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Abstract

Observations over the last 40 years show that the Atlantic Ocean salinity pattern has amplified, likely in response to changes
in the atmospheric branch of the global water cycle. Observational estimates of oceanic meridional freshwater transport
(FWT) at 26.5° N indicate a large increase over the last few decades, during an apparent decrease in the Atlantic Meridional
Overturning Circulation (AMOC). However, there is limited observation based information at other latitudes. The relative
importance of changing FWT divergence in these trends remains uncertain. Ten models from the Coupled Model Intercom-
parison Project Phase 5 are analysed for AMOC, FWT, water cycle, and salinity changes over 1950-2100. Over this timescale,
strong trends in the water cycle and oceanic freshwater transports emerge, a part of anthropogenic climate change. Results
show that as the water cycle amplifies with warming, FWT strengthens (more southward freshwater transport) throughout
the Atlantic sector over the 21st century. FWT strengthens in the North Atlantic subtropical region in spite of declining
AMOC, as the long-term trend is dominated by salinity change. The AMOC decline also induces a southward shift of the
Inter-Tropical Convergence Zone and a dipole pattern of precipitation change over the tropical region. The consequent
decrease in freshwater input north of the equator together with increasing net evaporation lead to strong salinification of
the North Atlantic sub-tropical region, enhancing net northward salt transport. This opposes the influence of further AMOC
weakening and results in intensifying southward freshwater transports across the entire Atlantic.
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1 Introduction

Net evaporation over the Atlantic Ocean provides the source
of moisture that is exported to the Pacific, principally via the
trade winds and makes the Atlantic more saline than other
ocean basins, most notably the Pacific Ocean. Water vapour
losses to the atmosphere are mainly balanced by a pattern of
generally southward ocean meridional freshwater transport
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(FWT) throughout the Atlantic sector. These atmospheric
and oceanic freshwater pathways are an intrinsic part of the
global water cycle, a central component of the climate sys-
tem, which is likely to change dramatically under global
warming. Thermodynamics dictate that the atmospheric
branch of the global water cycle will amplify in a warm-
ing climate with dry regions getting drier and wet regions
getting wetter, an effect moderated by changes in the atmos-
pheric circulation (Held and Soden 2006). Over the ocean
the water cycle amplitude is defined by the surface net fresh-
water flux [Precipitation (P)+ River runoff (R)+ Ice Melting
(IM) — Evaporation (E) — Ice Formation (/F)]. It is very dif-
ficult to estimate long-term changes in E and P from direct
measurements over the ocean (Hegerl et al. 2015). In con-
trast, the ocean salinity 3-D field, a well-measured parameter
over the last few decades, is considered to be an integrator of
surface freshwater flux change, and it is often used to indi-
rectly estimate long-term changes in the global water cycle
(Helm et al. 2010; Durack et al. 2012; Skliris et al. 2016;
Zika et al. 2018). The spatial pattern of global ocean surface
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salinity change since 1950 provides strong evidence for an
amplified water cycle with precipitation-dominated oceanic
regions such as the tropical and subpolar regions becom-
ing less saline, and evaporation-dominated regions such as
the subtropical gyres becoming saltier (Helm et al. 2010;
Durack and Wijffels 2010; Skliris et al. 2014). Recent stud-
ies inferring water cycle changes from salinity change indi-
cate a global water cycle amplification of 2—4% over the last
50-60 years (Durack et al. 2012; Skliris et al. 2014, 2016,
Zika et al. 2018). Sub-surface observations since the 1950’s
also clearly show an accentuation of the Atlantic—Pacific
salinity contrast with strongest salinity increases obtained
throughout the upper layer of the tropical/subtropical Atlan-
tic (Skliris et al. 2014). Terray et al. (2012) showed that the
increased tropical/subtropical Atlantic-Pacific surface salin-
ity contrast from the early 1970s to late 2000s significantly
exceeded internal natural variability in climate model con-
trol simulations, suggesting that the emerging trend could
be due to anthropogenic climate change.

Water cycle and FWT changes in the Atlantic Ocean are
of critical importance for the global thermohaline circulation
and climate. In a steady state, divergence of ocean freshwa-
ter transport balances area-integrated surface net freshwater
flux. Warming-driven amplification of the water cycle over
the Atlantic Ocean and increasing freshwater inputs from the
Arctic (mainly due to accelerating ice sheet and multi-year
sea ice melt) are expected to lead to increasing (southward)
FWT across the Atlantic sector. On the other hand, FWT is
also intrinsically associated with the Atlantic Meridional
Overturning (AMOC), in turn favoured by relatively high
surface salinity in mid-high latitudes. Changes in FWT
divergence and in the water cycle amplitude in the north-
ern North Atlantic strongly affect the freshwater content in
this area which in turn controls deep water formation and
thus the AMOC strength. McDonagh et al. (2015) showed a
very strong correlation between southward FWT and AMOC
strength based on their 8.5-year observational time series
(2004-2013) at 26.5° N. Based on historical analyses of
observations at 24.5° N they also showed that southward
FWT has largely increased i.e. by ~0.34 Sv between 1974
and their 8.5-year timeseries (2004-2012) at 26.5° N. They
attributed the southward FWT increase to an intensification
of the oceanic water cycle north of 26.5° N. But with limited
information at other latitudes, relative importance of chang-
ing FWT divergence and its impact on the freshwater budget
of the Atlantic remain uncertain.

Atlantic FWT is typically divided into two main contribu-
tors: the freshwater transport by the AMOC (i.e. the con-
tribution from zonally averaged meridional mass transport
multiplied by zonally averaged salinity), often referred to
as M,, (or F,)), and the remaining azonal or gyre contri-
bution to freshwater transport, often referred to as M,_ (or
F,.) (de Vries and Weber 2005). While M, and M, were
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originally defined at the southern boundary of the Atlantic
the same definition can be used at all latitudes. In the long
term response to an extremely weakened AMOC changes
in M, have been shown to be dominated by changes in the
zonal mean velocity field, while changes in M, are mainly
set by changes in salinity (Mecking et al. 2016). Across the
tropical and subtropical North Atlantic, a weak AMOC tends
to induce an anomalous southward M, while changes in M,
have the opposite sign (more northward fresh water trans-
port; Mecking et al. 2016).

Although Coupled Model Intercomparison Project
(CMIP) projections over the 21st century show a large
amplification of the water cycle with warming (Durack et al.
2012; Skliris et al. 2016) they also show a large reduction in
AMOC strength (Schleussner et al. 2014) which in turn may
counteract the impact of water cycle change on FWT. As the
water cycle intensifies M, is expected to tend towards zero
with decreasing AMOC while M, is expected to increase in
the subtropical North Atlantic with increasing salinity. The
relative importance of changes in these two opposing con-
tributions will control FWT divergence in the Atlantic and,
together with warming-driven accelerating local water cycle
and freshwater inputs from the polar regions, will determine
how the freshwater budget of the Atlantic and the global
thermohaline circulation will change in the future.

M, is also used as an indicator for the AMOC stability,
with severe implications for the global climate. In particu-
lar, the sign of M, at the southern boundary of the Atlantic
Ocean at 34° S is associated with the stability regime of the
overturning. A positive M, value at 34° S (i.e. when the
AMOC imports freshwater into the Atlantic) is linked to a
mono-stable AMOC regime, implying no possible transition
from a stable AMOC on-state (i.e. the present day AMOC)
to a stable AMOC oft-state (i.e. a very weak or even col-
lapsed AMOC), whilst a negative M, value (i.e. when the
AMOC exports freshwater from the Atlantic) is linked to
a bi-stable regime allowing a transition to a stable AMOC
off-state (Huisman et al. 2010). When AMOC is collapsing
M, will tend to zero, so if on-state M, is positive (nega-
tive) at the southern boundary this will create an anomalous
salt import (export) into (from) the Atlantic leading to the
destabilisation (stabilisation) of the AMOC off state. Recent
observational estimates support a negative M, at the south-
ern boundary of the Atlantic (Bryden et al. 2011; Garzoli
et al. 2013), suggesting that the present day AMOC resides
in the bi-stable regime.

In this study we investigate changes in the freshwa-
ter budget of the Atlantic Ocean as observed over the last
40 years (1979-2018) and in 10 CMIP5 model historical and
21st century (2006-2100) simulations based on two Rep-
resentative Concentration Pathways (RCP) scenarios: an
intermediate greenhouse-gas mitigation scenario (RCP4.5)
and an unmitigated climate change scenario with continued
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high greenhouse-gas emissions (RCP8.5). We focus on
how FWT changes across the Atlantic sector with respect
to the changing water cycle and AMOC in the CMIPS5 simu-
lations. We distinguish between AMOC-driven (M,,) and
mainly salinity-driven azonal (M,,) transport contributions
to changing FWT. Implications of the changing water cycle
and freshwater transports to the future stability of the over-
turning are also discussed.

2 Data and models

We chose the 1979-2018 period to investigate recent
observed changes in the freshwater/salt budget of the Atlan-
tic Ocean as the reconstruction of salinity and surface water
flux (E, P) fields is better constrained by in situ observa-
tions and satellite-derived data, respectively, allowing for
a more accurate analysis of their variability at inter-annual/
decadal scales. Prior to the satellite era (i.e. before 1979)
re-analysis based E and P fields are poorly constrained by
observations with too low confidence in representing vari-
ability and trends (Skliris et al. 2014).

2.1 Salinity observational data

The inter-annual variability and trend of salinity over
1979-2018 is assessed here using the UK Met Office Had-
ley Centre Enhanced Ocean Data Assimilation and Climate
prediction (ENACT) archive version4 (En4, subversion
En4.2.1) dataset (https://www.metoffice.gov.uk/hadobs/en4/
download-en4-2-1.html) developed by Good et al. (2013). It
consists of quality-controlled temperature and salinity (PSS-
78) profiles with original data sources including the World
Ocean Database (2005), the Global Temperature-Salinity
Profile Programme (from 1990) and profiling float data
from the Argo Global Data Assembly Center (from 1999).
A monthly objectively-analysed version of this dataset is
used here with a 1° X 1° horizontal resolution and 42 vertical
levels spanning the period 1979-2018.

2.2 Observational/re-analysis surface freshwater
fluxes

To assess the surface net freshwater flux inter-annual vari-
ability and long-term trends, a hybrid product is used span-
ning the period 1979-2018 in which E is provided by the
Objectively Analyzed air-sea Fluxes (OAFlux) dataset
(http://rda.ucar.edu/datasets/ds260.1/) (Yu and Weller 2007),
that blends NCEP and ECMWF reanalysis products with
satellite surface meteorology through an objective synthesis,
and P is obtained from the Global Precipitation Climatology
Project (GPCP v2.2, http://rda.ucar.edu/datasets/ds728.2/)
(Huffman et al. 2009), based on rain gauge observations and

satellite retrievals. River runoff into the Atlantic is based on
the study of Dai et al. (2009), who found a small (negative)
and not statistically significant trend in river discharge aver-
aged over the Atlantic Ocean since the 1950’s. Therefore, we
only consider here the climatological mean river runoff field
in the Atlantic Ocean, assuming no trend over 1979-2018.

2.3 CMIP5 model simulations

We analysed the output of the pre-industrial, historical,
RCP4.5 and RCP8.5 simulations from ten Coupled Model
Intercomparison Project Phase 5 (CMIP5) models (Taylor
et al. 2012) comprising ACCESS1.3, CMCC-CM, CNRM-
CM5, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR,
MPI-ESM-MR, MRI-CGCM3, EC-EARTH, NorESM1-M.
The model selection is based on the output availability of
three variables: 3-D salinity; 3-D ocean horizontal current
velocity; net surface fresh water flux (precipitation + river
runoff +ice melting — evaporation — ice formation). From
the NCAS British Atmospheric Data Centre we retrieved
monthly 3-D salinity, monthly net surface fresh water flux,
and monthly horizontal ocean current velocity fields. The
periods analysed include a 150-year period from the pre-
industrial simulations, 1950-2005 from the historical simu-
lations, and 2006-2100 from the RCP4.5, and RCP8.5 simu-
lations. All models are tested in their pre-industrial control
runs and they do not show any statistically significant trend
in the amplitude of the water cycle or FWT divergence in
the Atlantic Ocean.

3 Methods

3.1 Calculation of AMOC and components
of the freshwater budget

Ten CMIP5 models are analysed for AMOC strength, FWT
and its two main components, M,, and M, surface net
freshwater flux and salt content across the Atlantic sector
from 34° S to 65° N over 1950-2100, historically-forced
(1950-2005) and taking RCP4.5 and RCP8.5 scenarios
(2006-2100).

AMOC and ocean freshwater transports are computed
from ocean current meridional velocity and salinity monthly
fields following the mathematical framework described in
Mecking et al. (2017).

The AMOC streamfunction is computed as follows:

z W
Y(@,z,0) = / / V(x,y,z, H)dxdz ¢))
“H E
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where the depth of the ocean is given by H=H(x, y) and ¥
is the meridional velocity with the section mean removed
Gev=v—v, v=[% [V vixdz/ [°, [} dxdz), and the
letters W and E refer to the western and eastern boundaries
of the Atlantic Ocean. The freshwater transports due to the

AMOC, M, are computed following de Vries and Weber
(2005):
0w
-1
M,,(.1) = / / v S*dxdz @
S, -~

where the baroclinic component of the zonal mean meridi-
onal velocity is given as v* = (v) — v and the zonal mean
meridional velocity is given as (v) = /, EW vdx/ /EW dx, and
likewise for salinity.

The reference salinity 1is computed as
S, = [ [ Sdxdz/ [°, [ dxdz. The meridional veloc-
ity used in the computation of M, is the same as the one used
in the computation of the AMOC streamfunction.

The azonal or gyre component of the freshwater transports,
M, is given as follows:

z W
M, (.1) = S‘&) / / V'S’ dxdz 3)
° -H E

where v/ = v — (v) and &' = § — (S) are the departure from
the zonal means.

The total oceanic freshwater transport (FWT) is calculated
here as the sum of M, and M, at each latitude such that

FWT =M, +M,, 4)

More details about the calculations of AMOC and FWT
components in CMIP5 can be found in Mecking et al.
(2017).

For the freshwater/salt budget we consider four sub-
regions defined by the sign of area-averaged P— E+ R across
the Atlantic using the CMIP5 multi-model historical mean
meridional distribution (see Fig. 6), namely the North Atlan-
tic sub-polar region (40° N-65° N, P — E+ R > 0), the North
Atlantic subtropical region (10° N-40° N, P - E+ R <0),
the Atlantic tropical region (10° N-7° S, P-E+R>0),
and the South Atlantic subtropical region (34° S-7° S,
P-E+R<0).

The anomalous regional freshwater budget in the CMIP5
RCP 21st century simulations (i.e. with respect to a histori-
cal balanced freshwater budget) is defined as:

AFW = A // (P—E+R)A - A[FWTIS + FW,,. (5
A

where AFW is the change in freshwater content over time,
A ffA (P — E + R)dA is the change in integrated surface net
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freshwater flux (P — E + R) over area A, A[FWT]QV is the
change in FWT divergence (i.e. FWT at the northern bound-
ary minus FWT at the southern boundary of the region),
and FW,, is a residual term mainly expressing the change
in freshwater mixing with the adjacent regions, the errors
resulting from the choice in time differencing and the non-
linear changes on timescales less than 1 month. For the
North Atlantic subtropical region, this term also includes the
change in the net freshwater transport at the Gibraltar Strait.

The change in freshwater content (AFW) for the entire
Atlantic Ocean and the four sub-regions considered here is
inferred from the volume-averaged salinity change using an
approximate salt conservation equation:

P (D) SOV (1) = pyy(t + ADSy (1 + A1) (Vi (1) + AFW)

(6)
where p,, is volume-averaged density (kg m~), Sy 1s the
volume-averaged salinity, V,, is the total volume, ¢ is time,
At is an integration time step. AFW is defined as the addi-
tional volume of freshwater accumulated or lost over the
region over time step At.

3.2 Timeseries, trends and uncertainty estimates

We construct monthly anomaly time series for all datasets by
subtracting the climatological monthly mean (averages over
1979-2018 for observations and over the last 40 years of the
historical simulation for CMIP5) from the monthly data at
each grid point. Annual anomalies are then constructed from
the monthly anomalies, allowing us to compute linear trends
for both observational (1979-2018) and CMIPS5 historical
(1950-2006) and RCP4.5/8.5 (2006-2100) time-series.

Uncertainties in linear trends are the standard error of
a linear fit (least squares). Uncertainties stated concerning
CMIP5 ensemble means are the standard deviation of the
ensemble (multi-model mean). Uncertainties stated concern-
ing temporal means from observational data (global spatial
patterns of surface freshwater fluxes and salinity) or CMIP5
mean uncertainties (i.e. average of individual model uncer-
tainties) are the standard deviation of the yearly detrended
timeseries.

4 Results and discussion

4.1 Observed changes over 1979-2018

4.1.1 Surface freshwater fluxes

Figure 1 shows the Atlantic Ocean spatial pattern of 40-year
(1979-2018) linear trend in £ — P, E, and P. Although

the E — P change spatial pattern indicates an intensify-
ing atmospheric water cycle, the “dry get drier, wet get
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wetter” paradigm is not evidenced in all regions. Broad-
scale increases in net evaporation and net precipitation are
obtained in the South Atlantic subtropical region and the
tropical region, respectively. The North Atlantic subtropi-
cal region also shows an overall increased net evaporation
but there is no widespread signal as strong net evaporation
increases roughly north of 25° N are contrasted with net
evaporation decreases south of 25° N. More importantly,
the North Atlantic subpolar region shows a broad-scale
decrease in net precipitation which is inconsistent with an
intensifying water cycle. Results show that net evaporation
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over the entire Atlantic Ocean has considerably increased
i.e. by 16.7+8.4% over 1979-2018 driven by evaporation
increases in the subtropics and broad-scale precipitation
decreases everywhere apart from the tropical region. Evapo-
ration increases in the subtropics are in line with increasing
surface warming enhancing latent heat fluxes. A significant
positive linear trend in evaporation over the Atlantic Ocean
attributed to increasing SS7s was also found by Su and Feng
(2015), based on various atmospheric re-analysis products
over 1979-2011, as well as on the HOAPS satellite-derived
product over 1987-2005, and more recently by Craig et al.
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(2017), based on the ERA-Interim re-analysis product over
1979-2014.

Area-averaged E — P, E, and P timeseries show large
interannual variability but also statistically significant
40-year trends (at the 95% confidence interval) in most
regions (Fig. 2). E — P fluxes have trended positive in the
subtropical regions with net evaporation increase amount-
ing to 8.9+5.6% and 8.5 +8.3% in the subtropics of the
South Atlantic and North Atlantic respectively, driven by
both increasing E and decreasing P.

There is an increase in net precipitation within the tropi-
cal convergence zone but the long-term trend is not statisti-
cally significant (at the 95% confidence interval) as strong
interannual precipitation anomalies largely dominate varia-
bility. The sub-polar North Atlantic shows a strong decrease
in net precipitation of 29.5+5.1% over 1979-2018 driven by
both decreasing P and increasing E. Relatively high evapo-
ration rate in the Atlantic sub-polar region (as compared to
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the Pacific) is associated with higher SST5, in turn associated
with AMOC-driven northward ocean heat transport (Czaja
2009). Therefore, increasing evaporation in the Atlantic sub-
polar region obtained here over 1979-2018 may be driven
by surface warming which in turn may be associated with
a strongly increasing AMO index from negative to positive
over this period (Trenberth et al. 2019).

However, strong precipitation decrease over the sub-polar
region is not consistent with an intensification of the atmos-
pheric water cycle. A strong correlation is generally found at
seasonal timescales between evaporation increase in the cen-
tral/northern subtropical region and precipitation increase
in the sub-polar region of the North Atlantic (Reagan et al.
2018). Therefore, with long-term evaporation increases in
the North Atlantic subtropical region, one should expect
that a part of this extra moisture would be transported to
the subpolar region increasing precipitation there. However,
our findings about strong precipitation decrease together
with strong salinification of the upper layer suggest on the
contrary an overall reduction in surface freshwater flux to
the ocean over 1979-2018. This unexpected trend could
be due to a change in atmospheric circulation controlling
moisture transport and its main pathways over the North
Atlantic. Moisture transport from the highly evaporative
North Atlantic subtropical to the subpolar region follows
two main pathways: a direct pathway that is north—north-
westward and an indirect one along the northeastward track
of storms in the North Atlantic (Reagan et al. 2018). The lat-
ter is highly linked to the North Atlantic Oscillation (NAO)
where a positive (negative) NAO phase is linked to a more
(less) northward track of storms transporting more (less)
moisture to the sub-polar region. However, although there
is a decrease in the NAO index over 1979-2018 the linear
trend is not statistically significant (at the 95% confidence
interval) and therefore we cannot provide sufficient evidence
to attribute the long-term precipitation decrease observed in
the sub-polar region to NAO variations.

Except from the sub-polar region, moisture from the
strongly evaporative North Atlantic subtropical region is
exported to the eastern tropical Pacific through the so-called
“Atmospheric Bridge” (Broecker 1997) and to the Atlantic
Intertropical Convergence Zone (ITCZ) (Reagan et al. 2018).
Subtropical North Atlantic evaporation also provides a mois-
ture source for the African Sahel rainfall (Li et al. 2016).
Enhanced moisture transport from the sub-tropical North
Atlantic to the Pacific in response to broad-scale warm-
ing (Richter and Xie 2010) is consistent with the observed
amplification of the surface salinity contrast between the
two basins (Terray et al. 2012; Skliris et al. 2014). Also,
increasing latent heat flux and surface salinity in the North
Atlantic subtropics has been strongly linked to increasing
precipitation in the African Sahel after the mid-1980s (Dia-
wara et al. 2016; Li et al. 2016), indicating an enhancement
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of southeastward moisture transport. Our analysis of GPCP
precipitation and surface salinity observations indicate
strong precipitation and ocean freshening trends south of
the subtropical highly-evaporative region, also suggesting
an enhancement of southward moisture transport. Therefore,
there are indications that this extra moisture from increas-
ing evaporation in the North Atlantic subtropics could have
fed enhanced precipitation in a range of moisture recipient
regions, other than the subpolar North Atlantic.

4.1.2 Salinity

Figure 3 shows the 40-year (1979-2018) salinity mean and
change zonally averaged in a latitudinal section across the
Atlantic basin. The surface layers of the subtropical North
and South Atlantic are the most saline open ocean regions
on the globe (i.e. excluding marginal seas). This is due to a
locally large excess of evaporation (E) over precipitation (P)
and river runoff (R). Lower surface salinities are encountered
in the topical Atlantic due to relatively high rainfall and riv-
erine inputs and in the Southern Ocean and sub-polar North
Atlantic, which in addition receive high surface freshwater
inputs from the polar regions. In most regions the spatial pat-
tern of 3-D salinity change clearly shows an amplification of
the salinity mean field with relatively saline regions becom-
ing saltier and relatively fresh regions becoming fresher in
accordance with an intensified water cycle.

Very strong salinification is observed in the upper layer
of the two (South/North) Atlantic subtropical regions while
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Fig.3 Meridional vertical section of zonally mean salinity across the
Atlantic Ocean from En4 dataset. a Climatological mean salinity. b
Salinity change over 1979-2018. Climatological mean salinity con-
tours every 0.3 pss are also depicted

freshening is observed in the surface layer of the tropics
and the Southern Ocean. Substantial salinification is also
seen in the upper thermocline waters within the tropical/
subtropical Atlantic. A strong freshening signal between
500 m and 1200 m of the subtropical South Atlantic and
tropical South/North Atlantic is coincident with subduction
into the Southern Ocean thermocline, following the path-
ways of Subantarctic Mode Water (SAMW) and Antarctic
Intermediate water (AAIW) along isopycnals at intermedi-
ate depths. The general sub-surface salinity change pattern
over the last 40 years (1979-2018) obtained here is consist-
ent with previous long-term salinity trend analyses span-
ning periods up to 2010 showing an increase of the salinity
maximum of upper thermocline waters and a decrease of the
salinity minimum of intermediate waters across the Atlantic
(Helm et al. 2010; Durack and Wijffels 2010; Skliris et al.
2014). However, an exception to this amplified spatial pat-
tern is the upper (~500 m) layer of the North Atlantic sub-
polar region, where, apart from the central-eastern part of
the basin which shows freshening, a long-term salinification
is observed everywhere else.

In general, although inter-annual variability is strong,
there are significant trends in the upper 500 m layer salinity
in the two subtropical regions and the tropical region after
the 1970’s, whereas deep layer salinity change is small. The
upper layer salinity long-term trend in the sub-polar region
is predominantly driven by a strong and persistent salinity
increase after the early 1990s (Fig. 4). This trend is however
reversed after the late 2000s with a strong freshening coun-
terbalancing a large part of the salt content increase in the
previous period (Holliday et al. 2015). Below 500 m depth,
freshening persists in the North Atlantic sub-polar region
until the early 2000s.

In general, upper layer salinity in the North Atlantic sub-
polar region shows very strong decadal variability, often
obscuring any long-term climatic trends (Stendardo et al.
2016; Reverdin et al. 2019). A large part of this decadal
variability is often attributed to changes in Arctic freshwa-
ter inputs. A pronounced freshening trend was observed in
the late 1960°s and 1970’s associated with the Great Salin-
ity Anomaly (GSA) driven by anomalous high freshwater
imports from the Arctic (Dickson et al. 1988). Similar Great
Salinity Anomalies (GSAs), but of lesser magnitude, have
also been observed propagating around the North Atlantic
sub-polar gyre over recent decades (i.e. Belkin 2004; Wadley
and Bigg 2006). In addition, the salinity spatial pattern is
affected by changes in the intensity and pathways of rela-
tively salty and fresh water transports associated with the
(northward) North Atlantic Current (VAC) and (southward)
Labrador Current (LC), respectively.

Moreover, natural modes of variability may have a
pronounced effect on the salinity pattern in the sub-polar
region. Friedman et al. (2017) showed that subpolar sea
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Fig.4 Annual timeseries (1950-2018) of volume-averaged salinity
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N—40° N, red), and sub-polar (40° N-65° N, blue) regions

surface salinity (SSS) varies in phase with AMO. In particu-
lar, a positive (negative) phase of AMO, which is associated
with a strengthening (weakening) of the AMOC, results in
increased (decreased) salt transport from the sub-tropics
to the sub-polar gyre (Zhang et al. 2007). Therefore, high
salinity increases evidenced in most of the sub-polar region
over 1979-2018 period may at least partially be explained
by the strongly increasing (from negative to positive) AMO
index over this period. NAO also exerts a strong impact on
salinity decadal variability in the sub-polar region, by con-
trolling the location of the subpolar front i.e. separating the
sub-polar from the sub-tropical gyre, and the advection of
salinity anomalies by NAC into the western sub-polar North
Atlantic (Hakkinen and Rhines 2009; Stendardo et al. 2016).

The volume-averaged Atlantic salinity (i.e. integrated
from 34° S to 65° N), although clearly varying at multi-
decadal scales, significantly increases over the 1979-2018
period, in line with observed increasing net evaporation and
large salinity gains in the upper 500 m layer found almost
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everywhere across the meridional sector (Fig. 5b). The
general freshening obtained below the upper 500 m layer
(Fig. 5¢) is not sufficient to counterbalance the upper layer’s
substantial salinity gain.

4.1.3 Linking long-term salinity and water cycle changes

The spatial distribution of the mean SSS field strongly
resembles that of the mean E — P field since the latter is
the main driver of its spatial variability. However, ocean
advection and mixing strongly shape the surface salinity
field at seasonal/interannual timescales (Yu 2011) so that
there is generally a low link between SSS and E — P vari-
ability locally in large parts of the world’s ocean at these
timescales. On the other hand, one expects much higher
consistency between large scale spatial patterns of change
of the two parameters at multidecadal timescales. Indeed,
the long-term water cycle change spatial pattern since the
1950s has been already imprinted in the global ocean salin-
ity field (Durack et al. 2012; Skliris et al. 2016; Zika et al.
2018). The spatial patterns of change between SSS (Fig. 5a)
and E — P (see Fig. 1a) over 1979-2018 obtained here also
show a quite high consistency. Well-coordinated broad-scale
patterns of increased surface layer salinity and increased
net evaporation are found in the two subtropical regions,
whereas widespread freshening in the tropical region is
consistent with increased net precipitation there. Also, the
long-term decrease in net precipitation in a large part of the
North Atlantic sub-polar region is consistent with salinity
increases there. However, broad-scale patterns of change
in E — P are generally less spatially coherent than those
in SSS. Only about 45% of grid points present statistically
significant trends (at the 95% confidence interval) in E — P
as compared to 60% of grid points in SSS. Moreover, there
are a few areas of opposing trends in E — P and SSS, notably
in the sub-polar region. As mentioned above, the spatio-
temporal variability of salinity in the sub-polar gyre is also
strongly controlled by decadal changes in Arctic freshwater
inputs and prominent ocean circulation patterns, which in
turn are strongly controlled by the major natural climate
modes affecting the high-latitude North Atlantic, such as
NAO and AMO.

4.1.4 26.5° N-65° N anomalous freshwater budget
over 1979-2018

The AMOC and FWT have been continuously estimated at
26.5° N in the Atlantic since 2004 by the RAPID Climate
Change measurement program (McDonagh et al. 2015;
Smeed et al. 2018), but with the absence of long-term time-
series of hydrographic properties at other latitudes, the rela-
tive importance of changing FWT divergence remains highly
uncertain. Here, we investigate the anomalous freshwater
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budget in the area bounded to the South by 26.5° N where
changes in AMOC and FWT can be more reliably estimated,
and the northern boundary of the Atlantic at 65° N. Taking
into account the 26.5° N-65° N area averaged E — P change
(from OAFIlux/GPCP), the equivalent 3-D freshwater con-
tent change (inferred from the total depth volume-averaged
salinity change in En4) and the estimated FWT change at
26.5° N from McDonagh et al. (2015), we may estimate
FWT change at the northern Atlantic boundary at 65° N
needed to close the anomalous freshwater budget for this
area over 1979-2018. In our calculations we ignore any
change of freshwater transports at the Gibraltar Strait, as the
mean net freshwater transport there is an order of magnitude
less than the estimated change in FWT at 26.5° N.

Recent estimates based on RAPID array measurements
demonstrate a decreasing AMOC strength at 26.5° N over
2004-2016 (Smeed et al. 2018; Worthington et al. 2019).
Over 2004-2013, estimates of FWT at 26.5° N also show
that southward FWT has decreased with the AMOC (McDon-
agh et al. 2015), although the time series reveals inter-annual
variability of ~0.2 Sv. By comparing the recent timeseries
at 26.5° N with hydrographic observations at 24.5° N in the
mid-1970s, McDonagh et al. (2015) showed that southward
FWT has largely increased, by ~0.34 Sv. The area-averaged

(26.5° N-65° N) annual timeseries over the last 40 years
show that net air-sea freshwater flux has trended positive
(more net evaporation). Volume-averaged salinity strongly
varied at multi-decadal scales, with strong salinity gains
after the early 1990’s (Fig. 4).

Surface freshwater flux change over 1979-2018 amounts
to~0.12+0.03 Sv increased export of freshwater over
the whole area. Adding the (southward) FWT increase
0of ~0.34 £ 0.20 Sv at 26.5° N we obtain an increase of the
total freshwater export of 0.46+0.21 Sv while the fresh-
water content (based on volume-averaged salinity change)
decreased by only 0.02+0.01 Sv. In order to close the
anomalous freshwater budget for this area a (southward)
FWT increase at the northern Atlantic boundary at 65° N of
0.44+0.21 Sv is therefore needed. In the last 3 decades, the
Arctic Ocean shows a large freshening trend (Haine et al.
2015; Carmack et al. 2016) associated with higher river
freshwater inputs (Dai et al. 2009) and especially increas-
ing rates of Greenland Ice Sheet mass loss (Forsberg et al.
2017). However, despite this dramatic change in the Arc-
tic freshwater budget, recent studies show that the Arctic
freshwater inputs into the Atlantic do not present signifi-
cant changes over the last few decades (Haine et al. 2015;
Carmack et al. 2016). On the contrary, strongly increasing
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salinities at high latitude North Atlantic, as evidenced in the
En4 dataset used here, could at least partially explain such
a drastic increase in southward freshwater transport (north-
ward salt transport). “Atlantification” has been underway in
the Barents Sea since around 2000, whereby a cold stratified
regime is transitioning to a warm mixed regime; Atlantic
Water mixes with overlying Arctic Water, most vigorously
in a “frontier region” (Lind et al. 2018), which is migrating
into the Arctic. Near-surface salinity has risen from~33 psu
averaged over 1970-99 to ~34 psu by 2010-16 (Fig. 2h in
Lind et al. 2018). The equivalent trend in freshwater content
in the upper 100 m is estimated at just over — 1 m/m?, over
2000-16 (Fig. 3b in Lind et al.). Taking an approximate area
of the Barents Sea as 1.4 x 10° km?, this change amounts
to~— 0.003 Sv, which is 2 orders of magnitude lower than
our inferred FWT change (~0.44 Sv). If similar salinity
gain (and implied freshwater loss) throughout the water
column is supposed, taking mean depth of 600 m we obtain
an associated freshwater export, from just the Barents Sea,
of ~— 0.018 Sv—still rather small compared to our inferred
FWT change at 65° N, demanding considerable additional
(an order of magnitude more) salinity gain throughout the
Nordic Seas and the wider Arctic. While the Barents Sea
is relatively shallow, it may be that salinity changes in the
deep Nordic Seas and Arctic can account for this salinity
gain; recent warming associated with Atlantic Water across
the Nordic Seas (Lauvset et al. 2018) and the Arctic (Polya-
kov et al. 2012) is consistent with this. However, again, an
absence of long-term measurements of volume/salt trans-
ports through the main straits of the Arctic/Atlantic bound-
ary do not allow us to corroborate this hypothesis.
Assessing an observationally-based anomalous freshwa-
ter budget of the Atlantic at multi-decadal scales is not only
strongly constrained by large uncertainties in the estimation
of changes in FWT divergence, but also by uncertainties in
estimating 3-D salinity and surface freshwater flux changes.
In general, although better constrained by observations over
the satellite era there are still limitations and large discrep-
ancies among atmospheric re-analysis/satellite-derived
products in representing long-term variability and trends in
E and P over the ocean (e.g. Schanze et al. 2010; Skliris
et al. 2014). There are also large uncertainties in estimat-
ing salinity trends in the deeper layers, especially below the
ARGO float typical deployment depth of 2000 m (Skliris
et al. 2014). Importantly, the 40-year time series considered
here are relatively short in duration for adequately averaging
out multi-decadal fluctuations due to natural variability to
properly capture long-term climatic trends (e.g. Sohn et al.
2013). Consequently, large-scale multi-decadal natural
variability signals such as those associated with NAO and
AMO are imprinted in the E — P and salinity spatial pat-
terns of change over this relatively short period (Friedman
et al. 2017). Stendardo et al. (2016) used a high-resolution
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20-year salinity timeseries (1993-2012) of the upper layer
of the mid-high latitude North Atlantic to show that strong
multiyear variability obscured any long-term climatic trends
in most of the sub-polar region.

4.2 CMIP5 simulations

Given the large uncertainty in estimating observed changes
in all components of the Atlantic Ocean freshwater budget as
described above, the CMIPS5 simulations permit the investi-
gation of long-term changes and the assessment of the vari-
ous highly inter-linked mechanisms and ocean/atmosphere
feedbacks controlling the Atlantic freshwater budget, espe-
cially in the context of a warming-driven amplification of
the water cycle.

Variations of the global water cycle amplitude show large
statistically significant (at the 99% confidence interval) posi-
tive linear trends over the 21st century in all 10 CMIP5 mod-
els and in both RCP scenarios considered here (see Fig. 3
in Skliris et al. 2016). At the end of the 21st century, the
amplification of atmospheric branch of the global water
cycle (with respect to a pre-industrial state) in our CMIPS5
ensemble mean is estimated to be ~7% in the intermediate
green-house gas mitigation scenario RCP4.5, and ~ 18%
in the continued high greenhouse-gas emission scenario
RCPS8.5 (Skliris et al. 2016).

4.2.1 Surface freshwater fluxes

Figure 6 shows the meridional distribution of zonally-inte-
grated net surface freshwater flux (P — E+ R) across the
Atlantic, averaged over the last 40 years of the historical
(1966-2005) and RCP4.5/RCP8.5 (2061-2100) simulations.
The historical multi-model mean distribution is close to the
observed distribution, although there is an overestimation
of the water cycle amplitude in the subtropical regions.
Results indicate increased net precipitation in the sub-polar
region and increased net evaporation in the South and North
Atlantic subtropical regions across all latitudes in both RCP
scenarios as expected by a warming-driven amplification
of the water cycle. However, on the other hand, there is an
overall small reduction in net precipitation in the tropical
region with opposing trends of decreasing net precipitation
in the northern part (~3° N-10° N) and increasing net pre-
cipitation in the southern part (~7° S-3° N). The obtained
surface freshwater flux change dipole pattern in the tropical
region reflects a southward shift of ITCZ that is more pro-
nounced in the higher warming RCP8.5 scenario. In general,
most CMIP5 models predict a narrowing and weakening of
the ITCZ with warming over the 21st century (Byrne et al.
2018).

Integrating P — E+ R change over the whole Atlantic
Ocean area (Fig. 6¢) we obtain an increase in net evaporation
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Fig.6 a Meridional distribution of zonally integrated net surface
freshwater flux (P — E+R), normalized to Sv per meter in latitude
(Sv/m), from observations (dashed black), and CMIP5 multi-model
mean historical (solid black), RCP4.5 (blue), and RCP8.5 (red) simu-
lations (averaged over the last 40 years of each experiment). b Differ-
ence between meridional distribution of zonally integrated P — E+R
between RCP4.5/RCP8.5 and historical multi-model means. ¢ Meridi-
onal distribution of accumulated P — E+R from 65° N to 34° S for
historical, RCP4.5 and RCP8.5 multi-model means. Solid lines depict
ensemble means and shaded areas depict one standard deviation lim-
its

from~0.48 +0.13 Sv in the historical multi-model mean
t0~0.60+0.18 Svin RCP4.5 and~0.67 +0.16 Sv in RCP8.5
(averages over the last 40 years of each experiment) indicat-
ing substantial increases of ~25% and ~40%, respectively.
Figure 7 shows annual timeseries of area-integrated
E — P — R for the four sub-regions. With the exception of
the tropical region where long-term trends are very small
and not statistically significant (at the 95% confidence inter-
val), significant positive linear trends in net evaporation are
obtained in the two (South/North) subtropical regions and in
net precipitation in the sub-polar region. In all three regions
steady increases in net (positive/negative) surface freshwater
flux throughout the 21st century are observed in RCP8.5,
whereas in RCP4.5 there is a stabilization after around

mid-century. The largest water cycle amplitude increase is
obtained in the North Atlantic subtropical region (RCP4.5:
10.6 +8.6%; RCP8.5: 19.4+10.4%) followed by the South
Atlantic subtropical region (RCP4.5: 8.9 +5.1%; RCP8.5:
14.3+12.1%) and the sub-polar region (RCP4.5: 6.1 +£5.1%;
RCP8.5: 11.7 +£8.9%).

Small positive linear trends are also evidenced after the
mid-1970’s in the historical ensemble mean in the two sub-
tropical regions. However trends and especially inter-annual/
decadal variability are much lower in historical simulations
as compared to observations. In particular the observed
strong decadal decrease in net precipitation in the sub-polar
region is not reproduced in the CMIP5 ensemble whereas
decadal trends in future projections remain smaller than the
observed one even for the RCP8.5 scenario.

4.2.2 Ocean freshwater transports

Figure 8 shows the meridional distribution of the zonal-
averaged CMIP5 multi-model mean FWT across the Atlan-
tic for historical, RCP4.5, and RCP8.5 experiments (tem-
poral means over the last 40 years for each experiment).
Freshwater is transported southwards (FWT <0) in most
of the Atlantic sector. From the Arctic boundary, FWT
magnitude increases to a maximum in the subtropics and
declines southwards. CMIP5 projections for both RCP4.5
and RCP8.5 scenarios clearly show that over the longer
timescale, strong trends in FWT emerge following the water
cycle amplification. FWT trends towards more negative
values (i.e. FWT strengthens southwards) throughout the
Atlantic Ocean over the 21st century, with these changes
being more pronounced in the higher warming RCP8.5 sce-
nario. The meridional mean increase in the multi-model
mean (southward) FWT (with respect to historical mean)
is~0.042+0.014 Sv and ~0.055 +0.022 Sv in RCP4.5 and
RCP8.5, respectively. FWT change is much larger in the
North Atlantic sub-tropical and sub-polar regions with FWT
increase reaching on average 15% and 20%, in RCP4.5 and
RCP8.5, respectively.

Results indicate a substantial reduction in AMOC strength
across the Atlantic (Fig. 8b). The meridional mean reduc-
tion in the multi-model mean (with respect to historical
mean) is~19+4% and ~33 + 6% in RCP4.5 and RCP8.5,
respectively, in agreement with probabilistic assessments of
AMOC projections based on CMIP5 (e.g. Schleussner et al.
2014). The largest reduction in AMOC strength is obtained
near the boundary of North Atlantic subtropical and sub-
polar regions reaching ~40% in RCP8.5. A consequence of
the AMOC decline is a southward shift of the ITCZ. This
may be explained by an equatorward shift of the latitude
of maximum heating causing the dividing latitude of the
northern and southern hemisphere Hadley circulation cells
to shift southward (Drijthout 2010; Mecking et al. 2016).
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Our results clearly show a dipole pattern of net precipitation
change with decreasing (increasing) freshwater inputs to the
ocean in the northern (southern) part of the tropical region.
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The ensemble-mean historical mean meridional distri-
bution of M, (Fig. 8c) shows that it is negative in most of
the Atlantic Ocean transporting freshwater southwards/salt
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northwards. M, magnitude strongly decreases in RCP4.5/8.5
in the sub-tropical North Atlantic (i.e. becomes less nega-
tive), following the large reduction in AMOC strength, but
increases (becomes more negative) in the tropical and sub-
polar regions. In order to assess the drivers of M, variabil-
ity, we also calculated temporal variations in M, by consid-
ering meridional current velocity variations (V') but keeping
salinity fixed at the long-term average value (S), M, (V', S),
and considering salinity variations but keeping meridional
velocity fixed, M, (S, V); see Appendix Fig. S1. The two
terms have clearly opposing contributions to M, change
throughout the Atlantic. Salinity variations counterbalance
part of the effect of decreasing AMOC on M, in the North
Atlantic sub-tropical region, whereas they have a greater
impact than decreasing AMOC on M, in the tropical and
sub-polar regions.

Ensemble-mean M, is positive through most of the
subtropical Atlantic regions, transporting freshwater
northwards/salt southwards and opposing M, transport
there, whereas it is negative (southward) everywhere else
(Fig. 8d). M strongly decreases in RCP4.5/8.5 from posi-
tive to negative values in the sub-tropical North Atlantic,
resulting in strongly increasing southward freshwater trans-
port that largely exceeds the opposing trend of decreasing
FWT due to M, reduction. On the contrary, both M, and
M, changes contribute to increasing southward FWT in the
sub-polar North Atlantic. It is interesting to note that M,
contribution to FWT change in both RCP scenarios is very
small in the tropical and South Atlantic subtropical regions
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Fig.9 Annual timeseries of multi-model mean anomalies of AMOC
(a), FWT (b), M, (¢), and M,_ (d) over 1950-2100 at 26.5° N in the
Atlantic for historical (black), RCP4.5 (blue), and RCP8.5 (red) simu-

with the exception of the area near the southern boundary
where M, significantly increases, opposing M,,, decrease
there. Similarly to M,,, we also calculated the terms M, (V/,
S) and M (S", V) (Fig. S1) to assess relative contributions of
salinity and meridional current variations to M, change. As
expected, salinity controls by far the changes in M, espe-
cially in the North Atlantic sub-tropics, where the impact of
M, on freshwater transport is more pronounced.

To summarise, southward FWT strongly increases in the
subtropical North Atlantic in both RCP scenarios in spite of
declining AMOC (i.e. reduced southward M, ), as the long-
term FWT trend is dominated by salinity change (reduced
northward M ,.). In the sub-polar North Atlantic and subtrop-
ical South Atlantic, both decreasing M, and M,,, contribute
to increasing southward FWT. Largest FWT trends occur
in areas of strong salinity change, such as the subtropical
regions.

Figure 9 shows multi-model mean time variations of
AMOC, FWT and its two components M, and M, at 26.5°
N over the historical and RCP4.5/8.5 21st century simu-
lations. Our multi-model AMOC mean strength at 26.5°
N over the last 40 years of the historical simulation is
15.6 +5.9 Sv (multi-model mean + 1 std), which is consist-
ent with the observational mean estimate at the RAPID array
of 17.0£1.9 Sv (mean =+ 1 std of annual-mean time series
over 2004-2016, Smeed et al. 2018). M, is — 0.49+0.13 Sv
at 26.5° N in the historical multi-model mean, with its
magnitude being substantially lower as compared to the
observational estimate of — 0.78 +0.21 Sv over 2004-2013

(b) " FWT anomaly at 26.5°N
0.1 |
0l Ay :
@
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-0.2 1
03 : : )
1950 2000 2050 2100
(d) M, anomaly at 26.5°N
0.1 1
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& -0.1
-0.2
-0.3

2050

1950 2000 2100

lations. Solid lines depict ensemble means and shaded areas depict
one standard deviation limits
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(McDonagh et al. 2015). This discrepancy is probably due
to velocity biases related to unresolved scales which do not
allow the presence of eddies in the coarse resolution CMIP5
models (Mecking et al. 2016). FWT is — 0.36 +0.07 Sv at
26.5° N in the historical multi-model mean, which is very
close to the observational estimate of — 0.37 +0.20 Sv over
2004-2013 (McDonagh et al. 2015).

Curiously, the AMOC at 26.5° N slightly increases
(although this is statistically significant only at the 90%
confidence interval) after the 1970’s in the historical multi-
model mean which results in a negative (southward) ten-
dency in M,,,. AMOC strength at 26.5° N steadily decreases
at a high rate in RCP8.5 reaching a ~35% reduction at the
end of the 21st century, whereas in RCP4.5 AMOC strength
strongly decreases until approximately mid-century and
stabilises after that. It is interesting to note that, following
AMOC variations, M, becomes less negative (i.e. south-
ward freshwater transport decreases) until mid-century in
both RCP scenarios but then slightly decreases (i.e. south-
ward freshwater transport increases) even in RCP8.5 where
AMOC strength continues to decrease (although at a lower
rate) until the end of the century. This suggests that salin-
ity change becomes a predominant factor in M, change at
that latitude after roughly the 2050’s. On the other hand,
M, steadily decreases from positive (northward) to negative
(southward) values until the end of the century in RCP8.5
whereas it stabilises at ~ mid-century in RCP4.5.

Our results clearly show that salinity-driven M, vari-
ations mainly control FWT change in the North Atlantic

2100

(a) 0.05 Vol. average salinity anomaly: 34°S-7°S
0.04 -
0.03| S, Atlantic Subtropical
001( . .
1950 2000 2050
(C) Vol. average salinity anomaly: 10°N-40°N
0.1}
N. Atlantic Subtropical
0.05

2050

2000

1950

Fig. 10 Annual timeseries of multi-model mean volume-averaged
salinity anomaly over 1950-2100 in the four sub-regions of the
Atlantic for historical (black), RCP4.5 (blue), and RCP8.5 (red) sim-
ulations. a S. Atlantic Subtropical, b Tropical Atlantic, ¢ N. Atlan-
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2100

subtropical region over the 21st century. Multi-model mean
(southward) FWT magnitude at 26.5° N increases over
the 21st century from 0.37 +0.07 Sv to 0.44 +0.08 Sv in
RCP4.5 and to 0.51 +0.10 Sv in RCP8.5. Although these
values represent substantial increases of ~19% and ~38%
with respect to the historical mean FWT, they are much
lower as compared to the observational estimate of McDon-
agh et al. (2015) of ~0.34 Sv increase over a shorter period
in the historical record (i.e. between mid-1970s and 2000s).
Compared to CMIP5 models, observations at the RAPID
array indicate a much larger interannual/decadal variability
of AMOC strength over 2004-2016, with a range of varia-
tion of 7.3 Sv and very large reduction of AMOC strength
between periods 2004-2008 and 2008-2012 of 2.9 Sv
(Smeed et al. 2018).

4.2.3 Salinity

Our CMIP5 ensemble-mean time-series for the regional
volume average salinities show that except from the sub-
polar region, salinity gradually increases across the Atlan-
tic over the 21st century at roughly the same rate for both
RCP scenarios until mid-century (Fig. 10). Then salinity
increase is slowing down in RCP4.5, whilst it accelerates
in RCP8.5. Volume-averaged salinity anomalies are about
30-40% higher in RCP8.5 (as compared to RCP4.5) at the
end of the 21st century. The largest volume-average salinity
increase in RCP8.5 is obtained in the North Atlantic sub-
tropical region (~0.075 +0.025) followed by the tropical

(b) 0.08 Vol. average salinity anomaly: 7°S-10°N
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0.02 ( &l
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tic Subtropical, d N. Atlantic Subpolar. Solid lines depict ensemble
means and shaded areas depict one standard deviation limits. Obser-
vationally-based annual area-averaged salinity (En4) over 1950-2018

(dashed black) is also depicted
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region (~0.050+0.030) while the South Atlantic sub-trop-
ical region shows a much lower increase (~0.026 +0.023).
Salinity in the North Atlantic subtropical region starts to
significantly increase after the early 1970’s, which is in line
with the observed pronounced salinity increase obtained
here over 1979-2018. These findings are in accordance
with previous studies demonstrating that the recent observed
recent salinity increases in the sub-tropical North Atlantic
significantly exceed internal natural variability in climate
model control simulations (Stott et al. 2008; Terray et al.
2012), suggesting that the emerging trend is a part of anthro-
pogenic climate change.

The CMIP5 ensemble mean shows increasing salinities in
the sub-polar region over the historical period comparable
to the strong salinity increase obtained in the observations
over 1990-2010 (Fig. 10d). However as for the surface water
flux the CMIPS5 simulations do not capture the strong inter-
annual and decadal variability in salinity evidenced in the
observations. The sub-polar region shows a quite different
salinity evolution over the 21st century. The CMIP5 ensem-
ble mean indicates a reduction in volume-averaged salinity

until about the mid-2060s in both RCP scenarios following
the net precipitation increase in the sub-polar region but then
salinity increases again to roughly reach historical levels at
the end of the century. Basin salt content evolution does not
follow that of surface freshwater flux in the latter period sug-
gesting that salt transport divergence mainly controls salinity
variations. The strong salinification of the subtropical North
Atlantic eventually leads to more saline waters being trans-
ported to the subpolar North Atlantic.

4.2.4 Anomalous freshwater budget

Figure 11 shows the anomalous freshwater budget for the
four sub-regions of the Atlantic in RCP4.5 and RCPS8.5,
defined here as the difference between the last 40-year
averages of historical (1966-2005) and RCP (2061-2100)
simulations. The anomalous freshwater budget reveals the
increasing magnitude of surface freshwater fluxes (except
from the tropics) and southward freshwater transports across
the Atlantic in both RCP scenarios, but with much larger
anomalies (>50%) being obtained in RCP8.5. Changes in

(@) RCP4.5
A(P-E+R) A(P-E+R) A(P-E+R) A(P-E+R)
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Fig. 11 Atlantic Ocean anomalous freshwater budget in RCP4.5 (a)
and RCP8.5 (b) with respect to historical simulations. Anomalous
freshwater fluxes and freshwater content (in Sv) are defined as the

difference between the 40-year averages of historical (1966-2005)
and RCP (2061-2100) simulations
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FWT meridional distribution in the RCP scenarios are con-
sistent with an intensifying water cycle. Increasing FWT
convergence (i.e. increasing freshwater content) in the
North/South Atlantic subtropical regions counterbalances
increasing net evaporation (i.e. increasing export of freshwa-
ter), and increasing FWT divergence in the subpolar region
counterbalances increasing net precipitation.

In opposition to the “fresh get fresher paradigm”, in the
tropical region there is however a concomitant small reduc-
tion in net surface freshwater flux to the ocean, linked to the
AMOC decline, and a large increase in FWT divergence,
leading to a large reduction in freshwater content. In the
North Atlantic subtropical region, increases in FWT con-
vergence and mixing are not sufficient to balance the strong
net evaporation increase leading to a significant decrease in
freshwater content (increase in salt content) over the 21st
century. On the contrary, in the sub-polar region the net pre-
cipitation increase is almost balanced by changes in mixing
and FWT divergence in both RCP scenarios. Residual terms
in the anomalous freshwater budget are generally quite small
compared to FWT anomalies at the boundaries of each sub-
region, with the exception of the North Atlantic subtropical
and the tropical regions in the RCP8.5 scenario. The large
residual term denoting an anomalous freshwater input in the
North Atlantic subtropical region could be explained by pro-
nounced freshwater mixing at the boundaries as the salinity
contrast with the adjacent relatively fresh regions strongly
increases over the 21st century. Freshwater transport changes
at the Gibraltar Strait are much smaller than the residual
terms in the CMIP5 models considered here and in general
have the opposite effect i.e. result in decreasing freshwater
(increasing salt) inputs into the Atlantic.

4.2.5 Stability of the overturning

Observational estimates and ocean re-analyses indicate a
negative M, near the Atlantic southern boundary at 34° S
within the range of — 0.28 to — 0.05 Sv (see Mecking et al.
2017) suggesting a bi-stable AMOC regime. However, half
of the CMIP5 models used here have a positive M, at 34° S.
The historical multi-model mean M, at the southern Atlan-
tic boundary is +0.03 +0.13 Sv implying that the CMIP5
ensemble is close to the cut-off point between mono- and
bi-stability. Mecking et al. (2017), using a much larger num-
ber of climate models, showed that this common feature in
CMIPS is mainly due to a salinity bias, with most of cli-
mate models being too fresh near the surface and too saline
at depth in the South Atlantic as compared to observations
(Jackson 2013; Mecking et al. 2016, 2017). When the salin-
ity bias is corrected, i.e. when M, is calculated using the
model current velocities but the observationally-based salin-
ity vertical distribution, M, became negative at the Atlantic
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southern boundary in most CMIP5 models in line with the
observational estimates (Mecking et al. 2017).

Our results show that multi-model mean M, at the south-
ern boundary is reduced to (slightly) negative values in the
RCP4.5 (~—0.02+0.11 Sv) and RCP8.5 (— 0.05+0.10 Sv)
over the 21st century, although multi-model standard devia-
tion is still quite large. As M, declines with the AMOC
there is an anomalous salt import into the Atlantic and the
highly increased net evaporation over the basin cannot be
balanced by increasing freshwater transport convergence
(mainly driven by M,_ contribution). This results in a large
salt content increase throughout the Atlantic basin which
destabilises the AMOC off-state (i.e. opposes the AMOC
weakening). It should be noted that M, magnitude decreases
in the North Atlantic subtropical region with the AMOC in
the first 50 years for both RCP scenarios but then starts to
increase again to reach historical levels in RCP4.5 while it
stabilises in the RCP8.5 multi-model mean (see Fig. 9).

A feedback mechanism which enhances the salinification
of the North Atlantic, further destabilizing the AMOC off
state, is the southward shift of the /7CZ driven by the AMOC
decline. This causes a reduction of precipitation, inducing an
increased surface salinity in the tropical/subtropical North
Atlantic (Mecking et al. 2016). Our results show that saltier
waters are eventually transported in the subpolar region,
increasing again salinities there after mid-century in both
RCP scenarios, in spite of increasing surface freshwater flux.

These results enhance the likelihood of a mono-stable
AMOC regime against recent observational M, estimates
indicating bi-stability, although there is a quite large multi-
model standard deviation with substantially different model
responses, especially in RCP8.5. Coarse resolution in cur-
rent coupled climate models and relatively large associated
salinity and current velocity biases is probably a limiting
factor in capturing variability in freshwater transports,
especially at the southern boundary of the Atlantic. Recent
long-term higher resolution (eddy-permitting) climate model
simulations show a negative M, at the southern boundary,
supporting a bi-stability regime in line with observational
estimates, that may maintain an AMOC off-state for several
centuries if freshwater input substantially increases over the
northern North Atlantic (Mecking et al. 2016).

4.2.6 Freshwater budget uncertainties in CMIP5

As for the observational estimates, we need to stress here the
caveats of climate model projections of Atlantic freshwater
budget changes. CMIP5 models in their historical setting
show important salinity biases as compared to observations
(Mecking et al. 2017), around the southern boundary of
the Atlantic in particular, which may strongly affect model
AMOC-driven freshwater transports there. This is crucial
for the model stability regime of the overturning, which in
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turn affects the sign of the salt advection feedback control-
ling long term-trends in the freshwater budget of the whole
Atlantic Ocean.

There are also large uncertainties due to different repre-
sentations of processes in the various CMIP5 models, which
may strongly affect estimations of the anomalous freshwa-
ter budget. In particular, eddies, which are largely under-
estimated in coarse-resolution CMIP5 models, generally
result in stronger ocean freshwater transports affecting the
Atlantic freshwater budget (Mecking et al. 2016). Another
important constraint is the representation of ice melting in
CMIP5 models. Multi-year Greenland sea ice extent/volume
strongly decreases in recent decades (van den Broeke et al.
2016) and it is also projected to decline further in the future
(Fettweis et al. 2013). Although almost all CMIP5 models
show a substantial decline in AMOC strength under RCP8.5
over the 21st century, Greenland ice sheet melting was either
neglected or not explicitly represented in CMIP5 (Golledge
et al. 2019). This, in turn, may result in the underestimation
of future freshwater inputs and AMOC decline by CMIP5
models, with strong implications for the changing Atlantic
freshwater budget as assessed in this study. Golledge et al.
(2019), using simulations of the Greenland ice sheet melt-
ing constrained by satellite-based measurements of recent
changes in ice mass, showed that increasing meltwater from
Greenland leads to a more drastic weakening of the AMOC
over the 21st century.

The various uncertainties associated with CMIP5 models
described above are also reflected in the quite large multi-
model standard deviation for the surface freshwater flux and
freshwater content change across the Atlantic obtained in
this study (exceeding 50% of the mean in some regions).
Moreover, variability in climate models is much less as
compared to observations. In particular, interannual/dec-
adal variability of surface freshwater fluxes and AMOC/
FWT estimated by RAPID array measurements at 26.5° N
(McDonagh et al. 2015; Smeed et al. 2018) is much higher
as compared to CMIP5 model variations.

5 Conclusions

Observations over the last 40 years show that the water
cycle and 3-D salinity spatial mean patterns are amplified
in most regions of the Atlantic Ocean with the exception
of the sub-polar region where a net precipitation decrease
and upper layer salinification occur. The observational esti-
mate of southward ocean freshwater transport increase at
26.5° N together with increasing net evaporation north of
26.5° N over the last few decades requires a large increase of
southward freshwater transport at the Arctic/Atlantic bound-
ary. However, although the Arctic has freshened over the
last few decades there is insufficient evidence of increasing

freshwater export to the Atlantic. In general, large uncer-
tainties in all components of the freshwater budget make it
particularly difficult to detect robust multi-decadal climatic
trends. Moreover, the 40-year period considered here is
relatively short in duration, so that natural variability may
obscure long-term climatic trends, especially in the North
Atlantic which is strongly affected by AMO and NAO inter-
annual and decadal variability.

CMIPS projections for both RCP4.5 and RCP8.5 scenar-
ios clearly show that over the longer timescale, robust and
strong trends in the atmospheric branch of the water cycle,
ocean freshwater transport and ocean salinity emerge, as
anthropogenic climate change progresses. Net evaporation
is increasing in the sub-tropical regions and net precipita-
tion is increasing in the North Atlantic sub-polar region over
the 21st century as the water cycle amplifies with warming.
AMOC substantially weakens reaching ~35% reduction in
the CMIP5 multi-model mean under high warming RCP8.5
scenario. There is a small reduction in net precipitation and
a dipole spatial pattern in the tropical Atlantic reflecting a
southward shift of the /TCZ likely associated with an atmos-
pheric response to AMOC decline. Overall, the Atlantic
Ocean is strongly drying over the 21st century leading to
increasing salinities almost throughout the basin. Results
demonstrate that, under an intensifying atmospheric water
cycle, southward ocean freshwater transport increases across
the Atlantic basin. The magnitude of freshwater transport
increases in spite of declining AMOC, as the long-term trend
is mainly driven by changes in the gyre contribution to fresh-
water transport, which is in turn largely dominated by salin-
ity change. Results demonstrate a strong salinification of
the North Atlantic which cannot be balanced by freshwater
transports, opposing further AMOC weakening.

Although climate model simulations under their cur-
rent coarse resolution setting under-represent important
processes and feedbacks in the global hydrological cycle
and display a diverse range of solutions in terms of where
AMOC, freshwater flux and salinity changes do occur, they
broadly agree with observations and theoretical considera-
tions in the emergence of an intensified water cycle and
increasing ocean freshwater transports in the Atlantic Ocean
under global warming. Increasing resolution and better rep-
resentation of ice dynamics in climate models and enhanced
continuous monitoring of the main components of the Atlan-
tic freshwater budget would provide a better understanding
of the complex processes and ocean/atmosphere feedback
mechanisms governing the global hydrological cycle and
overturning circulation.
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