to the flow is of -11.9±2.5 for the Upper
NADW and -5.9±2.9 for the Lower NADW. The sum of the transport of those two layers is highly
correlated (R2 of 0.9904) with the transport of the MOC. Therefore, variations in the NADW might
affect the MOC.
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Figure 5. MOC layers. The coloured lines correspond to the 10-day low pass filtered transport data provided by RAPID. The
black lines are 90-day filtered data using a 6th-order low pass Butterworth filter.

3.2

The MOW

The MOW is characterized by a maximum of salinity at intermediate depths associated with relatively
high temperatures (Figure 6).

Figure 6. Mean annual salinity and potential temperature at 1200 db (data from Roemminch-Gilson Argo Climatology for
the period 2004-2016).

Taking into account that the objective of this report is to establish if there is correlation between the
amount of MOW and the AMOC, the first step was to estimate the volume of MOW in the Atlantic.
The MOW is easily identified in a TS diagram. Therefore we explore different ranges of temperature
and salinity to determine the area occupied by the MOW in the most accurate way possible. Once the
area was estimated, it was feasible to estimate the volume of MOW. To improve the separation with
the other water masses, we also test three different density limits that bound the waters defined as
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MOW. In Figure 7 we show a TS diagram of all the profiles in the Roemminch-Gilson Argo Climatology
for the geographic area between 53°N 39°W and 25°N 1°W, the three different ranges of temperature
and salinity used to determine the MOW volume, and the three isopycnals used to separate the MOW
from the other waters masses in the area. The exact values of these ranges can be found in Table 2.

Figure 7. θ/S diagram. The grey lines correspond with the values of temperature and salinity in each point of the grid, while
the black line is the mean value. A black dot is located at the maximum of salinity (at 1200 db). The rectangles indicate the
ranges of salinity and temperature selected, the black lines are the density lines and the dotted and coloured ones
correspond with the density values set as limits. For more information see Table 2.
Table 2. Ranges of salinity, potential temperature and density.

Range TS
R1
R2
R3
Density limits
D1
D2
D3

Smin
35.800
35.700
35.600

Smax
36.505
36.505
36.505
Minimum
27.150
27.200
27.250

Tmin
7.975
7.430
6.870

Tmax
12.800
12.800
12.800
Maximum
27.950
27.950
27.950

At each depth range, we determine the geographical distribution of the Roemminch-Gilson Argo
climatology that meet the established conditions of temperature, salinity and density, so that we
retrieve the volume occupied by the MOW for a single month. This computation for the period 20042017, allowed us to estimate the monthly temporal variation of the MOW volume. A total of 12
different estimations of the volume are represented in Figure 8, where each colour represents the
temporal variation at the different ranges of salinity and temperature, while the markers correspond
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to the density values used as upper and lower limits and a case where no density boundaries were
applied.

Figure 8. Time series of the volume of the MOW. The colour of the lines indicates the range of temperature and salinity used
and the markers indicate the limits of density being applied.

Disparities in the different estimations of MOW volume are a consequence of the efficacy of the
method in determining the superficial water meeting the defined conditions of salinity and
temperature. Thus, the range R3 has the greatest variability, and the volume decreases as the upper
density limit increases, since more superficial water is removed from the estimation. The range R2
undergoes a decrease of the total volume after using any density boundary, but there are not
noticeable changes between the different density limits. Finally, the range R1 (red line in Figure 8) is
more stable than the other two, since it is not practically affected by the density limits. In this manner,
the R1 limits are the more robust method of the three to estimate the volume of the MOW, seeing
that its results are not sensitive to slight changes in the density boundaries, and the ranges of
temperature and salinity defined are enough to delimit the volume occupied by the MOW.
To verify which of the limits used better isolate the MOW, we analysed the mean vertical distribution
of the volume of the MOW estimations (Figure 9). In the first 600 m of the water column, there is a
big difference between the methods. The temperature and salinity limits set for R3 and R2 are not
able to properly discriminate between the superficial water and the water that belongs to the MOW,
and it is necessary to add a density limit to improve the estimation. Using D3 as density boundaries,
the estimation of the MOW volume at surface is approximately the same for the three ranges of
temperature and salinity, and in depth their vertical distribution is also quite similar, reaching the
maximum of volume around 1050 db. Thus, a better way of getting a robust estimation of the volume
of the MOW is by choosing a depth layer at an intermediate depth. As the MOW is mainly traceable
by its high values of salinity, it is more suitable to choose this depth layer based on the mean vertical
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distribution of the MOW salinity, instead of the mean vertical distribution of volume. As can be
observed in Figure 10, we have selected the depth that coincides with the core of the MOW, as the
water there is less mixed and therefore has properties closer to those found for the purest MOW. This
core is characterized by a maximum of salinity, and in the area of study it is located approximately at
1200 db.

Figure 9. Mean vertical distribution of MOW volume. The colour of the lines indicates the range of temperature and salinity
used and the markers, the limits of density being applied.

Figure 10. Mean vertical distribution of salinity in the MOW region, taking into account the volume of each point of the
grid. The colour of the lines indicates the range of temperature and salinity used and the markers, the limits of density being
applied.
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Determining the area covered by the MOW only at the depth range centred at 1200 db, we can obtain
a better estimation of the volume of the MOW at the core for each one of the defined ranges (Figure
11). This time series is, as expected, totally independent of the density limits applied. However, there
are still differences among the three ranges of temperature and salinity used, not only in the total
volume, but also in the temporal variation. Those discrepancies between the different estimations of
the MOW volume are due to the higher amount of water included in the ranges with broader limits,
which does not vary accordingly to the water enclosed by the ranges of narrower ones. The wider the
range, the greater the possibility of including less pure MOW, which will be affected by other factors
that make it vary in a different way, increasing the discrepancies among the estimations.

Figure 11. Time series of the volume of the MOW at 1200 db. The colour of the lines indicates the range of temperature and
salinity used and the markers the limits of density being applied.

In order to verify if the water enclosed by each one of the previous ranges belongs to the MOW, we
analysed the horizontal distribution of the volume of the MOW at 1200 db (Figure 12). As we
anticipated, as the lower limits of salinity and temperature of the ranges decrease, the area covered
by the MOW increases. However, for all the ranges the distribution of the MOW is always coherent
with the distribution expected for this water mass. Due to the discrepancies in the estimation of the
volume of the MOW and the coherence of the area covered, any range should be rejected in advance,
and the three estimations of the volume of the MOW will be equally valid.
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Figure 12. Horizontal distribution of the volume of the MOW at 1200 db.

3.3

Correlation between AMOC and MOW

Once the time series of the volume of the MOW for the different ranges was obtained, we proceeded
to compare this with the transport time series of the MOC components provided by the RAPID array,
in particular with the upper mid-ocean transport, since both the MOW and the upper mid-ocean are
driven by density differences. The comparison of this MOC component and the estimation of the
volume of the MOW for each of the three ranges showed that overall there is low correlation between
the volume of MOW and the upper mid-ocean transport. However, the range R1, the waters with
salinity above 35.8, shows high similarity (Figure 13), especially for the period between 2012 and 2017.
Thus, the maximums in volume of the MOW are normally near the maximums in the transport of the
upper mid-ocean. The coincidence of high values can be found all along the time series, with closer
resemblance between the peaks from 2012 to 2017. Besides, both time series show a general trend
to decrease, that in some time periods, as for 2011-2012, are quite similar.

Figure 13. Upper mid-ocean transport and MOW volume at 1200 db for range R1.

The comparison of the volume of the MOW and the transport in each layer of the MOC did not show
any improvement. The bigger resemblance was found with the circulation in the first 800 m especially
when it is compared with the volume estimated using the range R1 (Figure 14). The results were
practically identical of those found for the upper mid-ocean, since this MOC component and the
transport in this first layer, corresponding to the thermocline recirculation, present a high correlation
(R2 of 0.9886).
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Figure 14. Transport in the first 800 m of the water column (thermocline recirculation) and MOW volume at 1200 db for
range R1.

In spite of the similarities, the results of applying a linear fit between the MOW volume and the
transports corresponding to the upper mid-ocean and the thermocline recirculation give very low
correlation coefficients (R2 of 0.073), improving slightly for the period from 2012 to 2017 (R2 of 0.088).
The noisy character of both time series reduces the value of these correlations.
Therefore, although there is no statistical correlation between the estimation of the volume of the
MOW and the MOC components, it is evident that there are similarities between both time series. To
further explore the causes of these similarities, we continue the analysis by verifying if a direct
contribution of the MOW is affecting the estimations of the MOC at 26°N.

3.4

The MOW at 26°N

The next step is to explore if the amount of MOW that reaches the 26°N fluctuates accordingly with
the variation of the total volume estimated for the MOW. Thus, using the temperature and salinity
data from the eastern boundary RAPID profile (Figure 15), we could estimate the volume of the MOW
reaching the 26°N. Besides, in the same way we did for the Roemmich-Gilson Argo climatology, we
defined three new ranges of temperature and salinity with three new boundaries of density (Figure
16 and Table 3) obtaining 12 temporal series of the volume of the MOW in this area.

Figure 15. Eastern boundary profiles of salinity and potential temperature for the period 2004-2017.
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Figure 16. θ/S diagram. The grey lines correspond with the values of temperature and salinity in each point of the grid,
while the black line is the mean value. A black dot is located at the maximum of salinity (at 1100 db). The rectangles
indicate the ranges of salinity and temperature selected, the black lines are the density lines and the dotted and coloured
ones correspond with the density values set as limits. For more information see Table 3.
Table 3. Ranges of salinity, potential temperature and density for RAPID data.

Range TS
L1
L2
L3

Smin
35.340
35.300
35.260

Density limits
B1
B2
B3

Smax
35.384
35.384
35.384
Minimum
27.450
27.500
27.550

Tmin
6.630
6.290
5.970

Tmax
8.585
8.585
8.585
Maximum
27.800
27.800
27.800

The MOW reaching 26°N has lost part of its characteristic temperature and salinity as result of the
mixing it has experimented during its southward propagation. For this reason the ranges defined are
narrower and fresher than those used for the whole Northeast Atlantic. However, as opposed to the
limits defined for that area, at 26°N the ranges with higher salinity show discontinuities in the
temporal series, registering the presence of MOW only for few months a year (Figure 17). Those gaps
lead to consider lower limits of temperature and salinity, which lead to time series highly dependent
of the density boundaries chosen. Thus, to get a robust estimation of the MOW volume, we selected
again a depth layer at the MOW core, which, at 26°N, is located at about 1100 db, more than 100 db
above the maximum of volume.
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Figure 17. Time series of the volume of the MOW. The colour of the lines indicates the range of temperature and salinity
used, and the markers, the limits of density being applied.

The results obtained for the estimation of the volume of the MOW at 1100 db are shown in Figure 18.
Again, the time series is totally independent of the density, however, there are still gaps where the
data did not meet the established ranges for temperature and salinity.

Figure 18. Time series of the volume of the MOW at 1100 db. The colour of the lines indicates the range of temperature and
salinity used, and the markers, the limits of density being applied.

The time series of MOW volume estimated with RAPID data at 1100 db were compared with those
estimated with the Roemmich-Gilson Argo climatology at 1200 db. The highest similarity was found
between the volume estimated with the range R3 for the Roemmich-Gilson Argo climatology and the
volume estimated with the range L3 for the RAPID data (Figure 19). However, the correlation
coefficient was still too low (R2 of 0.029).
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Figure 19. MOW volume estimated with the Roemmich-Gilson Argo Climatology at 1200 db, range R3, and MOW volume
estimated with RAPID data at 1100 db for the range L3.

Thus, the results of this analysis were even lower than those from the comparison of the volume of
the MOW and the upper mid-ocean transport, and no clear resemblance between both time series
was identified.
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Discussion and conclusions

In order to accomplish the objective of this report, and to determine if a correlation between the
MOW distribution in the eastern Atlantic and the AMOC transport exists, we have developed a
method to estimate the volume of the MOW using the Roemmich-Gilson Argo climatology, based on
establishing ranges of temperature and salinity. The ranges with lower limits of temperature and
salinity did not show a clear differentiation between superficial waters and those belonging to the
MOW, and density boundaries should be added to improve the estimation. However, the range with
highest salinity did not show those problems. An even more robust estimation was obtained by
selecting a depth layer, precisely the depth at the core of the MOW, where the water remains less
mixed.
The estimated time series of the volume of the MOW was compared with the MOC components: the
Gulf Stream, the Ekman and the upper mid-ocean transports. The best relationship was found
between the transport of the upper mid-ocean and the volume estimated with the range of highest
salinity at the core, although the correlation coefficient was extremely low. The same relationship was
found between the volume of the MOW and the transport in the first 800 m, corresponding to the
thermocline recirculation, due to the high similarity with the upper mid-ocean transport. Despite
these low correlations, which indicate that the MOW may have no effect on the MOC, the high
resemblance of both time series during the period 2012-2017 makes us think that either there is a
connection between the MOW and the MOC, or the MOW is directly affecting the estimations of the
MOC obtained by the RAPID.
In order to verify if these similarities could be due to the effects of the MOW in the estimations of the
MOC computed from the RAPID array data at 26°N, we estimated the volume of the MOW at the core
with the data of temperature and salinity provided by RAPID at 26°N, using our method based on
ranges. The new time series was compared with the volume estimated with the Roemmich-Gilson
Argo climatology. Although, it might seem reasonable to think that when the total volume of the MOW
changes, the amount of this water mass reaching 26°N will also change, no evidence was found to
support this theory.
Thus, due to this lack of correlation we could conclude that the variation of the volume of the MOW
does not seem to affect the strength of the AMOC, neither by modifying their components nor as a
direct input at mid-depths. However, given the similarities between the estimated volume of the
MOW and the upper mid-ocean transport, the extremely low correlation values could be mostly a
consequence of a delayed response with a variable lag or to the noisy character of the time series.
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The hypothesis that we proposed to explain the similarity between the estimations of the MOW and
the AMOC, especially in the period 2012-2017, is that the changes that occur in all the Atlantic,
observed by the RAPID array, also affect the exchange between the Atlantic and the Mediterranean,
and therefore to the volume of MOW in the Atlantic.
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