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The Atlantic Meridional Overturning Circulation 
(AMOC) is a fundamental mechanism for poleward 

heat and salt transport, with a critical influence on the 
climate patterns of the Western Hemisphere. Climate 
models forecast a reduction in AMOC in response 
to increased greenhouse gas levels, however, both 
historic and future simulations of general circulation 
models (GCMs) disagree on the magnitude of decadal-
to-centennial scale AMOC variability (Cheng et al. 2013). 
The most comprehensive and continuous observational 
data that are available to understand AMOC variability 
come from recent measurements as part of the Rapid 
Climate Change program (RAPID) array of observing 
systems (Srokosz and Bryden 2015). These observations 
demonstrate that variability on sub-seasonal, seasonal, 
and interannual timescales as well as the decade-
long trend is larger than previous observations and 
modeling simulations (Srokosz and Bryden 2015). New 
data continue to kindle debate on natural versus forced 
AMOC variability (c.f. Haine 2016). The brevity of this 
observational record, spanning slightly over a decade, 
limits our understanding of AMOC variability on longer 
timescales. Thus, there is an imminent need to turn 
towards the paleoceanographic record to characterize 
natural, long-term AMOC variability and its links with 
the Atlantic Intertropical Convergence Zone (ITCZ), the 
North Atlantic Oscillation, and the Atlantic Multidecadal 

Oscillation. Reconstructions of surface and deepwater 
circulation from highly-resolved sedimentary deposits 
stand to overcome the deficit of data required to fully 
understand variability in the AMOC system.

Reconstructions of AMOC variability
Relatively few paleorecords exist that document 
decadal-to-centennial scale AMOC variability. Most 
paleoceanographic records inferring past AMOC 
variability have focused on glacial-interglacial and 
millennial timescales (McManus et al. 1999, 2004; Böhm 
et al. 2014; Henry et al. 2016) due to sample availability 
and relatively larger signal-to-noise ratios. These studies 
have utilized proxies including benthic foraminiferal 
shell chemistry (δ18Ocalcite, δ

13Ccalcite, Cd/Ca, etc.) (Oppo et 
al. 1995; Marchitto and Broecker 2006; Lynch-Stieglitz et 
al. 2011) and radiogenic isotopes (εNd, 14C, etc.) to trace 
past water mass composition (Wei et al. 2016; Jonkers et 
al. 2015; Xie et al. 2012; Freeman et al. 2016), and have 
also used sedimentary ratios of selectively scavenging 
particles (231Pa/230Th) to infer past circulation changes 
(Negre et al. 2010; Lippold et al. 2016). Records that 
resolve decadal and centennial-scale AMOC variability 
over the last few millennia are less common because 
marine sediments that allow for the application of the 
aforementioned proxies at such sample resolutions are 
rare.



9

U S  C L I V A R  V A R I A T I O N S

US CLIVAR VARIATIONS   •   Summer 2016   •   Vol. 14, No. 3 9

Most inferences regarding past AMOC variability on 
decadal-to-centennial timescales are generated from 
proxies that are potentially sensitive to changes in 
deepwater formation in the higher latitudes of the 
Atlantic Ocean (Moffa-Sanchez et al. 2015; Mjell et al. 
2016; Thornalley et al. 2009). However, observations over 
the past decade from the RAPID Program suggest that the 
overall net AMOC cannot be reconstructed from a single 
spatial component (Srokosz and Bryden 2015). AMOC is 
driven by both geostrophic and buoyancy components, 
which may vary in their relative influence on different 
timescales (Polo et al. 2014). In other words, the surface 
geostrophic flow does not necessarily co-vary with 
deepwater formation on all timescales. This underscores 
the importance of also looking at processes upstream of 
deepwater formation in the North Atlantic when inferring 
changes in past AMOC variability, including variability in 
mixed-layer currents.

Surface salinity and circulation
One approach to investigate 
surface ocean circulation 
upstream of deepwater 
formation in the North Atlantic is 
to look at patterns of sea-surface 
salinity (SSS) variability across 
the Atlantic Ocean (Figure 1). 
Regional SSS variability is mainly 
controlled by freshwater fluxes, 
evaporation, precipitation, and 
lateral advection (Krebs and 
Timmermann 2007; Mignot 
and Frankignoul 2004). In many 
regions in the Atlantic Ocean 
however, advection, and hence 
meridional circulation, controls 
SSS variability over decadal and 
longer timescales (Frankignoul 
et al. 2009; Polyakov et al. 2005). 
For example, multidecadal 
variability in ocean circulation 
can manifest as characteristic 
spatial changes in regional SSS 

(Krebs and Timmermann 2007; Wang and Zhang 2013). 
Patterns of annual mean surface salinity across the 
Atlantic Ocean (Figure 1, left) reveal imprints of prominent 
mixed-layer currents, including the Gulf Stream, North 
Atlantic current, and the subtropical gyres (Krebs and 
Timmermann 2007; Mignot and Frankignoul 2004; Curry 
et al. 2003; Reid 1994). Thus, paleoceanographic studies 
can seek to exploit this linkage between salinity and 
flow (Dickson et al. 2002; Curry et al. 2003) in order to 
understand past variability of currents that are integral 
to Atlantic Ocean surface circulation. 

Importantly, these spatial patterns can help synthesize 
paleosalinity reconstructions from seemingly disparate 
regions into a perspective relevant to circulation and past 
AMOC variability. Figure 1 (right) depicts the correlation 
coefficient between zonal surface salinities at 26.5oN 
(black box; chosen as a measure of meridional SSS 

Figure 1: (left) Mean annual sea-surface salinity (SSS) in the Atlantic Ocean; (right) Correlation 
between 10-year-filtered monthly mean SSS at 26.5ºN (black box) and global oceanic SSS, where 
stippling indicates signficance at the 5% level. SSS data are from the ORA-S4 reanalysis dataset 
(Balmaseda et al. 2012). By correlating observed (or modeled) surface salinities in the Atlantic 
Ocean on long timescales, patterns that can help understand past variability in ocean circulation 
may be developed (Goff et al. 2015).
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advection) and global oceanic SSS on multidecadal 
timescales (see caption for details) from the ORA-S4 
dataset (Balmaseda et al. 2012). Here, monthly SSS at each 
point is filtered (10-year-lowpass) to remove interannual 
variations prior to correlation analysis so as to isolate 
long-term variability. A tripole pattern is observed across 
the Atlantic basin, with significant positive correlations 
(black dots in Figure 1, right) north of 26.5°N and from 15-
25°S, whereas a significant negative correlation occurs 
from 10°S to 26.5°N. The large-scale patterns depict the 
relationship between the Atlantic ITCZ and poleward 
salt advection towards the centers of deepwater 
formation. Here, the northern tropical Atlantic freshens 
due to the northward (southward) position of the ITCZ 
whereas salt advection in the north Atlantic indicates 
stronger (weaker) poleward transport and larger (lesser) 
interhemispheric heat transport (Schneider et al. 2014; 
Krebs and Timmermann 2007). This blueprint can be 
used to understand past surface circulation changes, if 
an appropriate spatial network of paleosalinity records 
are generated that span the same interval. Confidence 
in hypotheses centered around the state of meridional 
circulation during these intervals can be significantly 
bolstered by the covariance of paleosalinity records. 
Such correlation analyses can be performed on model 
output from paleoclimate simulations as well.

Reconstructing paleosalinity
Direct proxies for salinity are still being developed and 
scrutinized, but paired measurements of Mg/Ca and 
δ18Ocalcite of foraminifera have been widely used to infer 
changes in the δ18O of seawater (δ18Osw), which varies 
as a function of salinity. Using empirically-derived 
relationships that detail foraminiferal δ18Ocalcite variability 
with temperature and δ18Osw variability (e.g., Bemis et al. 
1998), and another empirical equation that describes 
Mg/Ca as a function of paleotemperature (e.g., Anand 
et al. 2003), the paired Mg/Ca-δ18Ocalcite data can be 
simultaneously deconvolved to obtain exclusive records 
of temperature and δ18Osw variability (e.g., Thirumalai et 
al. 2016). Though there are caveats to this methodology 
(namely concerning preservation, sampling, and 
calibration uncertainties amongst others), there are 

increasingly sophisticated numerical and geochemical 
methods that can augment uncertainty quantification 
and facilitate robust δ18Osw estimates (Tierney et al. 
2015; Khider et al. 2015; Thirumalai et al. 2016; Marino 
et al. 2013). The reconstructed δ18Osw signal can be 
converted into salinity estimates using a regional salinity-
δ18Oswequation (LeGrande and Schmidt 2006), although 
general practice involves inferring relative paleosalinity 
variability using the δ18Osw itself due to potential non-
stationarity of the  salinity-δ18Osw relationship over 
time (Rohling 2000; Rohling and Bigg 1998; Thirumalai 
et al. 2016). For the purpose of decadal-to-centennial 
timescales, stationarity is a reasonable assumption, 
depending on the region of interest (Leduc et al. 2013; 
Singh et al. 2010; Holloway et al. 2016). Thus, paired Mg/
Ca-δ18Ocalcite measurements in planktic foraminifera can 
yield insights into past SSS variability throughout the 
Atlantic Ocean. This methodology can be widely applied 
towards high-resolution investigations of paleosalinity.

There are many regions in the Atlantic Ocean that can 
potentially yield highly-resolved (decadal-to-centennial 
resolution) paleosalinity records including the Gulf of 
Mexico, Caribbean seas, northern South American slope, 
the Gulf of Guinea, the Carolina slope, and the western 
flank of Europe to name a few. Developing coeval paired 
Mg/Ca-δ18Ocalcite records from these locations can provide 
information about the surface circulation state of the 
Atlantic and hence, the AMOC. For example, a network 
of paleosalinity records spanning the Little Ice Age or 
the Medieval Climate Anomaly, even from these limited 
regions where sedimentation rates are high, can yield 
insights into past AMOC variability depending on their 
covariance (or lack thereof). One caveat to this approach 
is the need for sufficient and strict age control when 
comparing phasing between relative high and low salinity 
events amongst a suite of sedimentary records spanning 
the Atlantic Ocean, especially on decadal-to-centennial 
timescales. 

Recommendations 
Though there is a need to develop direct proxies of 
paleosalinity, paired Mg/Ca-δ18Ocalcite measurements in 
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planktic foraminifera can provide information on past 
SSS variability by reconstructing past δ18Osw variations. 
There are many regions in the Atlantic basin with high 
sedimentation rates that can be targeted for paired Mg/
Ca-δ18Ocalcite paleosalinity reconstructions. Developing 
long-term calibration campaigns in these regions, such 
as salinity-δ18Osw monitoring and/or utilizing sediment 
traps to build empirical transfer functions, will greatly 
aid in the quantitative refinement of the generated 
paleosalinity records. There are also several studies 
that have been performed on extant high-resolution 
sediment cores that have only investigated either 
downcore Mg/Ca or δ18Ocalcite variability in foraminifera 
(and not both together). Revisiting these cores to 
perform the additional paired measurement can 
increase the spatial coverage of paleosalinity records in 
the Atlantic, though some may require additional age 

control points. Despite not being proximal to the centers 
of deepwater formation, each paleosalinity record can 
be placed into an Atlantic-wide context by using long-
term correlation analyses in observational, as well as 
modeled, SSS datasets. These correlation maps can be 
used as a template to perform model-data comparisons 
for past circulation changes as well. Furthermore, as 
isotope-enabled GCMs become more common, long-
term correlation analyses can be performed directly 
on simulated δ18Osw signals. Thus, generating new 
paleosalinity records, synthesizing published records, 
and performing additional measurements on cores 
from high-sedimentation regions in the Atlantic that 
can resolve decadal-to-centennial variability will greatly 
improve our understanding of past circulation and 
AMOC variability.
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