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Abstract

In the Pliocene Model Intercomparison Project (PlioMIP), eight state-of-the-art cou-
pled climate models have simulated the mid-Pliocene warm period (mPWP, 3.264 to
3.025 Ma). Here, we compare the Atlantic Meridional Overturning Circulation (AMOC),
northward ocean heat transport and ocean stratification simulated with these models.5

None of the models participating in the PlioMIP simulates a strong mid-Pliocene AMOC
as suggested by earlier proxy studies. Rather, there is no consistent increase in AMOC
maximum among the PlioMIP models. The only consistent change in AMOC is a shoal-
ing of the overturning cell in the Atlantic, and a reduced influence of North Atlantic Deep
Water (NADW) at depth in the basin. Furthermore, the simulated mid-Pliocene Atlantic10

northward heat transport is similar to the pre-industrial. These simulations demonstrate
that the reconstructed high latitude mid-Pliocene warming can not be explained as a
direct response to an intensification of AMOC and concomitant increase in northward
ocean heat transport by the Atlantic.

1 Introduction15

The mid-Pliocene warm period (mPWP; 3.264 to 3.025 Ma, Dowsett et al., 2012) is the
most recent geological period in the past with global temperatures ∼2–3 ◦C warmer
than present (Haywood and Valdes, 2004), corresponding to atmospheric greenhouse
gas levels significantly above pre-industrial levels (Seki et al., 2010). This period is
thought to be an analogue for a future greenhouse climate and shares similarities with20

climate projections of the Intergovernmental Panel on Climate Change (IPCC; Jansen
et al., 2007; Meehl et al., 2007). However, unlike the projections for the end of this
century, the mPWP is thought to have been in equilibrium with the radiative forcing at
the time, allowing for an adjustment of the slow components of the climate system such
as the deep ocean and land based ice sheets. This could explain the estimates of high25

global sea level for the period, with a range of 10–40 m above present (Raymo et al.,
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2011; Miller et al., 2012), implying that the Antarctic and Greenland ice sheets were
smaller than at present.

Based on marine proxy data it has been inferred that the Atlantic Meridional Over-
turning Circulation (AMOC) was significantly stronger in the mPWP compared to today
(Raymo et al., 1996; Ravelo and Andreasen, 2000; Frank et al., 2002; Frenz et al.,5

2006; Dowsett et al., 2009; McKay et al., 2012). A stronger AMOC could have con-
tributed to enhanced northward heat transport, thus explaining the remarkable warm-
ing in the North Atlantic at the time (Dowsett et al., 1992, 2009; Lawrence et al., 2010;
Naafs, et al., 2012). However, the control of the AMOC on transport of heat to high
latitudes, and thereby high latitude ocean surface temperature is questionable (e.g.10

Wunsch et al., 2005). A strong AMOC has also been used to explain a weak Atlantic
meridional δ13C gradient during the mid-Pliocene (Raymo et al., 1996; Ravelo and An-
dreasen, 2000). However, the observed weak Atlantic δ13C gradient in the mPWP and
its relationship to AMOC strength is unclear (Hodell and Venz, 2006).

Since the mid-Pliocene paleoenvironmental reconstructions were released (Dowsett15

et al., 1992, 1994, 1996, 1999), an increasing number of modelling studies have fo-
cused on understanding the mPWP climate (Chandler et al., 1994; Sloan et al., 1996;
Haywood et al., 2000; Haywood and Valdes, 2004; Jiang et al., 2005; Yan et al.,
2011). Although these models can account for the general pattern of warming in the
reconstructed mPWP sea surface temperature (SST), there is no consistent pattern of20

a strong AMOC in the experiments (Haywood and Valdes, 2004; Yan et al., 2011).
In order to increase our understanding of mPWP climate, and better integrate proxy

based studies with dynamical modelling, the Pliocene Model Intercomparison Project
(PlioMIP) was initiated (Haywood et al., 2010, 2011). The aim of PlioMIP is to simulate
the mPWP in a suite of atmosphere general circulation models (AGCMs) and coupled25

atmosphere-ocean general circulation models (AOGCMs), with the same boundary
conditions (Haywood et al., 2010, 2011) applied. Currently fourteen modelling groups
participate in the PlioMIP (Haywood et al., 2013a), of which eight (Chan et al., 2011;
Bragg et al., 2012; Chandler et al., 2012; Contoux et al., 2012; Kamae and Ueda, 2012;
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Rosenbloom et al., 2012; Stepanek and Lohmann, 2012; Zhang et al., 2012) have
completed coupled simulations and submitted data to the PlioMIP database (Table 1).

In this study, we analyse these eight mid-Pliocene simulations, with a focus on the
Atlantic Meridional Overturning Circulation (AMOC). We seek through this model in-
tercomparison to better understand the possible changes in Atlantic ocean circulation5

and climate during the mPWP.
The paper is structured as follows: Sect. 2 reviews geological reconstructions of

ocean circulation and climate during the mid-Pliocene; Sect. 3 compares the simulated
AMOC, northward ocean heat transport, and ocean stratification in the Atlantic; Sect. 4
discusses the model results in relation to the proxy data, and also contains a summary.10

2 Geological evidence for changes in mPWP ocean circulation and climate

Most geological data available for the mid-Pliocene ocean are reconstructions of ocean
temperature. The Pliocene Research, Interpretation and Synoptic Mapping version 3
(PRISM3, Dowsett et al., 2009) provides a dataset of SST and deep ocean tempera-
ture for the peak warm period in the mid-Pliocene (3.264 to 3.025 Ma). Reconstructed15

mid-Pliocene SSTs from Atlantic drill sites show a strong warming at high latitudes,
in particular in the Northern Hemisphere. In the North Atlantic, the largest warming
appears at DSDP Site 548, with reconstructed SSTs ∼10 ◦C warmer in August, and
∼7 ◦C warmer in February, compared to present (Table 1 in Dowsett et al., 2009). In
the Southern Ocean/South Atlantic, the largest warming occurs at ODP Site 704 (Ta-20

ble 1 in Dowsett et al., 2009), with reconstructed mid-Pliocene SSTs ∼2 ◦C warmer
in both February and August, compared to today. The PRISM3 SST reconstructions
are comparable to other independent reconstructions such as Naafs et al. (2012) and
Lawrence et al. (2010). Furthermore, PRISM3 provides reconstructed global monthly
SST maps for the mPWP (Dowsett et al., 2009). These maps illustrate an extreme25

warming in the Norwegian and Greenland Seas, with August SSTs increased by 20 ◦C,
and February SSTs increased by 11 ◦C, compared to today. In addition to the SST
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reconstructions, PRISM3 provides a reconstruction of deep ocean temperatures at 27
drill sites. 20 of these indicate that mid-Pliocene ocean temperatures were warmer than
modern. The largest increase in temperature (4.2 ◦C) appears at ODP Site 704 in the
Southern Ocean/South Atlantic (Dowsett et al., 2009).

The extremely warm SSTs in the North Atlantic were firstly suggested to be caused5

by an increased ocean heat transport during the mPWP (Dowsett et al., 1992). Then,
a low meridional δ13C gradient was found in the warm mid-Pliocene Atlantic, which
could indicate a much stronger mid-Pliocene AMOC that increased the ocean trans-
port. Raymo et al. (1996) found the low δ13C gradient between DSDP Sites 552,
607 in the North Atlantic and ODP Site 704 in the Southern Ocean/South Atlantic,10

and thus concluded that North Atlantic Deep Water (NADW) production was signifi-
cantly stronger in the warm Pliocene relative to the cold late Quaternary. This idea
was later supported by a synthesis of benthic foraminiferal δ13C by Ravelo and An-
dreasen (2000). Further, Hodell and Venz (2006) compared the benthic foraminiferal
δ13C from DSDP Site 607 and ODP Sites 982, 1088, 704/1090, and 849. This later15

study illustrated that the meridional δ13C gradient was low during the mPWP compared
to the late Quaternary. However, the low δ13C gradient was mainly caused by the re-
constructed high δ13C levels from Sites 1090/704 in the deep Southern Ocean/South
Atlantic (Fig. 1).

Other geological evidence includes productivity and nutrient reconstructions. Pro-20

ductivity indicators reveal that biogenic opal accumulation was higher in the mid-
Pliocene in the Southern Ocean (Hillenbrand et al., 2001; Sigman et al., 2004; McKay
et al., 2012). Opal data, together with 15N/14N, indicate that nutrient supply from the
depth to the surface was greater in the mid-Pliocene than the late Quaternary, suggest-
ing a weakly-stratified Southern Ocean/South Atlantic during the mid-Pliocene (Sigman25

et al., 2004). Following the mid-Pliocene, ocean stratification increased in the polar
oceans (Sigman et al., 2004), and inorganic dust proxies demonstrate that iron input
was enhanced in the Southern Ocean (Martines-Garcia et al., 2011).
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3 Simulated mid-Pliocene ocean circulation

3.1 Atlantic Meridional Overturning Circulation (AMOC)

The PlioMIP models simulate a reasonable pre-industrial AMOC with maximum values
of the meridional overturning streamfunction in the range from 10 to 26 Sv (Fig. 2,
Table 1). The depth of the AMOC cell is highly model-dependent, ranging from 2000 m5

to 4000 m.
Compared to the pre-industrial control runs, three models simulate slightly weaker

mid-Pliocene AMOC maximum values (CCSM4, IPSLCM5A and MIROC4m with 4 %,
2 % and 1 % reduction, respectively). The remaining models simulate stronger mid-
Pliocene AMOC maximum values (COSMOS, HadCM3, NorESM-L, MRI CGCM2.3,10

and GISS-ModelE2-R with 4 %, 5 %, 7 %, 23 %, and 25 % increase, respectively).
However, perhaps more significant, is the observed change in the depth of AMOC

cell in the simulations of the two time periods. The AMOC cell is shifted to shal-
lower depths in the mid-Pliocene experiments in all the models except for COS-
MOS and GISS-ModelE2-R (Fig. 3a). Although the AMOC maximums increase in the15

mid-Pliocene experiments simulated with HadCM3, NorESM-L, MRI CGCM2.3, no in-
creases in AMOC depth are observed in these simulations. This implies that for each
model there is no consistent increase in the depth of AMOC cell with an increase in
its maximum. On the other hand, if all eight models are considered together, there is
a positive relationship between AMOC maximums and depths.20

3.2 Northward Atlantic ocean heat transport (OHT)

The PlioMIP models simulate reasonable northward ocean heat transport by the At-
lantic in all pre-industrial control experiments. The simulated Atlantic heat transport
agrees with the observational based estimates (Trenberth and Caron, 2001), though
the IPSLCM5A and MIROC4m simulate a slightly weaker Atlantic heat transport.25
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Compared to the pre-industrial control runs, four models (CCSM4, HadCM3,
MIROC4m, NorESM-L) simulate weaker Atlantic northward ocean heat transport (with
4 %, 7 %, 11 % and 14 % reduction in mean Atlantic heat tranpost between 30◦ S and
80◦ N, respectively) in the mid-Pliocene experiments (Fig. 4). Although less heat is
transported by the ocean to the high latitude North Atlantic, a warming is neverthe-5

less simulated in the high latitude North Atlantic surface ocean in these mid-Pliocene
experiments (see the model intercomparison by Haywood et al., 2013). In particular,
although northward ocean heat transport in the Atlantic is weaker in the mid-Pliocene
experiment with NorESM-L, the simulated scale of SST increase is in good agreement
with reconstructed North Atlantic SST in PRISM (Zhang et al., 2013).10

Four models (IPSLCM5A, MRI CGCM2.3, GISS-ModelE2-R, and COSMOS) sim-
ulate a slightly stronger mid-Pliocene northward ocean heat transport in the Atlantic
(with 2 %, 3 %, 4 % and 6 % increase in mean Atlantic heat tranpost between 30◦ S and
80◦ N, respectively), compared to the pre-industrial control runs. In the experiments
with MRI CGCM2.3, GISS-ModelE2-R and COSMOS, the stronger northward ocean15

heat transport is concomitant with an increased AMOC maximum (Fig. 3b). In these
three models, the simulated depth of the mid-Pliocene AMOC cell remains nearly the
same as in the pre-industrial experiment. In contrast, the IPSLCM5A model shows an
enhanced mid-Pliocene Atlantic heat transport, despite a weaker AMOC. The reason
for this is that the northward ocean heat transport by the horizontal gyre circulation is20

increased.

3.3 Ocean stratification in the Atlantic section

All pre-industrial experiments simulate similar Atlantic salinity structures (Fig. 5) char-
acterized by: salty NADW water produced between 20◦ N and 60◦ N in the North At-
lantic; relatively fresh Antarctic Intermediate Water (AAIW) extending from the South-25

ern Ocean northward into the South Atlantic at a depth of about 1000 m; and Antarc-
tic Bottom Water (AABW) is produced in the Southern Ocean and fills the abyssal
Atlantic Ocean. The simulated salinity structures indicate that the simulated ocean
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stratification agrees with observations in the Atlantic (Koltermann et al., 2011; http:
//www-pord.ucsd.edu/whp atlas/atlantic/a16/sections/printatlas/A16 CTDSAL.jpg).

Compared to the pre-industrial control runs, the models show small changes in sim-
ulated North Atlantic salinity structure for the mid-Pliocene. There is a slight increase in
salinity of NADW, however, the changes are small and not consistent among all mod-5

els. In the Southern Ocean/South Atlantic, all models except for NorESM-L simulate
similar salinity structures in the pre-industrial and mid-Pliocene experiments, indicat-
ing that the simulated mid-Pliocene ocean stratification is similar to the pre-industrial
in the Southern Ocean/South Atlantic. In contrast, the simulated weak vertical salinity
gradient in the upper ∼4 km of the isopycnal ocean of NorESM-L indicates a weakly-10

stratified Southern Ocean/South Atlantic in the mid-Pliocene experiment. An in-depth
discussion of this can be found in Zhang et al. (2013).

4 Discussion and summary

The above comparison of coupled atmosphere-ocean simulations of mPWP climate in
the PlioMIP shows small changes in the maximum of the Atlantic Meridional Overturn-15

ing Circulation (AMOC). There is no consistent increase in AMOC maximums among
the models (Fig. 3a). However, most models simulate a shoaling of the AMOC cell in
the mid-Pliocene experiments.

In these mid-Pliocene experiments, which illustrate the considerable shoaling of
AMOC cell, no models simulate a large increase in northward ocean heat transport20

(Fig. 3b). Even in the models (MRI CGCM2.3 and GISS-ModelE2-R) that show a large
increase in AMOC maximums, the heat transport does not increase much (4 % and
6 %). Seen in this way, the mid-Pliocene AMOC is similar to the pre-industrial in the
PlioMIP models, and the AMOC does not play a dominant role in setting the pat-
tern of North Atlantic SST during the mPWP. A more likely candidate for the recon-25

structed North Atlantic surface warming is increased radiative surface forcing, which
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is dominated by increased atmospheric CO2 levels, solar insolation (Haywood et al.,
2013b), and the reduced size of the Greenland ice sheet (Lunt et al., 2012).

The similarity between mid-Pliocene and modern AMOC is, to first order, consistent
with marine δ13C records (Fig. 1). At Site 982 (Venz et al., 1999; Venz and Hodell.,
2002; Hodell and Venz, 2006), which is located at the latitude where NADW originates,5

relatively small changes in δ13C are recorded since the mPWP, indicating that the for-
mation of NADW is similar between the mPWP and late Quaternary. In other words,
simulations of weak, or nearly absent AMOC in the mPWP is not supported by proxy
data. This could also have implications for our understanding of the future long term
response of the AMOC to elevated levels of greenhouse gases, as the simulated weak10

AMOC found in the IPCC experiments could be a transient feature of the model re-
sponse (Meehl et al., 2007).

Although the local changes in the North Atlantic are small, the meridional δ13C gra-
dient in the Atlantic is known to have changed significantly when comparing the mid-
Pliocene and late Quaternary (Fig. 1). The weak δ13C gradient during the mPWP has15

often served as evidence for a stronger mid-Pliocene AMOC, as intensified production
of NADW (dominated by high δ13C) could bring water with higher levels of preformed
δ13C water to the Southern Ocean, thus reducing the Atlantic meridional δ13C gradient
(Oppo and Fairbanks, 1987; Wright and Miller, 1996; Dowsett et al., 2009).

However, the recent compilation of δ13C by Hodell and Venz (2006) suggests an20

alternative explanation that the observed weak mPWP meridional δ13C gradient is
caused by the introduction of water with high δ13C in the Southern Ocean (Site
1090/704, Venz and Hodell, 2002; Hodell and Venz, 2006) during the mPWP. In con-
trast, changes of δ13C in mid-depth of the Southern Ocean/South Atlantic (Site 1088,
Hodell and Venz, 2006) in the North Atlantic (Site 607 and 982, Raymo et al., 1992;25

Venz et al., 1999; Venz and Hodell, 2002; Hodell and Venz, 2006) are relatively small.
Thus, they suggest that the observed reduced vertical and inter-basin gradient in
the Atlantic during the mPWP is a result of either increased production of NADW
and/or higher preformed δ13C values in Southern Component Water (SCW; deep water
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formed in the Southern Ocean). The simulation with NorESM-L (Zhang et al., 2013) fur-
ther supports the alternative explanation of changes to preformed δ13C values in SCW.
In a weakly stratified Southern Ocean, ventilation increases and simulated water mass
ages become younger in the intermediate to deep Southern Ocean, which is consistent
with the observed high values of δ13C in the deep Southern Ocean (Site 1090/704) dur-5

ing the mPWP. Thus, the weak δ13C gradient does not necessitate a stronger AMOC.
Further, the simulated weak stratification in the Southern Ocean in the mPWP is sup-
ported by productivity indicators (Sigman et al., 2004, see Sect. 2). Seen in this way,
the best option for explaining the weak δ13C gradient is increased ventilation in the
Southern Ocean, not an intensified AMOC.10

Both the proxy data and the model-data comparison show that the Southern Ocean
is the key region for understanding the mPWP δ13C record and changes in ocean circu-
lation. However, simulations of Southern Ocean dynamics are highly model-dependent.
In the PlioMIP, there are large differences in the simulations of Southern Ocean dynam-
ics. Only NorESM-L simulates a weakly-stratified Southern Ocean in the mid-Pliocene15

experiment.
One possible reason for the model-model discrepancy is the inability to resolve

ocean eddies and the different choices for parameterizing vertical mixing. With eddies
resolved, the simulated overturning cell in the Southern Ocean is found to be more
sensitive to changes in wind stress, which causes larger changes in ventilation of the20

deep Southern Ocean, compared to non-eddy resolving simulations (Hallberge and
Gnanadesikan, 2006). Furthermore, as shown by Bouttes et al. (2009), artificially re-
ducing vertical mixing significantly increases ocean stratification and the ventilation of
the Southern Ocean, impacting the exchange of pCO2 with the atmosphere. However,
the Southern Ocean model-model discrepancy will be a crucial question that should be25

further addressed in the second phase of PlioMIP.
In summary, the eight coupled models (CCSM4, COSMOS, GISS-ModelE2-R,

HadCM3, IPSLCM5A, MIROC4m, MRI CGCM2.3, NorESM-L) in the PlioMIP do not
simulate a strong mid-Pliocene AMOC as suggested by earlier proxy studies. There
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is no consistent increase in AMOC maximum strength (the maximum of the Atlantic
meridional overturning steamfunction) among the models. Three models (CCSM4, IP-
SLCM5A, MIROC4m) simulate a decreased AMOC maximum strength, whereas other
five models do not. However, most models simulate a shallower AMOC cell, indicating
a reduced influence of NADW at depth in the Atlantic basin. Moreover, the simulated5

ocean heat transport by the Atlantic in the mid-Pliocene experiments is similar to the
pre-industrial, even in the simulations with increased AMOC maximums. As a conse-
quence, the simulated high latitude warming can not be explained as a direct response
to increased strength of the AMOC. On the contrary, increased radiative surface forcing
dominates the high latitude surface warming observed during the mPWP.10
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Table 1. Comparison of the eight models performed coupled simulations in the PlioMIP.

Model Ocean Vertical/diapycnal Max AMOC (Sv) OHT Ref.
resolution mixing PI MP (%) (%)

CCSM4 ∼1◦ ×1◦, L60 k from 0.01×10−4 to 25.7 24.6 −4 % −4 % Rosenbloom
depth 0.30×10−4 m2 s−1 et al. (2012)

latitudinally-varying
COSMOS ∼3.0◦ ×1.8◦, k =0.105×10−4 m2 s−1 16.8 17.4 4 % 6 % Stepanek and

L40 depth Lohmann (2012)
GISS- 1◦ ×1.25◦, KPP with nonlocal 14.3 17.9 25 % 4 % Chandler et al.
ModelE2-R L32 depth fluxes, k =0.1×10−4 (2012)

m2 s−1

HadCM3 1.25◦ ×1.25◦, k =0.1×10−4 m2 s−1 17.6 18.5 5 % −7 % Bragg et al.
L20 depth (2012)

IPSLCM5 0.5–2◦ ×2◦, function of TKE 10.2 10.0 −2 % 2 % Contoux et al.
A L31 depth (2012)
MIROC4m 0.56–1.4◦ ×1.4◦, k from 0.1×10−4 m2 s−1 19.7 19.5 −1 % −11 % Chan et al.

L43sigma/depth to 3.0×10−4 m2 s−1, (2011)
latitudinally-varying

MRI- 0.5–2.0◦ ×2.5◦, k =0.1×10−4 m2 s−1, 16.6 20.5 23 % 3 % Kamae and
CGCM2.3 L23 Depth, varying in depth Ueda (2012)
NorESM-L ∼3◦ ×3◦, k =0.1×10−4 m2 s−1, 21.8 23.4 7 % −14 % Zhang et al.

L32 sigma latitudinally-varying (2012)
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Fig. 1. δ13C data in the Atlantic. (a) Site position and depth plotted in a global map. (b) δ13C
records from Site 982, 607, 1088 and 1090/704. The 13C data are taken from Hodell and Venz
(2006) the interpolated and 50-point smoothed 13C.
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Fig. 2. Comparsion of pre-industrial (PI) and mid-Pliocene (MP) Atlantic overturning steam-
functions (Sv) simulated in the PlioMIP. The interval of black contours is 5 Sv.
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Fig. 3. (a) Maximun AMOC values vs mean depths of AMOC cells. (b) Maximun AMOC values
vs mean values of ocean heat tranpost in Atlantic between 30◦ S and 80◦ N. Pre-industrial
experiments are marked in red, and mid-Pliocene are in blue.
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Fig. 4. Comparsion of pre-industrial (red) and mid-Pliocene (blue) Atlantic northward ocean
heat trasport (PW) simulated in the PlioMIP.
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Fig. 5. Comparsion of pre-industrial (PI) and mid-Pliocene (MP) salinity (psu) profile at 30◦ W
simulated in the PlioMIP. The interval of black contour is 0.4 psu.
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