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Abstract

The Atlantic Ocean plays an important role in the Earth’s climate specially through
its interactions with the atmoshphere during the boreal winter. There is when a great
atmospheric phenomenon as the North Atlantic Oscillation (NAO) influences the deep
water formation in the North Atlantic, getting to control the intensity of the Atlantic
Meridional Overturning Circulation (AMOC). Interannual NAO variability can thus in-
duce lower frequency variability of the AMOC. This brings with it a possible important
role of the model resolution used for the detection of the mechanisms responsible for
AMOC variations as well as in the link between the Atlantic Multidecadal Variability
(AMV) and the AMOC. In this work in particular, we will get to assess two different
resolutions of the model used and later to found that the lower resolution is more able to
distinguish the main drivers of AMOC variability and their response to both oceanic and
atmospheric influences in a multidecadal approach. This will help to study the concrete
teleconnections of the AMV index with the temperatures over concrete areas as North
America and Western Europe and with the precipitations in the Sahel.

1 Introduction

The circulation in the Atlantic Ocean is
generally described in terms of the so-called
Atlantic Meridional Overturning Circula-
tion (AMOC). The AMOC can be subdi-
vided into four branches: deep water for-
mation (DWF) at high latitudes, upwelling
of deep water masses, and surface and deep
currents closing the loop (Kuhlbrodt et al,
2007). These branches span the entire At-
lantic basin on both hemispheres, form-
ing two overturning cells, a deep one with
North Atlantic Deep Water (NADW) and
an abyssal one with Antarctic Bottom Wa-
ter (AABW).

NADW and AABW are formed in regions
of high surface density in the North Atlantic
and in the Southern Ocean, respectively. In
the North Atlantic, DWF is formed through
deep ocean convection of up to 2000 m
in the Labrador Sea driven by cooling in
winter (Marshall and Schott, 1999); in the
Nordic and Greenland Seas open ocean con-
vection occurs less frequently and is gen-
erally shallower. The driving mechanism

is also different, with surface density in-
creasing through brine rejection during sea-
ice formation in winter. In the Southern
Ocean, DWF takes place mainly along the
continental slope of Antarctica. In winter,
dense near-surface water is created through
brine release during sea-ice formation and
strong heat loss in polynyas. This dense wa-
ters sinks to the bottom of the continental
shelf and flows down the continental slope;
together with the entrainment of ambient
waters this leads to bottom water forma-
tion (Baines and Condie, 1998), creating
the densest and coldest water of the deep
ocean, which spreads through the South
Atlantic western basins northward into the
North Atlantic.

Deep-water upwelling can occur in two
different ways. On one hand, wind- and
buoyancy-driven mixing in the ocean sur-
face layer, instabilities driven by large-scale
shear and breaking of internal waves gener-
ated through winds and tides in the ocean
interior, and frictionally-driven processes at
the bottom boundary all induce turbulent
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mixing which helps to pump heat from the
atmospheric boundary layer into the deep
ocean, which thereby gain buoyancy. This
leads to diapycnal mixing, which dominates
at low latitudes. On the other hand, up-
welling is also caused by the action of cir-
cumpolar westerly winds in the Southern
Ocean, which induce an Ekman transport
to the north that is compensated by an up-
ward transport of deep waters (Kuhlbrodt
et al, 2007).

The DWF and upwelling waters are con-
nected by a system of surface and deep cur-
rents that close the loop. Once the surface
waters have penetrated the Atlantic from
the Southern Ocean, they cross the Equator
northward along the North Brazil current
and reach the Gulf Stream, warming up in
the process. These warm waters meet the
cold and southward current formed at the
Labrador Sea in the Grand Banks (Buck-
ley and Marshall, 2016) and separate from
the coast flowing eastward. This forms the
North Atlantic Current (NAC) which flows
both northeastward into the Nordic seas
and Arctic Ocean and westward within the
subpolar gyre into the Labrador Sea, where
NADW is formed. NADW is exported
from North Atlantic DWF regions mainly
through the Deep Western Boundary Cur-
rent (DWBC) but also through complex in-
terior pathways that indicate eddy-driven
recirculation gyres generated by instabil-
ities of the Gulf Stream (Lozier et al,
1997) and the North Atlantic current sys-
tem (Lozier, 1999).

The AMOC involves the northward flow
of warm, near-surface water across the
equator, its cooling, sinking, and then
southward flow as NADW, implying a net
contribution to the northward ocean heat
transport in the Atlantic. The AMOC thus

exerts a key influence on the climate of
the Northern Hemisphere (NH) through its
meridional heat transport. The AMOC is
indeed the main reason for the warmer sur-
face waters in the NH compared to those
in the Southern Hemisphere (SH), as it ac-
counts for ca. 30% meridional heat trans-
port along the Atlantic (Trenberth and
Caron, 2001). Future climate projections
robustly indicate a weakening of the AMOC
as a consequence both of higher tempera-
tures and an increased meridional freshwa-
ter transport into high latitudes in response
to global warming (Collins and Knutti,
2013). An AMOC weakening in response
to future climate change could partly coun-
terbalance the global warming signal over
Europe and Arctic and amplify it over the
Tropics (Ortega et al, 2012). On much
longer timescales, there is increasing evi-
dence both from the point of view of model
studies as well as paleoceanographic recon-
structions that AMOC reorganisations un-
derlied the most abrupt climate changes in
the recent past (the last glacial period, ca.
110-10 kyr ago) (Lynch-Stieglitz, 2017).

The role of the AMOC in ocean heat
transport suggests that AMOC variations
can generate ocean heat content anomalies,
impacting sea surface temperatures (SSTs),
thus potentially driving climate variability
at different timescales. This interaction set-
tles an important observed mode of SST
variability consisting in a warming/cooling
of the North Atlantic on decadal to mul-
tidecadal timescales (Knight et al, 2005;
Delworth et al, 2007), commonly referred
to as the Atlantic Multidecadal Variabil-
ity (AMV). Its associated spatial pattern
of SST anomalies is a basin-wide coherent
pattern covering all of the North Atlantic,
with the largest anomalies in the subpo-
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lar North Atlantic. Its temporal behaviour
is described by the AMV index, defined
as the basin average SST over the North
Atlantic, excluding the externally forced
response. This index shows significant
low-frequency variability; its power spec-
trum has the characteristics of red noise,
with power increasing with periodicity, and
peaks at decadal (20 years) (Chylek et al,
2011, 2012) and multidecadal timescales (40
– 70 years) (Frankcombe et al, 2010). Mod-
eling results linking the AMV to the AMOC
are generally based on statistical analyses,
and the SST patterns associated with the
AMOC considerably differ between models
(Buckley and Marshall, 2016, & references
therein).

The AMV impacts both regional and
global climate (Zhang and Delworth, 2007),
including temperatures across North Amer-
ica and Europe (Collins and Sinha, 2003;
Sutton and Hodson, 2005; Pohlmann et al,
2006) and North American rainfall (Patri-
cola and Cook, 2013). The AMV can di-
rectly impact the passing air masses and
thus influence the neighboring continents.
The AMV has been reported, e.g., to exert a
strong impact on European summer climate
(Sutton and Hodson, 2005; Knight et al,
2006). Its warm phase has been also asso-
ciated with hot and dry summers in south-
western Europe and anomalous low pres-
sure and wet summers in northern Europe
(Sutton and Dong, 2012). The AMV is also
thought to control low-frequency variations
in the position of the Intertropical Conver-
gence Zone (ITCZ), and, in consequence,
precipitation over the Sahel region (Folland
et al, 1986; Zhang and Delworth, 2006; Ting
et al, 2011), and frequency and intensity
of Atlantic hurricanes (Knight et al, 2006;
Zhang and Delworth, 2007). The ITCZ is a

zonally-coherent band of convective precip-
itation that surrounds the Earth over the
Equator. In the annual mean, the ITCZ
is located north of the Equator, which is
attributed to a warmer NH than the SH
because of the net northward AMOC heat
transport (Schneider et al, 2014). When the
AMOC northward heat transport is intensi-
fied, the NH experiences a relative warming
with respect to the SH associated with a
warm AMV phase, which shifts the ITCZ
northward, and vice versa (Green et al,
2017). The AMV can also trigger local re-
sponses in atmospheric convection in the
tropics, which can influence the Walker cir-
culation and produce remote teleconnec-
tions into other ocean basins. For example,
the AMV can influence the Pacific basin
facilitating the occurrence of ENSO events
(Dong et al, 2006). ENSO frequency of oc-
currence is found to be modulated by the
tropical AMV branch, which for positive
AMV phases in boreal winter induces La
Niña patterns, and more generally a nega-
tive phase of the interdecadal Pacific oscil-
lation (IPO) (Ruprich-Robert et al, 2017).

Many modelling studies (Knight et al,
2005, 2006) suggest that the AMOC drives
the AMV. Numerous modeling results sug-
gest that AMOC variability is dominated
by changes in the Labrador Sea DWF,
which is itself sensitive to winter NAO-
induced anomalous surface heat flux. The
North Atlantic oscillation (or NAO), is
an important mode of variability of the
atmospheric circulation of the North At-
lantic, characterised by a dipole of sea level
pressures between the Atlantic high, cen-
tered in the Azores Islands, and the po-
lar low centered in Iceland. In these sim-
ulations, a positive winter NAO associated
with stronger westerlies induces enhanced
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surface heat loss and stronger Labrador Sea
DWF, leading a positive phase in AMOC
and associated AMV by about a decade
(Ortega et al, 2017). In addition, obser-
vational and modeling studies have shown
that a positive AMV (associated with a
stronger AMOC) can also induce a negative
winter NAO response in the atmosphere,
which weakens the Labrador Sea DWF and
associated AMOC strength. Hence there
might be important coupled interactions
between the NAO, AMOC, and the AMV
(Zhang et al, 2019, & references therein).
Yet, multidecadal AMOC variability may
also be affected by changes in the Nordic
Seas DWF and associated overflow trans-
port variability, which is not well repre-
sented in standard Ocean General Circula-
tion Models (OGCMs), and may not nec-
essarily be dominated by changes in the
Labrador Sea deep water formation alone
(Smeed et al, 2014, 2018). The influence of
the winter NAO on DWF in the Nordic Seas
is opposite to that in the Labrador Sea be-
cause the former is favored by cold and dry
air masses during negative winter NAO as-
sociated with fewer storms while the latter
is favored by positive winter NAO associ-
ated with more storms (Drinkwater et al,
2013).

North Atlantic atmospheric climate vari-
ability is dominated at short timescales
(monthly and interannual), by the NAO,
which is tigthly linked to modulations in the
strength and position of the atmospheric
jet stream linked in turn to the leading
mode of variability of the whole Northern
Hemisphere circulation, the annular mode
or Arctic Oscillation (AO) (Marshall et al,
2001). The NAO affects the ocean in dif-
ferent ways: changes in the NAO affect
the surface wind stress, air-sea heat fluxes,

and SSTs (Bellucci and Richards, 2006).
Also, by imposing a white noise signal
that is integrated by (Pozo-Vázquez et al,
2001) the ocean creating substantial low-
frequency variability (Hasselmann, 1976).

This work will investigate the relation-
ships between the NAO, AMV, the AMOC
and the associated teleconnections that are
represented in preindustrial control climate
simulations with a state of the art coupled
climate model. In particular we aim to dis-
tinguish the main drivers of AMOC vari-
ability and their response to both oceanic
and atmospheric influences, to study the
link between the AMV and the AMOC, and
to analyse the teleconnections of the AMV
over the surrounding continents. Two ver-
sions of the same coupled climate model at
two different resolutions, described in sec-
tion 2, will be used to investigate the par-
ticular effect of this feature in the section 3.

2 Model and experimental de-
sign

The model used in this study is the EC-
Earth General Circulation Model (GCM)
in its coupled version 3.2, maintained and
developed by a European Consortium in
which the Barcelona Supercomputing Cen-
ter (BSC) participates and used in the sixth
phase of the Coupled Model Intercompari-
son Project (CMIP6). Two resolutions were
considered: a low-resolution version (T255
in the atmosphere and ORCA1L75 in the
ocean, which is equivalent to a nominal
resolution of 1 in longitude and latitude)
and high-resolution version (T511 in the at-
mosphere and ORCA025L75 in the ocean,
equivalent to a nominal resolution of 0.25).
They will be referred to as LR and HR in
the remainder of the manuscript. Its atmo-
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spheric component is the Integrated Fore-
casting System (IFS), cycle 36r4, of the Eu-
ropean Centre for Medium-Range Weather
Forecasts (ECMWF) and the ocean com-
ponent is the version 3.3.1 of the Nu-
cleus for European Modelling of the Ocean
(NEMO) (Exarchou et al, 2017). For the
sea ice, it uses LIM3, which is embedded in
NEMO and is developed at the University
of Louvain-La-Neuve (Rousset et al, 2015).

Two control simulations with fixed exter-
nal forcing conditions from year 1950, each
with a different resolution and spanning for
150 years have been used in our analysis.
Their first 30 years were excluded due to
the present of some model drift, associated
with some lingering model adjustment from
their spinup phase.

3 Results

3.1 Indices of Interannual to
Multidecadal Variability
in the North Atlantic

In order to assess North Atlantic interan-
nual to multidecadal variability, we start
by investigating the variability of the NAO
in both simulations (Fig. 1). The NAO
index is computed from sea level pres-
sure data (SLP) during NH winter months
(December-February, DJF) as the nor-
malised difference between the standard-
ised SLP in Azores (37.5◦N,-2.6◦E) and
the standardised SLP anomalies in Reyk-
javik (64.1◦N,-21.9◦E) (Hurrell, 1995). The
time series of both simulations show a cer-
tain similarity in scale and amplitude, with
strong variations of the NAO index on in-
terannual timescales, which is realistic com-
pared on observational data (Hurrell, 1995).

To investigate how the NAO variability

affects DWF, we analyse the variability of
the NH winter mixed layer depth (MLD).
We first investigate where MLD variations
are largest by assessing the standard devia-
tion of the MLD in the whole North At-
lantic in March (Figure 2). The largest
values are found in the Nordic Seas, the
Irminger Sea and in the Labrador Sea, with
maximum values in the latter in both sim-
ulations. Therefore we hereafter focus in
this area. Figure 3 shows the evolution
of the monthly mean value of MLD over
the Labrador Sea in March (MLD-LAB).
The HR simulation shows a marked low fre-
quency variability with a clear interannual
variability. But, while in HR the values re-
main relatively stable around a mean value
of ca. 600 m throughout the 120 years of
simulation, the LR simulation shows rela-
tively high values during the first 30 years,
reaching a peak during the second decade
above 700 m followed by a decrease to val-
ues below 200 m.

To understand the differences in MLD-
LAB between both simulations, the spatial
distribution of the mean of MLD in March
of the two simulations is compared (Fig-
ure 4). HR shows higher mean values in
the Labrador Sea than LR. These differ-
ences are clearly associated with differences
in the winter sea-ice distribution. In this
area, cooling of the relatively saline surface
waters increases their density, resulting in
a convection, which is reflected in an in-
crease of the MLDs. As long as convection
takes place, it contributes to inhibit sea-ice
formation, but under weak convection sea-
ice formation can overtake, creating a bar-
rier that isolates the ocean from the atmo-
sphere, preventing the heat loss that allows
for convection, and resulting in a thinner
MLD. This appears to be the case in LR,
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Figure 1: (Left) Timeseries of the interannual North Atlantic Oscillation (NAO) index in
winter (DJF) in the LR preindustrial control run. The NAO index is defined as the stan-
dardised difference in normalised sea level pressure between Azores and Reykjavik. (Right)
The same but for HR preindustrial control run.

Figure 2: (Left) Spatial map of the long-term standard deviation in the mixed layer depth
in March in the LR preindustrial control run, in meters (m). (Right) The same but for the
HR preindustrial control run.

where the ice front is located much further
south than in HR.

MLD variations are expected to impact

the AMOC strength. The latter shows a
clear multidecadal variability in both simu-
lations (Figure 5). The largest a.mplitude
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Figure 3: (Left) (Left) Timeseries of the monthly mean value of MLD over the Labrador Sea
in March in the LR preindustrial control run. (Right) The same but for the HR preindustrial
control run.

Figure 4: (Left) Spatial map of the mean mixed layer depth in the LR preindustrial control
run, in meters (m), and together with the mean March sea-ice front location (black line),
defined as the locations where sea-ice concentration equals 15%. (Right) The same but for
the HR preindustrial control run

changes are found in LR, where the AMOC
initially increases up to its highest value of
16.5 Sv and subsequently decreases, pos-

sibly in response to the large MLD-LAB
fluctuation in LR. MLD-LAB and AMOC-
strength decrease are both possibly related
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to the development of a large sea-ice cover
inhibiting convection. Despite a slight up-
ward trend, in HR the AMOC shows more
constant values, mostly reflecting decadal-
scale variability, in agreement with a more
stable MLD-LAB with slightly weaker ini-
tial values.

The AMOC variations are expected to in-
duce low frequency changes in the AMV,
which is herein calculated through the an-
nual mean area-averaged SST anomalies
over the North Atlantic basin (between 0◦-
60◦N,80◦-0◦W) (Sutton and Hodson, 2005)
(Figure 6), and filtered with a five-year run-
ning mean. Again, there are remarkable dif-
ferences between the two simulations. As
for the AMOC strength, the AMV in LR
shows a larger variability than in HR. Af-
ter reaching its lowest value around year 90
following a large increase to the maximum
of the serie in 0.5◦C. This large fluctuation
does not take place in HR, where there is
a clear and well-defined multidecadal vari-
ability with a slight upward trend, after
a relatively marked interannual variability
during the first twenty years of simulation.

3.1.1 Lead-lag correlations

We now quantitatively assess the relations
suggested above through the lead-lag cross-
correlation of the indices examined above.
We start by considering the NAO and the
MLD-LAB indices (Figure 7). In both res-
olutions there is maximum, significant cor-
relation between both indices almost only
at lag-zero. This implies MLD-LAB varies
in phase with the NAO. This reflects the
phased response of MLD-LAB to winds in-
duced by the NAO: strong winds break the
stratification inducing mixing. The corre-
lation is weaker in LR, which may reflect

the barrier effect of the larger sea ice cover
generated by the model in LR, translating
in a weaker impact of NAO on MLD-LAB.

We next analyze the lead-lag cross-
correlation netween MLD-LAB and the
AMOC index (Figure 8). Both in LR
and HR the largest, most significant val-
ues between 0.6-0.8 are found at a 3.5-
year lag, indicating MLD-LAB variations
lead AMOC variations by about 3.5 years:
density anomalies generated through mix-
ing propagate into the ocean, subsequently
leading to AMOC variations. The correla-
tions are largest for the 5-yr-running mean
filtered indices. However, the significance is
somewhat lower in correspondence with the
lower number of degrees of freedom in the
filtered time series, especially in LR.

Finally, the AMOC exerts an influence
in the AMV that can also be quantified by
their lead-lag cross-correlation (Figure 9).
An almost-constant and positive correlation
is found between both indices for all lags,
most notably in LR. In that simulation the
peak at zero-lag means that the AMV and
the AMOC vary in phase; the significance
in this case only appears for the raw time-
series but not in the filtered one. In HR,
howerer, significant values are mostly pre-
sented at positive lags in normal and fil-
tered series, which means that the AMV
response to AMOC can also be delayed up
to decadal scales.

3.2 Atmospheric Teleconnec-
tions of the AMV

3.2.1 AMV impacts on Surface Air
Temperature

We next evaluae the impacts of North
Atlantic SST decadal variability (charac-
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Figure 5: (Left) Timeseries of the Atlantic Meridional Overturning Circulation (AMOC)
annual averaged at 45-48N in the LR preindustrial control run. The thin blue line represents
the interannual AMOC index, and the thick blue line a 5 year low-pass filtered index. (Right)
The same but for the HR preindustrial control run.

Figure 6: (Left) Timeseries of the Atlantic Multidecadal Variability (AMV) anomalies av-
eraged in the LR preindustrial control run, calculated as the difference between the AMV
index and its long-term mean. (Right) The same but for the HR preindustrial control run.
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Figure 7: (Left) Lead-lag correlations between the NAO index in DJF and the MLD-LAB
index in March in the LR preindustrial control run. Positive (negative) lags indicate that
the NAO is leading (lagging) the MLD-LAB. Significant values at a 95% confidence level are
highlighted with circles. (Right) The same but for the HR preindustrial control run.

Figure 8: (Left) Lead-lag correlations between the MLD-LAB index in March and the AMOC
index in the LR preindustrial control run. Positive (negative) lags indicate that the MLD-
LAB is leading (lagging) the AMOC. Significant values at a 95% confidence level are high-
lighted with circles. (Right) The same but for the HR preindustrial control run.

terised by the AMV) on the climate of the
neighboring continents, such as the already

mentioned changes in surface air temper-
ature (TAS) anomalies in North America
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Figure 9: (Left) Lead-lag correlations between the AMV index and the AMOC index in
the LR preindustrial control run. Positive (negative) lags indicate that the AMV is leading
(lagging) the AMOC. Significant values at a 95% confidence level are highlighted with circles.
(Right) The same but for the HR preindustrial control run.

and Europe (Collins and Sinha, 2003; Sut-
ton and Hodson, 2005; Pohlmann et al,
2006; Ting et al, 2011). These impacts are
visualized through spatial correlation maps
between the AMV index and the TAS 2D
fields for both resolutions (Figure 10), al-
lowing us to identify the areas with the
greatest correlations, and therefore where
the AMV impacts are strongest.

In the North Atlantic large positive cor-
relation values are observed for both reso-
lutions in a tongue-shaped area extending
from the Labrador Sea to Western Europe,
and then descending through Northwest
Africa to the tropical Atlantic (Figure 10).
The dots on the map represent grid points
where correlations are not significant at the
95% confidence level. This allows us to
identify significant correlation values in re-
gions beyond the North Atlantic, especially
in the LR simulation. We highlight, for ex-
ample, a region from the Sahel to the Mid-

dle East, the Amazonas basin, and also the
equatorial latitudes in the Pacific. The cor-
relations over the Equatorial Pacific become
however non-significant when the data are
previously smoothed with 5-year running
means, to concentrate on the low-frequency
variability (Figure 11). This suggests that
the influence was exclusive on ENSO, which
operates at shorter timescales. All the other
impacts identified with the interannual data
remain significant with the low-frequency
data.

A major difference between LR and HR is
that in LR positive significant correlations
extending to polar latitudes and also reach
Central Europe, while in HR significance
over Europe is restricted to the northwest
part of the Iberian Peninsula.

To quantify when the impacts over cer-
tain regions become more important, we
compute lead-lag correlations between the
AMV and the spatial TAS averages for
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Figure 10: (Left) In-phase correlations between the AMV index and the 2D field of surface
air temperature (TAS) in the LR control run. Non-significant values at a 95% confidence
level are marked with dots. (Right) The same but for the HR preindustrial control run.

Figure 11: As in Figure 10, but using low-pass filtered data (with a 5-year running mean).

two regions with impacts reported in previ-
ous works: North America (20◦-70◦N,130◦-
50◦W; Figure 12) and western Europe (35◦-
60◦N,10◦W-20◦E; Figure 13).

In North America the correlation be-
tween the AMV and the TAS is especially

strong for the LR simulation, with signifi-
cant values for all lag-times in the unfiltered
timeseries. The correlation peaks at 0.6 at
zero lag, suggesting that the AMV and the
TAS are both in phase. This also occurs in
HR with a correlation of only 0.3, and sig-
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nificant values only observed for lag -1 (TAS
leading) and zero. The correlations of the
low-pass filtered indeces help to better de-
tect the lead-lag relationship, by excluding
year-to-year climatic noise.

The correlations with the TAS index in
Western Europe also show differences be-
tween both resolutions, although the differ-
ences are not as remarkable as for North
America. In the LR unfiltered timeseries
there is a positive and significant peak again
at lag zero, with a correlation of 0.5 that
barely decreases for positive lags. Nega-
tive lags have significant but comparatively
lower values from lag -1 to -7. The filtered
indeces have higher correlations and similar
features; maximum of 0.8 at zero lag and a
smooth and very slight decline for the pos-
itive lags. For the negative lags, the values
cease to be significant for the lead year -5.
In HR, the maximum and significative val-
ues occur in a narrower temporal band, for
positive lags from 1 to 4 years. Interest-
ingly, correlations become maximum at lag
3 (with AMV leading), which suggest that
in this case the AMV might be the driver
of the Western Europe TAS changes.

3.2.2 AMV impacts on precipita-
tions

As discussed in the introduction, the low-
frequency changes in the AMV can affect
the ITCZ position, thus impacting precip-
itation on Africa, specifically in the Sa-
hel area (Folland et al, 1986; Zhang and
Delworth, 2006; Ting et al, 2011). Spa-
tial correlation maps between the AMV in-
dex and the global 2D fields of total pre-
cipitation (Figure. 14) show a belt of con-
vective rainfall near the equator, especially
in the Pacific in HR, but also in a nar-

rower band in the Equatorial Atlantic. Also
in the Atlantic, a band with positive sig-
nificant correlations is observed between
the Iberian Peninsula and the Caribbean
Seas. If we focus the study in the Sahe-
lian zone, slight positive correlations are ob-
served along 10◦N, although they are not
significant. With the low-filtered indexes
the correlations are amplified, but not so
much their significance (Figure. 15). Some
improvement in the correlations appears to
emerge in the Sahel in LR, and in the area
between Chad and South Sudan in HR.

Focusing on the Sahel, we perform a new
lead-lag correlation analysis (Figure. 16).
To the end the spatial average of rainfall
is calculated in the region 5-20oN and -20-
45oE. For the unfiltered timeseries the cor-
relations are significant and positive at lag
zero in both resolutions. Specifically in LR,
the maximum occurs at lag zero, and cor-
relations barely decrease, remaining signifi-
cant for most positive lags (i.e. with AMV
leading). This is also observed when the
indeces are low-pass filtered, with correla-
tion values of up to 0.6 from lag 0 to 5
years, becoming maximum at lag 3 (again
indicating that the AMV might be the ac-
tual driver). For the HR, correlations are
slightly lower than for LR, and in the low-
pass filtered data they are non-significant.
This is partly reflecting the differences al-
ready observed for the spatial correlations
??, in which largest significant correlations
occurred for LR.

4 Conclusions and Discus-
sions

NAO interannual variability induces high
frequency changes in the North Atlantic
MLD, specially in the Labrador and
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Figure 12: (Left) Lead-lag correlations between the AMV index and the North American
TAS index in the LR preindustrial control run. Positive (negative) lags indicate that the
AMV is leading (lagging) the TAS in North America. Significant values at a 95% confidence
level are highlighted with circles. (Right) The same but for the HR preindustrial control
run.

Figure 13: Figure 13: As in Figure 12, but with TAS from Western Europe

Irminger Sea, with NAO and MLD changes
in phase. This makes the Labrador Sea
a very dynamic area in terms of convec-
tion which can impact AMOC variability

through density changes. The consequent
AMOC changes show multidecadal variabil-
ity that is led (or lag behind) by the interan-
nual changes in convection. That induced
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Figure 14: (Left) In-phase correlations between the AMV index and the 2D field of annual
mean global precipitations in the LR control run. Non-significant values at a 95% confidence
level are marked with dots. (Right) The same but for the HR preindustrial control run.

Figure 15: As in Figure 14, but using low-pass filtered data (with a 5-year running mean).

AMOC variability generally lags behind by
about 2-5 years.

Because of the impact that AMOC vari-
ability has on the ocean heat content, SST
are also susceptible to its every change.
SST multidecadal variability, characterized

by the AMV, is related to AMOC vari-
ability in the simulations usually in phase.
Despite results like these based on simu-
lations, should be mentioned that no ob-
servational study to date has successfully
linked SST changes to AMOC variability;



Impact of model resolution on the representation of the North Atlantic climate variability 16

Figure 16: (Left) Lead-lag correlations between the AMV index and the precipitation index
in the Sahel in the LR preindustrial control run. Positive (negative) lags indicate that
the AMV is leading (lagging) the precipitations in the Sahel. Significant values at a 95%
confidence level are highlighted with circles. (Right) The same but for the HR preindustrial
control run.

other studies suggest that AMV is driven
by other mechanisms. For example, some
analyses suggest that both natural and an-
thropogenic aerosols are behind the large
excursions of the AMV (Booth et al, 2012)
(Wang et al, 2017). Other analyses sug-
gest that the ocean does not play any role,
and that AMV is simply integrating low-
frequency stochastic variability from the at-
mosphere (Clement et al, 2015). However,
some other articles suggest that ocean still
plays a predominant role over the aerosols
(Zhang et al, 2013) which cannot explain
the spatial patterns of multi-decadal SST
variability and sea surface salinity (SSS) in
the North Atlantic ocean. Similarly, other
studies (Garuba et al, 2018) conclude that
atmospheric fluxes can only excite weak in-
terdecadal variability in the AMV, in con-
trast with the ocean, which can force strong
multidecadal variations.

AMV impacts temperatures and precipi-
tations over the surrounding land masses.
When analysed the teleconnections over
certain areas, AMV shows statistically sig-
nificant correlation with temperatures on
the most eastern part of North America,
and including the midwest, and occidental
Europe.

4.1 Main impacts of the reso-
lution

We find clear differences between the two
model resolutions. Differences in NAO-
driven convection are detected between the
resolutions. This is most likely due to the
differences in sea ice extent between the two
resolutions. The LR simulation generates a
too-large, unrealistic ice cover that hampers
oceanic deep convection in the Labrador
Sea. This does not happen in high res-
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olution, where sea ice shows a more real-
istic extent. Also, in LR the correlations
increase with respect to those of the un-
filtered indeces, which means that AMV is
lagging TAS anomalies. This lag either sug-
gest that there is another mechanism driv-
ing both, but influencing first North Amer-
ica, or that there are some methodological
artifacts, which could be related to the long-
term trends in each timeseries. In HR, all
correlation values are non-significant, sug-
gesting that the AMV impact over the re-
gion is not reproduced.

The difference between resolutions can
also be seen in AMOC variability and its
long-term trend. The strong fluctuation
of the AMOC in LR along with its multi-
decadal behavior is different than in HR,
which showed a more constant evolution
during most of the integration period. The
weakening AMOC is likely driven by the ex-
pansion of the sea ice and convection weak-
ening in LR.

The AMV also reflects those long-term
fluctuations in LR with a big increase in
the penultimate decade. In HR, the AMV
shows a more constant multidecadal be-
haviour, and so teleconnections are also dif-
ferent between the two resolutions. Gener-
ally the lower resolution shows higher and
more extended correlation values between
the AMV and TAS than the HR does. The
values are higher in LR than in HR, espe-
cially for the smoothed indices. HR usu-
ally shows a smaller area of significative
values both in Europe and North America,
but correlation values still shows that AMV
leads both European and North American
TAS anomalies in HR.

The main differences for the correlations
of unfiltered AMV and precipitation are
located in the Barents Sea for LR and

along the Equatorial Pacific for HR simu-
lations. The impact analysis suggests that
the resolution can be an important fac-
tor when assessing the impacts, and that a
proper evaluation in a multi-model context
is performed to elucidate if these impacts
are model-dependent, and/or resolution-
dependent. However, the larger ice cover
in LR seems to be excessive and it proba-
bly would be the main reason for some of
the differences found between resolutions.

This work thus illustrates how the con-
nections and teleconnections within the cli-
mate system are sensitive to the model res-
olution and its simulated mean climate.
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