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Abstract δ18O in foraminifera (δ18Oc) is a useful proxy for density, and the strength of the Atlantic
Meridional Overturning Circulation (AMOC) can be reconstructed by the zonal density contrast in the
Atlantic. However, whether the deglacial zonal δ18Oc contrast can represent the AMOC change is still
unclear. δ18Oc contrast across the Florida Straits has been hypothesized as a proxy for the AMOC evolution
during the last deglaciation, but the strength of Florida Current could also be influenced by wind forcing.
Here we examine the ability of the zonal δ18Oc contrast to reconstruct AMOC in a deglacial model
simulation. The model simulation suggests that the deglacial variation of the Florida Current strength is
dominated by AMOC, with the wind effect on the variation of the Florida Current being negligible.
Furthermore, the δ18Oc contrast across the western boundary along the entire Atlantic and the basin‐wide
δ18Oc contrast in the North Atlantic in the upper ocean can also be used to reconstruct AMOC. However,
using basin‐wide δ18Oc contrast to reconstruct AMOC in the South Atlantic is not possible at all water
depths. In the subtropical South Atlantic, the basin‐wide δ18Oc contrast is decoupled from the density
contrast between 400 to 600 m through the deglaciation because of the deglacial change of the Antarctic
Intermediate Water. Therefore, δ18Oc is a useful proxy to reconstruct past density and in turn past AMOC,
but caution has to be used when using the basin‐wide δ18Oc contrast to reconstruct the basin‐wide density
contrast in the South Atlantic.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is one of the most important components of the
climate system because of its role in redistributing heat, carbon, and nutrients. Today, AMOC has a two‐cell
structure: an upper cell where the northward flowing warm surface and intermediate water (upper 1,000 m)
loses buoyancy in the North Atlantic and descends to become the southward flowing cold North Atlantic
Deep Water (NADW; 1,500–4,500 m) and a lower cell where the Antarctic Bottom Water formed in the
Southern Ocean flows northward, mixes with the NADW, and ultimately returns to the Southern Ocean
via isopycnal upwelling.

Abrupt climate changes during the last deglaciation are suggested to be associated with changes in AMOC
(e.g., Clark et al., 2002; McManus et al., 2004). Several different proxies have been used to reconstruct the
paleo‐AMOC changes. Nutrient proxies such as δ13C (Curry & Oppo, 2005), Cd/Ca (e.g., Boyle & Keigwin,
1987; Keigwin & Lehman, 1994), Ba/Ca (Lea & Boyle, 1990), and Zn/Ca (Marchitto et al., 2002) have been
used to provide information about the water mass distributions, that is, the structure of the AMOC. But they
do not provide an assessment of the strength of the AMOC (LeGrand&Wunsch, 1995). Sediment 231Pa/230Th
has beenproposed as a kinematic tracer forAMOC(Marchal et al., 2000;McManus et al., 2004; Yu et al., 1996),
but this approach has been contested because the sediment 231Pa/230Th is also influenced by particle flux and
composition and its variation differ significantly in different regions in the Atlantic (e.g., Chase et al., 2002).
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Basin‐wide density contrasts at 26.5°N can be used to monitor AMOC in the modern ocean (Cunningham
et al., 2007), and a modeling study suggests that AMOC variability can be reconstructed from basin‐wide
density contrast (Hirschi & Lynch‐Stieglitz, 2006). This is possible because, assuming geostrophic and hydro-
static balance, by integrating the thermal wind balance from the west (Xw) to the east (Xe):

∫
XE

XW
−

f ρ0
g

∂v
∂z dx ¼ ∫

XE

XW

∂ρ
∂z dx , the horibalance from thean reflects the zonally averaged vertical shear at this

depth: −
f ρ0
g

Lx
∂v¯
∂z

¼ ρE−ρW , where f is the Coriolis parameter, ρ is seawater density, Lx is the horizontal

width, and v is the meridional velocity. The large‐scale northward surface flow and southward deep flow
of AMOC is reflected in the basin‐wide density contrast: The eastern margin is lighter than the western mar-
gin in the North Atlantic and vice versa in the South Atlantic (Olbers et al., 1992). Paleodensity can be recon-
structed by oxygen isotopic composition in the benthic foraminifera (δ18Oc; Lynch‐Stieglitz et al., 1999a,
1999b) because δ18Oc is determined by the temperature and δ18O of seawater (δ18Ow), which generally cov-
aries with salinity in the upper ocean. That is, both δ18Oc and density increase with the increase of salinity
and decrease of temperature. Therefore, the basin‐wide δ18Oc contrast in the upper Atlantic has been
hypothesized to be a direct proxy for the strength of the AMOC through its northward flowing upper branch
(e.g., Lynch‐Stieglitz et al., 2007).

This hypothesis of the zonal δ18Oc contrast as a proxy of AMOC transport, however, is not always consis-
tent with other proxies. The δ18Oc contrast at 27°S across the Atlantic basin in the upper 2 km has been
used to reconstruct the AMOC during the Last Glacial Maximum (LGM; Lynch‐Stieglitz et al., 2007).
During the LGM, water mass tracers, such as Cd/Ca and δ13C, suggest that AMOC was shallower than
present day, with the southward NADW replaced by the Glacial North Atlantic Intermediate Water
(Boyle & Keigwin, 1987; Curry & Oppo, 2005; Thomas M. Marchitto & Broecker, 2006). The ratio of
231Pa/230Th in deep‐sea sediments as well as grain‐size analyses along the western boundary have been
interpreted as suggesting a vigorous overturning of the Glacial North Atlantic Intermediate Water at
the LGM (Bradtmiller et al., 2014; Evans & Hall, 2008; Gherardi et al., 2009; Lippold et al., 2012). This
would suggest that there was a much larger vertical shear and therefore larger density contrast across
the Atlantic basin during the LGM than at present day. However, δ18Oc reconstructions suggest a reduced
and even reversed δ18Oc contrast between the eastern and western margin in the upper ocean at 27°S
(Lynch‐Stieglitz et al., 2006). Hence, if the δ18Oc contrast represents the density contrast, it is incompati-
ble with the shallower and active AMOC suggested by the other proxies. Therefore, it has remained
unclear if the zonal δ18Oc contrast in the South Atlantic can in fact be used as a proxy for the AMOC
evolution. One possibility is at certain times, such as the LGM, the δ18Oc contrast no longer represents
the density contrast because of different water mass properties between the eastern and western margin
in the South Atlantic (Gebbie & Huybers, 2006).

The relationship between the horizontal density contrast and the vertical shear is also applicable to flow
across ocean gateways (Moreno‐Chamarro et al., 2017). For example, the δ18Oc contrast across the
Florida Straits has been used to reconstruct the Florida Current during the last deglaciation. The
Florida Straits δ18Oc contrast shows a substantial reduction during the Younger Dryas (YD; 12.8–
11.7 ka), which indicates a reduced horizontal density contrast and therefore the weakening of the
Florida Current (Lynch‐Stieglitz et al., 2011). The decrease in δ18Oc contrast over Heinrich Stadial 1
(HS1;17.5–14.7 ka) on the Florida margin suggests that HS1 is also associated with a reduction in the
Florida Current (Lynch‐Stieglitz et al., 2014). The AMOC transport evolution estimated from the δ18Oc

contrast across Florida Current therefore seems to be consistent with that inferred from other kinematic
water tracers, such as sediment 231Pa/230Th over the deglaciation (McManus et al., 2004). This is possible
because the Florida Current forms part of the upper limb of the AMOC, and therefore, its strength is
related to the AMOC strength. However, dynamically, the Florida Current strength can also be influ-
enced by the surface wind stress curl. The present‐day Florida Current includes a wind‐driven gyre com-
ponent of ~17 Sv and an AMOC component of ~13 Sv (Schmitz William & McCartney, 1993). It is
therefore not obvious that one can ignore the wind effect to conclude that the reduced δ18Oc contrast
across the Florida Straits during the HS1 and the YD simply reflects a reduced AMOC contribution
(Lynch‐Stieglitz et al., 2014).
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Here, we test the hypothesis that the zonal δ18Oc contrast can be used to reconstruct past AMOC in a com-
prehensive ocean model. Specifically, we will examine the δ18Oc and its relationship with AMOC in a tran-
sient ocean simulation of the last deglaciation using an isotope‐enabled ocean model. We find that in the
deglacial model simulation, the δ18Oc contrast across the Florida Straits indeed represents the change of
AMOC, with little impact from the wind‐driven circulation. Furthermore, the zonal δ18Oc contrast that
are used to reconstruct the western boundary current (WBC) can be used to infer changes in the AMOC
strength. However, in our model simulation, the relationship between the δ18Oc contrast across the whole
Atlantic basin and the AMOC depends on the latitude and depth. In particular, this relationship fails in
the South Atlantic because of a large change in Antarctic Intermediate Water (AAIW) properties.

2. Model and Experiment

We employ the isotope‐enabled Parallel Ocean Program version 2 (iPOP2) to simulate the deglacial ocean
evolution in this study. iPOP2 is the ocean component of the Community Earth System Model, and the
details of the physical ocean model are described in Danabasoglu et al. (2012). The ocean model configura-
tion in this study has a nominal 3° horizontal resolution and 60 vertical layers, with 10‐m resolution in the
upper 200 m, expanding to 250‐m resolution below 3,000 m. To allow for a direct model‐data comparison,
several widely used geotracers have been implemented in iPOP2, such as δ18O (Zhang et al., 2017), 231Pa/
230Th (Gu &Liu, 2017), εNd (Gu et al., 2017), δ13C, and radiocarbon (Jahn et al., 2015). These geotracers make
iPOP2 a useful tool for paleoclimate research.

To study the deglacial δ18Oc contrast and AMOC in the Atlantic, we performed a transient ocean simula-
tion with iPOP2 (C‐iTRACE) from 20 to 11 ka. C‐iTRACE is forced by the monthly fluxes of momentum,
heat, freshwater, and sea ice fractions from a fully coupled transient simulation of the last deglaciation
using the Community Climate System Model version 3 (CCSM3; TRACE21), which has been shown to

Figure 1. Atlantic zonal mean (a) temperature and (b) salinity difference between 15 and 20 ka in C‐iTRACE. AMOC dur-
ing the (c) LGM (20 ka) and the (d) HS1 (15 ka) in C‐iTRACE. AMOC = Atlantic Meridional Overturning Circulation;
LGM = Last Glacial Maximum.
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reproduce many important features of the deglacial climate changes (P. U. Clark et al., 2012; Z Liu et al.,
2009; Zhengyu Liu, Lu, et al., 2014; Marcott et al., 2011; Otto‐Bliesner et al., 2014). Following Zhang et al.
(2017), a relative strong temperature and salinity restoring to the monthly mean TRACE21 output is
applied. The restoring flux is Qφ ¼ H

τ φo−φMð Þ , where H is the effective thickness, τ is the restoring

time scale, φois the surface temperature/salinity in TRACE21, and φMis the temperature/salinity in C‐
iTRACE. In Zhang et al., 2017, H is set to be the thickness of the surface layer (10 m) and τ is set to
be 10 days for temperature and 30 days for salinity. In this study, we use the local mixed layer depth
as H and τ is set to be 30 days for temperature and 60 days for salinity. This mixed layer‐dependent
restoring produces more realistic subsurface temperatures and salinities in deep convection regions
compared with the restoring parameters used in Zhang et al. (2017).

The temperature and salinity fields are initialized from the LGM condition in an ocean simulation, which
also uses iPOP2 (Zhang et al., 2017) and are spun up for 4,788 years under LGM condition. We then spun
up the δ18O tracer field for the LGM conditions for 2,000 years, which was initiated from the modern

Figure 2. Time evolutions in the Florida Straits and the d18Oc distribution in C‐iTRACE. (a) AMOC strength (black) and
observational (red dot; McManus et al., 2004) and model (red curve) 231Pa/230Th from site OCE326‐GGC5 (33°42′N,
57°35′W, 4.55 km). The strength of AMOC is defined as the maximum of the Atlantic meridional overturning stream
function below 500 m between 30°N and 60°N (in Sverdrup, Sv). (b) δ18Oc evolution from two cores located on either side
of the Florida Current (blue for the west site; red for the east site). Dots are observations (Lynch‐Stieglitz et al., 2014), and
curves are model results. The location of the two observational sites in Lynch‐Stieglitz et al. (2014) is shown as black
circles, and the location of the model grids for these two observational sites are shown as magenta triangles in (f). (c) δ18Oc
contrast (black) and density contrast (magenta) between the two Florida Straits sites in C‐iTRACE. (d)The average
meridional velocity at 530 m in the Florida Straits (orange), the Florida Current transport (purple), and the maximum of
the Atlantic meridional overturning stream function at 24.5°N (red). (e) The Sverdrup transport in the Florida Straits in
C‐iTRACE. (f) δ18Oc distribution at 530 m during LGM in C‐iTRACE, with velocity overlaid as vectors. (g) The same
as (e) for the HS1. AMOC = Atlantic Meridional Overturning Circulation; LGM = Last Glacial Maximum.
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δ18O in Zhang et al. (2017). The transient simulation starts at 20 ka and
ends at 11 ka. The surface forcing scheme for δ18O is exactly the same as
in Zhang et al. (2017), which uses the isotopic composition in precipita-
tion and evaporation from snapshot experiments of the last deglaciation
with the isotope‐enabled atmospheric model (isoCAM3; Zhengyu Liu,
Wen, et al., 2014), and sets the δ18O in the meltwater flux to −31‰ in
the Northern Hemisphere starting at 19 ka and −38‰ in the Southern
Hemisphere starting at 14.35 ka. The decadal means of the simulation
results are used for analysis in this study.

C‐iTRACE is able to reproduce the physical ocean evolution of TRACE21.
From the LGM to the late HS1 at 15 ka, the temperature and salinity
changes in most of the Atlantic in C‐iTRACE (Figure 1) resemble closely
those in the TRACE21 results (Figure S1 in the supporting information).
However, in the Nordic Sea, the temperature and salinity changes in C‐
iTRACE are quite different from TRACE21, which is probably caused by
the surface restoring applied. The surface restoring will correct the surface
but will bias the subsurface. The restoring flux depends on the mixed layer
depth, and in the Nordic Sea, the mixed layer depth is quite large, which
will lead to large restoring flux and increased bias in the subsurface. The
AMOC evolution in terms of upper cell and lower cell intensity shows
similar evolutions between C‐iTRACE and TRACE21 (Figure S1). The
upper cell of AMOC reduces during the HS1 due to the freshwater forcing
in the North Atlantic, recovers rapidly during the Bølling‐Allerød (BA),
and reduces again during the YD in C‐iTRACE (Figure 2a). Since the
231Pa/230Th is also implemented in C‐iTRACE (Gu & Liu, 2017), the mod-
eled 231Pa/230Th can be directly compared with the sediment 231Pa/230Th
from Bermuda Rise (McManus et al., 2004; Figure 2a). The change of
231Pa/230Th (p‐fixed version in Gu & Liu, 2017) in C‐iTRACE is generally
in good agreement with the observation before the BA. From the BA to the
YD, the absolute value of modeled 231Pa/230Th is higher than in the obser-
vation, but the relative change is still the same. Since the modeled 231Pa/
230Th evolution closely tracks the AMOC evolution, especially from the
LGM to the HS1, it suggests that AMOC in C‐iTRACE is a possible match
to the real world AMOC evolution during the last deglaciation.

3. Results
3.1. δ18Oc Contrast in the Florida Straits

C‐iTRACE simulates a reduced δ18Oc contrast across the Florida Straits during the HS1 and the YD, consis-
tent with the observations (Lynch‐Stieglitz et al., 2014). The δ18Oc in the model is calculated from δ18Ow and
temperature by

δ18Oc ¼ δ18Ow−0:27þ 0:0011t2−0:245t þ 3:58;

where t is temperature in degrees Celsius (T. M.Marchitto et al., 2014). In this way, δ18Oc in themodel can be
decomposed into the water component (δ18Ow) and the temperature component (δ18OT = 0.0011t2–0.245t).
The δ18Oc contrast on the two sides of the Florida Current in Lynch‐Stieglitz et al. (2014) shows a large
reduction during the HS1 and YD (Figure 2b), which is captured by the modeled δ18Oc (Figure 2c). The
two observational cores in Lynch‐Stieglitz et al. (2014) are located at two model grids next to each other
(Figures 2f and 2g) with the west grid depth of 1,500 m and the east grid depth of 1,100 m.

The deglacial evolution of the δ18Oc contrast in the Florida Straits follows the changes of the zonal density
contrast across the Florida Straits (Figure 2c) because the evolution of both the δ18Oc contrast and the den-
sity contrast are dominated by that of the temperature contrast. The evolution of the contrast of δ18Oc

Figure 3. Time evolutions in the Florida Straits. (a) δ18Ow evolution from
the two cores in the Florida Straits (blue for the west site; red for the east
site). (b) δ18OT evolution from the two cores (navy for the western site; red
for the eastern site). (c) The contrast (west‐east) of δ18O between the two
cores: black for the δ18Oc, green for δ18OT, and purple for δ18Ow. (f) The
density contrast (west‐east) between the two cores (black), the density con-
trast caused by the salinity contrast (purple), and the density contrast caused
by the temperature contrast (green).
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between the two sites is dominated by the change of temperature contrast,
which overwhelms the change of δ18Ow contrast (Figure 3c). This occurs
because the deglacial evolution of δ18Ow is relatively uniform near the
WBC region, perhaps due to the mixing by the circulation. Density evolu-
tion can also be decomposed into the temperature and salinity compo-
nents. The density change caused by the temperature is calculated using
the deglacial temperature evolution with the salinity fixed at the LGM
value and vice versa for the salinity component. Similar to the δ18Oc con-
trast, the change of zonal density contrast across the Florida Straits is also
dominated by the temperature contrast change, which overwhelms the
opposite compensation change associated with the salinity component

(Figure 3d). Since both the deglacial δ18Oc contrast and the density contrast evolutions are dominated by
the temperature contrast, the δ18Oc contrast is a good representation of the density contrast during the last
deglaciation in the Florida Straits.

Reduced zonal density contrast during the HS1 and the YD suggests reduced strength of the Florida Current
following the thermal wind relationship, which is also confirmed by C‐iTRACE (Figure 2d). The average
meridional velocity between the two observational sites at 530 m, which is the model level closest to that
of the two sites, shows similar evolutions as the density contrast (Figure 2d, orange). In this coarse resolution
model, the WBC is not resolved well. To calculate the Florida Current transport, we use the total norward
western boundary transport as an approximation (Figure S2). The total northward Florida Current transport
is tightly coupled with the evolution of the density contrast (Figure 2d, purple). This is not obvious, physi-
cally. As a WBC in the upper ocean which consists partly of the northward upper limb of AMOC (Figure
S2), the Florida Current is also influenced by the wind forcing. These two effects are difficult to separate
in paleoreconstructions but can be evaluated in our model simulation. We use the maximum of the meridio-
nal overturning stream function at 24.5°N as the transport by AMOC at the latitude of the Florida Straits
(Figure 2d, red). From the LGM to the late HS1, the total northward Florida Current transport decreases
by 10.1 Sv and the transport by AMOC at the latitude of the Florida Straits decreases by 11.4 Sv. The deglacial
change of the Florida Current transport can be mostly explained by the AMOC change (Figure 2d), suggest-
ing that the change of wind component is quite small. Another way to evaluate the wind effect is by

Table 1
Transports at 20 ka and 15 ka and the Difference Between 20 and 15 ka

Transport 20 ka 15 ka 20–15 ka

Trans(FC) 38.8 28.7 10.1
Trans(Sv) 35.5 34.9 0.6
AMOC(24.5°N)_max 16.1 4.7 11.4

Note. Trans(FC) is the Florida current transport defined in Figure S2.
Trans(Sv) is the Sverdrup transport in the Florida Straits.
AMOC(24.5°N)_max is maximum of the Atlantic meridional overturning
stream function at 24.5°N.

Figure 4. Correlation between the density contrast at different depth, δ18Oc contrast at different depth and AMOC strength (Figure 2a black AMOC curve)
in C‐iTRACE. (a) The correlation between AMOC and the density contrast across the WBC region. (b) The correlation between the density contrast and the δ18Oc
contrast across the WBC region. (c) The correlation between δ18Oc contrast across the WBC region and AMOC. (d)–(f) is the same as (a)–(c) but for the
contrast across the Atlantic basin. AMOC = Atlantic Meridional Overturning Circulation.
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calculating the Sverdrup transport, which is to integrate the Sverdrup
relation from the eastern boundary to the western boundary. The

Sverdrup relation is βV ¼ curl τ
ρ0

;where β is the meridional gradient of

the Coriolis parameter, V is the total meridional transport, τ is surface
wind stress, and ρ0 is the average density of seawater (Sverdrup, 1947).
In the WBC region, with the continental slope, the effect of the wind‐
driven circulation is different from ocean interior due to the joint effect
of baroclicity and bottom relief (Sarkisyan & Ivanov, 1971).
Nevertheless, the Sverdrup transport can be a rough indicator of the wind
effect. From the LGM to the last HS1, the Sverdrup transport in the
Florida Straits only decreases by 0.6 Sv (Table 1 and Figure 2e), which also
implies that the Florida Current transport is mainly dominated by the
AMOC and the wind effect is negligible from the LGM to the HS1.
Consequently, the surface wind is not the controlling factor of the
Florida Current and the Florida Currents strength is a good indicator for
AMOC strength from the LGM to the HS1. This is consistent with the
strong resemblance of the deglacial evolution of the Florida Current and
the AMOC evolution at 24°N (Figure 2d, purple and red). However, dur-
ing YD from 12.8 to 11.7 ka, AMOC shows no change but the Florida
Current transport shows a decrease followed by an increase, which is
caused by the surface wind since the Sverdrup transport shows similar
changes during this time period. Nevertheless, the major changes of the
Florida Current transport during the last deglaciation in C‐iTRACE is
consistent with the AMOC at 24°N, suggesting that the Florida Current
transport is mainly controlled by AMOC. The δ18Oc contrast covaries with
the density contrast in the Florida Straits and represents the strength of
Florida Current, which is controlled by AMOC evolution during the last
deglaciation. Hence, results from C‐iTRACE simulation suggest that the
δ18Oc contrast in the Florida Straits can be used to reconstruct past
AMOC during the last deglaciation. Since this evolution is also consistent
with other kinematic water tracers, such as sediment 231Pa/230Th
(McManus et al., 2004), we suggest that this evolution is a robust represen-
tation of AMOC during the deglaciation.

3.2. δ18Oc Contrast Across the Atlantic Basin and the WBC Region

To examine how well the δ18Oc contrast across the Atlantic basin and the
WBC region can be used to reconstruct deglacial AMOC, we analyze the
deglacial changes of δ18Oc contrast and density contrast across both the

WBC region and the Atlantic basin in the extratropical Atlantic in the upper ocean at all depths and lati-
tudes. The basin‐scale contrast is calculated using the difference between the eastern margin grid and the
western margin grid. The contrast in the WBC region is calculated using the difference between the western
margin grid and the grid that is 6°E from the western margin. The exceptions are from 22°N to 25°N, where
the western margin grid used to calculate the contrast is 6°E from the actual western margin grid and from
26°N to 28°N, where the western margin grid used to calculate the contrast is 14°E from the actual western
margin grid. An example of the locations of the model grids used to calculate the contrast at 530 m is illu-
strated in Figure S3.

In the extratropical region, the density contrast across the WBC region and across the Atlantic basin in the
upper ocean is correlated with AMOC during the last deglaciation in both Northern and Southern hemi-
sphere in C‐iTRACE. In the WBC region, flow at depths below the major wind‐driven boundary current is
dominated by the upper northward flowing limb of the AMOC. The density contrast across the WBC can
be used to reconstruct the baroclinic velocity by the thermal wind balance. The upper ocean consists of
the upper AMOC limb of northward flow above 900 m (Figure S4). The northward meridional velocity at

Figure 5. Time evolutions at 530 m at 27°S in C‐iTRACE. (a) AMOC
strength. (b) δ18Oc evolution from the western (navy) and eastern (red)
margin. (c) Potential density evolution from the western (navy) and eastern
(red) margin. (d) The basin‐wide contrast (east‐west) of δ18O: black for the
δ18Oc, green for δ18OT, and purple for δ18Ow. (e) The potential density
contrast (west‐east; black), the density contrast caused by the salinity con-
trast (purple), and the density contrast caused by the temperature contrast
(green). AMOC = Atlantic Meridional Overturning Circulation.
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Figure 6. Distribution of δ18Ow and salinity 530 m in C‐iTRACE. (a) δ18Ow during the LGM (20 ka). (b) Salinity during
the LGM. (c, d) The same as (a) and (b) for the late HS1 (15 ka). (e, f) The same as (a) and (b) for the difference between the
HS1 and the LGM. LGM = Last Glacial Maximum.
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20°S shows a positive vertical shear below 300 m in the upper ocean,
which is consistent with the high correlation (we define the correlation
larger than 0.85 as high correlation) between the density contrast across
theWBC region and AMOC strength between 300 to 1,200 m in the south-
ern extratropical region in the Atlantic (Figure 4a). In the Northern
Hemisphere, the density contrast across the WBC region shows a more
variable correlation with AMOC from 10°N to 20°N than in the South
Atlantic (Figure 4a). This is likely contributed by the complicated topo-
graphic features and the dominant zonal, rather than meridional, velocity
in that region (Figure 2e). However, from 15°N to 25°N, the density con-
trast across the WBC region is highly correlated with the AMOC from
400 to 900 m in the Florida Current region (Figure 4a), which has been
discussed in section 3.2. For the basin‐wide density contrast, it is highly
correlated with AMOC in both North Atlantic and South Atlantic
(Figure 4d) in the upper 1,200 m, following the thermal wind balance
(Hirschi & Marotzke, 2007). Therefore, the C‐iTRACE simulation sug-
gests that the density contrast across the Atlantic basin and the WBC
region in the subtropical Atlantic can be used to reconstruct AMOC in
the upper ocean (400 to 900 m).

Now, we turn to the δ18Oc contrast. First, in the WBC region of both the
North and South Atlantic, the δ18Oc contrast in the upper ocean (400 to
900 m) is highly correlated with the density contrast across the WBC
region (Figure 4b) and in turn the WBC. Furthermore, since the WBC in
the upper ocean covaries with AMOC (Figure S4), due to the dominance
of the upper northward limb of the AMOC, the δ18Oc contrast across the
WBC region also covaries with the AMOC in both the North and South
Atlantic (Figure 4c). This suggests that the upper ocean δ18Oc contrast
in the WBC region can be used to reconstruct past changes of not only
the WBC in the upper ocean, but also the AMOC in both North and
South Atlantic.

Unlike the δ18Oc contrast across the western boundary, however, using
the δ18Oc contrast across the Atlantic basin to reconstruct the basin‐wide
density contrast in C‐iTRACE is valid for limited depth ranges, from 400
to 900 m in the North Atlantic and from 600 to 900 m in the South
Atlantic (Figure 4e). In the North Atlantic, the high correlation between
the basin‐wide δ18Oc contrast and the density contrast in the upper ocean
suggests that the δ18Oc contrast across the subtropical Atlantic can be
used to reconstruct the basin‐wide density contrast and therefore the
AMOC during the last deglaciation (Figures 4e and 4f). In comparison,
in the South Atlantic, the correlation between the δ18Oc contrast and
the density contrast (or AMOC) is small from 400m to 600m but is high
from 600 to 900 m (Figures 4e and 4f), suggesting that the δ18Oc contrast

no longer evolves with the density contrast (or AMOC) in the South Atlantic from 400 to 600 m but can
be used to reconstruct the AMOC at the deeper ranges from 600 to 900 m.

To explore the reason that leads to the decoupling of the basin‐wide δ18Oc gradient from the density gradient
from 400 to 600 m in the South Atlantic, we examine the time evolution of the 27°S basin‐wide contrast of
δ18Oc at 530 m. The δ18Oc at both the eastern and western margin evolves with the density (Figures 5b and
5c). However, the δ18Oc contrast does not evolve with the density contrast, especially from the LGM to the
HS1. The δ18Oc contrast during the HS1 is comparable with that during the LGM, but the density contrast is
much smaller during HS1 than the LGM (Figures 5d and 5e). At 19 ka, when the freshwater flux is applied to
the North Atlantic, both the AMOC and the basin‐wide density contrast start to decrease. However, the
δ18Oc contrast does not decrease; instead, it slightly increases at that time. Although the δ18Oc contrast

Figure 7. Time evolutions at 878 m at 27°S in C‐iTRACE. (a) AMOC
strength. (b) δ18Oc evolution from the western (navy) and eastern (red)
margin. (c) Potential density evolution from the western (navy) and eastern
(red) margin. (d) The basin‐wide contrast (east‐west) of δ18O: black for the
δ18Oc, green for δ18OT, and purple for δ18Ow. (e) The potential density
contrast (west‐east; black), the density contrast caused by the salinity con-
trast (purple), and the density contrast caused by the temperature contrast
(green). AMOC = Atlantic Meridional Overturning Circulation.
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shows a decrease starting at 17.5 ka, it returns to the LGM values in late HS1. Decomposing the density and
δ18Oc contrasts into salinity/d

18Ow and temperature components (Figures 5d and 5e) as we did earlier for the
Florida Straits, we find the reason of the decoupling of the δ18Oc contrast from the density contrast at 27°S:
The δ18Oc contrasts are dominated by temperature contrasts, but the density contrasts are dominated by
salinity contrasts instead (Figures 5d and 5e). This is also shown in the δ18Ow and salinity difference maps
at the LGM and HS1 at this depth (Figure 6). δ18Ow shows similar magnitudes of increase across 27°S
from the LGM to HS1 (Figure 6e). However, salinity at this depth shows quite a different pattern, with a
much larger increase in the western margin than the eastern margin (Figure 6f). During the LGM, the
water at 530‐m depth is influenced by the AAIW, and the salinity map indicates that the low salinity
AAIW circulates in the subtropical gyre in the South Atlantic and penetrates further northward across the
equator along the western boundary (Figure 6b). The east‐west salinity contrast is therefore positive.
However, during HS1, the core of AAIW is shifted to greater depths (Gu et al., 2017) and the salinity
distribution at 530 m only shows a narrow band of fresh AAIW at 40°S. Without the influence of the
AAIW, the western margin at 27°S experiences salinification, leading to a negative east‐west salinity
contrast that results in a large reduction of the basin‐wide density contrast. It is therefore the large depth
change of AAIW in the South Atlantic that causes the decoupling of δ18Ow and salinity contrasts, so that
the δ18Ow contrast does not predict the AMOC evolution from 400 to 600 m in the South Atlantic.
However, the basin‐wide δ18Oc contrast at the same latitude is highly correlated with the density contrast
(AMOC) from 600 to 900 m. The similar decomposition of the δ18Oc contrast and the density contrast at
878 m shows that the δ18Oc contrast is still controlled by the temperature contrast (Figure 7). The density
contrast changes caused by the temperature and by the salinity are in the same direction during the last
deglaciation. Therefore, 27°S δ18Oc contrast at 878 m covaries with the density contrast and in turn with
the AMOC change.

Our results suggest that different water masses influencing the western and eastern margin may interrupt
the relationship between the density contrast and the δ18Oc contrast and water mass properties need to be
better constrained before using the δ18Oc contrast to reconstruct the density contrast across the Atlantic
basin (Gebbie & Huybers, 2006). During the LGM, both the eastern and western margins at 530 m in the
South Atlantic are influenced by the AAIW (Figure 8a). However, during the HS1, both of the eastern and
western margin at 530 m are above the AAIW and are influenced by the subtropical water, which shows
quite different water mass properties between the eastern and western margin (Figure 8b). In contrast,
the depth of 878 m is slightly below the AAIW depth during the LGM but is influenced by AAIW during
the HS1 for both the western and eastern margin. In addition, the western and eastern margins show

Figure 8. T‐S diagram in the western and eastern margin at 27°S in C‐iTRACE during the LGM (a) and the HS1 (b). The
values of δ18Ow are indicated by the color. The profile with dots is the western margin profile, and the profile with
crosses is the eastern margin profile. The black dots and crosses indicate the value at 530 and 878 m. The enlarged T‐S
diagram around 530 m is overlaid in (b). LGM = Last Glacial Maximum.
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similar water mass properties from the AAIW depth to the Antarctic Bottom Water depth. Therefore, the
basin‐wide δ18Oc contrast is correlated with the density contrast. Because of the long distance between the
eastern and western margin, it is much easier to have different water mass properties intruding across the
basin than across the WBC region. Furthermore, the strong salinity signature of the AAIW and its large
response to deglacial forcing (Gu et al., 2017) makes the upper South Atlantic more vulnerable to water prop-
erty changes. Therefore, the success of using the δ18Oc contrast across the Atlantic basin in C‐iTRACE to
reconstruct the density contrast depends on the depth in the South Atlantic, because of different water mass
changes in the eastern and western margin during the last deglaciation.

It should be noted, however, that C‐iTRACE cannot reproduce the higher δ18Oc in the western margin than
the eastern margin in the upper ocean as in the reconstructions at the LGM (Lynch‐Stieglitz et al., 2007;
Figure S5). The distribution of the δ18Oc in the model during the LGM is consistent with the density distri-
bution, as well as a shallower than present‐day but still active AMOC in the model and suggested by other
proxy reconstructions (Boyle & Keigwin, 1987; Curry & Oppo, 2005; Thomas M. Marchitto & Broecker,
2006). Hence, the model cannot be used to help resolve the discrepancy between the δ18Oc and
other proxies.

4. Conclusion and Discussion

Results from C‐iTRACE simulation confirm that the δ18Oc in the upper Atlantic (400–900 m) is a useful
proxy for reconstructing past density, the northward upper limb of the AMOC, and in turn the AMOC
strength. This δ18Oc proxy for density, however, is not valid everywhere at all times. We show that in C‐
iTRACE, the δ18Oc contrast in the Florida Straits reflects the density contrast, and therefore the strength,
of the Florida Current. The deglacial variation in the Florida Current is mainly dominated by the AMOC
change instead of by surface wind stress. Therefore, the δ18Oc contrast in the Florida Straits can be used
to reconstruct the northward upper limb of the AMOC and, in turn, the AMOC strength, during the last
deglaciation. Furthermore, in the upper ocean, our model simulation suggests that the δ18Oc contrast across
the WBC region in general can represent the density contrast evolution during the last deglaciation.
However, the relationship between the δ18Oc contrast and the density contrast across the Atlantic basin
depends on the depth. The basin‐wide δ18Oc contrast is highly correlated with the density contrast/AMOC
in the North Atlantic from 400 to 900 m. In the South Atlantic, the deglacial basin‐wide δ18Oc contrast evo-
lution from 400 to 600 m decouples from the density contrast because of the deglacial change of AAIW,
which distorts the relation between δ18Ow and salinity. Therefore, water mass properties need to be better
constrained before using the basin‐wide δ18Oc gradient to reconstruct density gradient, especially in the
South Atlantic.

There are two cautionary notes on the North Atlantic cross‐basin contrast here. First, previous studies sug-
gest that the temperature, salinity, and δ18Ow are quite different at 40°N due to the influence of the
Mediterranean Outflow Water (MOW), complicating using the basin‐wide δ18Oc contrast to reconstruct
the density contrast in the North Atlantic (Lynch‐Stieglitz et al., 2008). Unfortunately, there is no MOW
in C‐iTRACE because of the closed Gibraltar Strait in the coarse resolution iPOP2 here. Therefore, the influ-
ence of the MOW cannot be quantified in our model, and we cannot comment on the use of δ18Oc to recon-
struct the density in regions influenced by MOW. Second, our model resolution is very coarse, 3° in the
longitudinal direction. This coarse resolution produces a more diffusive WBC than in the real world.
Therefore, further studies with higher resolution and with the inclusion of active MOW should be carried
out to better assess the δ18O contrast hypothesis.

In spite of these potential deficiencies, the C‐iTRACE simulation provides the first systematic assessment of
the δ18O contrast hypothesis. Our study suggests that the density contrast across both the WBC region and
the Atlantic basin can serve as a robust proxy for reconstructing the evolution of the past AMOC transport.
Therefore, the development of accurate and independent temperature and salinity reconstructions has great
potential to improve the AMOC reconstruction in the future. Furthermore, the reconstruction of cross‐basin
δ18Oc contrasts over a large range of upper ocean depths in the Atlantic can also serve as a good proxy for
AMOC evolution.
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