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Abstract Previous Paleoclimate Model Intercomparison Project (PMIP) simulations of the Last Glacial
Maximum (LGM) Atlantic Meridional Overturning Circulation (AMOC) showed dissimilar results on
transports and structure. Here we analyze the most recent PMIP3 models, which show a consistent increase
(on average by 41±26%) and deepening (663±550 m) of the AMOC with respect to preindustrial
simulations, in contrast to some reconstructions from proxy data. Simulations run with the University of
Victoria (UVic) ocean circulation model suggest that this is caused by changes in the Northern Hemisphere
wind stress, brought about by the presence of ice sheets over North America in the LGM. When forced with
LGM wind stress anomalies from PMIP3 models, the UVic model responds with an increase of the northward
salt transport in the North Atlantic, which strengthens North Atlantic Deep Water formation and the
AMOC. These results improve our understanding of the LGM AMOC’s driving forces and suggest that some
ocean mechanisms may not be correctly represented in PMIP3 models or some proxy data may need
reinterpretation.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a part of the climate system, important for under-
standing the dynamics of the ocean in a past scenario such as the Last Glacial Maximum (LGM, 26–19 kyr
before present [Clark et al., 2009]). It is an indicator of the transport and ventilation rates of the deep ocean
and plays an important role in biogeochemical cycles and the climate of northwestern Europe. It is thought
to be driven by a variety of processes, such as wind stress, buoyancy fluxes, and mixing [Kuhlbrodt et al.,
2007]. The AMOC can be described by using the meridional stream function 𝜓(y, z), which is the zonally and
depth-integrated meridional velocity in the Atlantic Ocean and has units of volume transport, usually reported
in sverdrups (1 Sv = 106m3∕s).

Reconstructions from sediment cores indicate differences between the modern and LGM AMOC. Benthic
foraminifera 𝛿18O data suggest a weaker transport of the Gulf Stream [Lynch-Stieglitz et al., 1999] that would
make for a weaker AMOC than today’s. Some 231Pa∕230Th records in the Atlantic Basin [McManus et al., 2004]
have been interpreted as a weaker AMOC during the LGM, while other studies [e.g., Gherardi et al., 2009]
suggest a stronger and shallower circulation. The distribution of 𝛿13C reconstructed from benthic foraminifera
implies a similar AMOC but shallower North Atlantic Deep Water (NADW) [Gebbie, 2014]. Pore water measure-
ments in sediments show that bottom water temperatures were close to freezing point and that Antarctic
Bottom Water (AABW) had higher salinity than NADW [Adkins et al., 2002].

The Paleoclimate Model Intercomparison Project Phase 3 (PMIP3), a joint effort of different coupled ocean-
atmosphere general circulation models to simulate the LGM [Braconnot et al., 2012], provides an opportunity
to test models that are used for climate projections [Stocker et al., 2013]. The PMIP3 experimental design uses
prescribed LGM values for orbital parameters, trace gases, and ice sheets. Sea level drop is considered in the
land-sea masks and background salinities of all models, and bathymetry changes in some of them. Ocean
currents, temperature, salinity, and other variables are calculated by the models.

The previous version of PMIP (PMIP2) showed dissimilar results between the simulated ocean state of the
LGM. Some models predicted a slower and shallower AMOC, while others predicted it as deeper and stronger
[Otto-Bliesner et al., 2007]. At the same time, relative changes in temperature and salinity between AABW and
NADW were different among models. Weber et al. [2007] suggest that the density difference between AABW
and NADW controls the AMOC in PMIP2 models, but they did not consider changes in wind stress.
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Here we study the AMOC as simulated by PMIP3 models, in their preindustrial control (PIC) and LGM
ensembles. We compare simulations to observations, study the changes between the periods, and try to
understand which processes control these changes in the models.

Coupled ocean-atmospheric models show that a higher ice sheet over North America results in a stronger
AMOC [Ullman et al., 2014; Zhang et al., 2014]. However, the precise process governing this response, which
may be changes in atmospheric circulation, hydrological cycle and buoyancy fluxes, or wind stress, remains
unknown.

Among the drivers of the AMOC, wind stress 𝜏 = (𝜏x , 𝜏y) plays an important role. It affects the strength of
surface currents (e.g., the Gulf Stream), the meridional salt transport, and the upwelling of deep waters in
the Southern Hemisphere, which have been suggested to impact the AMOC [Toggweiler and Samuels, 1995].
From ocean models, Montoya and Levermann [2008], Oka et al. [2012], and Wunsch [2003] have suggested that
stronger LGM winds could have increased the AMOC. Here we quantify wind stress effects on the AMOC and
its role in the LGM circulation of the PMIP3 models.

2. Materials and Methods

Values of 50-year time-averaged Atlantic meridional stream function 𝜓(y, z) were obtained from eight PMIP3
models. To quantify the effect of wind stress on the AMOC, we conducted sensitivity experiments with the
University of Victoria (UVic) Earth System Climate Model version 2.9 [Weaver et al., 2001]. This model includes
a three-dimensional dynamical ocean with 19 vertical levels at 3.6∘ × 1.8∘ horizontal resolution governed
by the primitive equations, coupled to a two-dimensional single-level atmosphere, with moisture and heat
balances and fluxes between the two mediums, and a dynamical sea ice model. Wind stress, wind used in
moisture advection, and air-sea fluxes as well as clouds are prescribed from a present-day monthly clima-
tology. Diapycnal mixing is calculated with a three-dimensional parametrization that simulates tide effects
[Schmittner and Egbert, 2013].

For the sensitivity experiments, we calculated LGM anomalies (LGM minus PIC) of wind stress from the output
of the PMIP3 models (Figure S1 in the supporting information). The LGM anomalies were added to present-day
fields from the National Centers for Environmental Prediction (NCEP) reanalysis [Kalnay et al., 1996] and used as
surface momentum forcing of the ocean and sea ice in the UVic model. We preformed a different run for each
PMIP3 model. Results are compared to a default run with no anomalies added. We also performed experiments
with anomalies from four PMIP2 models for which pertinent output was available.

Atmospheric CO2 was set to 185 ppm, with orbital parameters corresponding to 21 kyr. Average salinities
were not adjusted for lower than present sea level. We do not focus here on the effects of a globally uniform
increase in salinity.

We used continental ice sheet height and fraction from two different reconstructions: ICE-4G [Peltier, 1994]
and the ice sheet that PMIP3 models use, which is a blend of three other reconstructions [Abe-Ouchi et al.,
2015]. For the experiments with PMIP2 wind stress anomalies, we used ICE-5G [Peltier, 2004], used in that
version of the intercomparison project [Braconnot et al., 2007]. In Figure S2 we show the ice thickness and
fraction of all the ice reconstructions, regridded to our model’s grid.

A modern distribution of river basins was used. Changing the river routing in North America to account for
the Laurentide Ice Sheet did not produce significant changes in the ocean circulation (Figure S3).

For each case, the UVic model was run for 2000 years. Results from the last 500 years are presented.

3. Results
3.1. AMOC as Simulated by PMIP3 Models
In Figure 1 (top row), the upper cell of the AMOC (to which we will simply refer as AMOC) can be distin-
guished as the zone with positive values of𝜓 in the upper∼2500 m of the water column, spanning from∼30∘S
to ∼60∘N.

The multimodel average PIC AMOC value at 25∘N is 16.48 ± 3.67 Sv, with uncertainties defined as the 1𝜎
standard deviation among models. This number is in agreement with modern measurement-based esti-
mates of 17.2 Sv [McCarthy et al., 2015]. Inflow of Circumpolar Deep Water (CPDW) into the Indo-Pacific (IP) is
generally lower (8.6 ± 3.6 Sv at 32∘S) than modern observations of 14.9 Sv [McCarthy et al., 2015]. This
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Figure 1. Multimodel mean of Atlantic and Indo-Pacific meridional stream function 𝜓(y, z) calculated by PMIP3 models.
Abscissa axes are in ∘N. First column corresponds to PIC simulations, second column corresponds to LGM simulations,
and third column corresponds to the difference. Isoline difference is 2 Sv. In the Atlantic plots, the red line is the depth
of the AMOC calculated as the middle depth between 𝜓 = 𝜓max and 𝜓 = 0, and the blue line is the depth where
𝜓 = 𝜓max∕2. Positive (negative) values correspond to clockwise (anticlockwise) circulation.

suggests that AABW formation mechanisms are not correctly represented by the models and/or that
diapycnal mixing or geothermal heat fluxes are underestimated in the abyssal IP.

PMIP3 models show stronger AMOC transport during the LGM (see Figure 1 for the multimodel mean and
Figure S4 for each individual model). In most models, the upper clockwise cell reaches deeper in the LGM simu-
lations, suggesting a deeper NADW. Community Climate System Model version 4 (CCSM4) shows a shallowing
of NADW and increased penetration of AABW in the North Atlantic (NA).

In CCSM4 and in the Goddard Institute for Space Studies model (GISS) the AABW cell is intensified;
Max-Planck-Institut model (MPI) shows little change, whereas in the five other models the deepening of the
NADW cell weakens AABW and pushes it south. Inflow of CPDW into the IP increases by ∼5 Sv (Figures 1 and
S5), suggesting that the enhanced NADW flow into the Southern Ocean (SO) contributes to more CPDW flow
into the IP.

The LGM multimodel mean of maximum transport of the AMOC at 25∘N is 23 ± 3 Sv, a (41± 26)% average
increase when compared to PIC (Table 1). This strengthening is in contrast with reconstructions of a weaker
LGM AMOC [Lynch-Stieglitz et al., 2007; McManus et al., 2004]. It is in closer agreement with reconstructions
that indicate a stronger AMOC, like Lippold et al. [2012] or Gherardi et al. [2009], although the latter suggests a
shallower AMOC.

The NADW depth was estimated in two ways: as the depth at which 𝜓 was one half of its maximum value
and as the middle depth between the maximum 𝜓 and 𝜓 = 0 isolines. Both estimates give similar values
(Figure 1). We obtained, on average, 2069 m for the PIC and 2732 m for the LGM (32% of increment, Table 1).
This contrasts with estimates of an LGM NADW between 0 and 1000 m shallower, based on an inverse model
solution using carbon and oxygen isotope reconstructions from LGM sediments [Gebbie, 2014].

Concerning bottom temperatures and salinity, PMIP3 PIC simulations are in fair agreement with observations
(Figure 2). However, LGM simulations are in disagreement with reconstructions from sediment pore water esti-
mates [Adkins et al., 2002]. NA bottom waters are too warm, whereas SO and South Pacific are too fresh in the
models. None of the models predict saltier AABW than NADW or bottom water potential temperatures below
−1∘C. This is in contrast to PMIP2, where two models (CCSM3 and Hadley Centre Coupled Model (HADCM3))
showed results more in line with Adkins’ estimates.
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Table 1. Maximum Transport and Depth of the AMOC at 25∘N Calculated by PMIP3 Models, in Their PIC and LGM
Simulations, and Percentage of Increment Between the Two Periodsa

Model PIC (Sv) LGM (Sv) Change (%) PIC Depth (m) LGM Depth (m) Change (%)

CCSM4 19.69 21.53 9 2608 2333 −10

GISS 16.92 22.32 32 2055 2273 11

CNRM 13.03 22.74 74 1735 3230 86

MPI 18.19 21.37 17 1963 1993 01

MIROC 13.56 22.07 63 1795 2745 53

MRI 14.82 21.76 47 2193 3363 53

FGOALS 23.02 31.64 37 1965 2940 50

IPSL 12.64 23.04 82 2238 2980 78

Mean 16.48 23.31 41 2069 2732 32
aBottom row is the multimodel mean.

3.2. Sensitivity Experiments With the UVic Model
In the default LGM case with modern winds and PMIP3 ice sheets (Figure 3, top row), UVic model’s AMOC is
weaker (9.10 Sv at 25∘N) and shallower (1900 m if calculated by the method used in the previous section) than
in the preindustrial case (15.78 Sv, 2030 m, Figure S6). Since the wind stress is identical in both LGM and PIC
cases, we deduce that this response is caused by changes in surface buoyancy forcing.

An LGM simulation with modern winds and ICE-4G ice sheets produces a collapsed AMOC. When PMIP3 LGM
wind stress anomalies are applied, the AMOC increases for all model cases, producing stable solutions with a
transport of (14.82 ± 1.59) Sv at 25∘N (Figure 3). This type of behavior of climate models has been previously
documented by Oka et al. [2012].

When using PMIP3 LGM wind stress anomalies and continental ice sheets, the average AMOC at 25∘N is
(12.67 ± 1.10) Sv (Table 2 and Figures 3 and S7). This is (39 ± 11)% stronger than the default case with the
same ice sheets. Average depth of the AMOC at 25∘N is 3000 m. This represents an increment of approximately
54% with respect to the default run. Inflow of Circumpolar Deep Water (CDW) is intensified by ∼1 Sv in the IP,
whereas AABW flow into the Atlantic is weakened. These changes are consistent, at least qualitatively, with
the response of the PMIP3 models to LGM boundary conditions.

Figure 2. Bottom potential temperature-salinity diagram for the PMIP3 multimodel average (in PIC and LGM
simulations), modern observations, and LGM reconstructions from Adkins et al. [2002] for two sites in the North Atlantic,
one in the South Pacific and one in the Southern Ocean (Atlantic sector). Also included are two LGM PMIP2 models that
showed similarities with reconstructions, taken from Otto-Bliesner et al. [2007]. Error bars in the multimodel averages are
1𝜎 standard deviations. Contours are potential density in kg/m3.
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Figure 3. LGM meridional stream function calculated by UVic. (left column) Runs using the ICE-4G LGM land ice
reconstruction. (right column) Runs using the PMIP3 LGM land ice reconstruction. Default cases use present-day wind
stress obtained from NCEP reanalysis. The experiment mean is the average between runs where PMIP3 LGM anomalies
are added to NCEP wind stress. Red and blue lines are as in Figure 1. Note that the AMOC collapses in the default
ICE-4G case.

For the PMIP2 experiments (Figure S8 and Table S1), we find an increment in the AMOC in three cases (CCSM3,
the Model for Interdisciplinary Research on Climate (MIROC) and the Flexible Global Ocean-Atmosphere-Land
System model (FGOALS)) but no change in one case (Centre National de Recherches Météorologiques model
(CNRM)). CNRM exhibits smaller changes in wind stress over the NA than the other models, which could be
the reason behind the discrepant result.

Table 2. Maximum Meridional Overturning, Percentage of Increment Between Wind Stress Experiments and Default
Run, Salt Flux Fsalt in the Atlantic Ocean, and Depth of the AMOC (All at 25∘N) in the UVic Model Experimentsa

Model Case AMOC (Sv) Change (%) Fsalt (106 kg/s) AMOC Depth (m) Change (%)

Default 9.10 - 89.23 1905 -

CCSM4 13.56 49 99.32 3103 63

GISS 11.07 22 108.60 2203 16

CNRM 11.15 22 106.10 3300 73

MPI 12.13 33 102.70 3080 62

MIROC 13.33 46 98.78 3060 61

MRI 13.55 49 101.00 3068 61

FGOALS 13.84 52 97.77 3048 60

IPSL 12.78 40 96.60 3123 64
aEach row corresponds to wind stress anomalies from a different PMIP3 model. The top row corresponds to the default

case. All numbers correspond to experiments using the PMIP3 ice sheet.
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4. Discussion

PMIP3 models predict a strengthening and deepening of the AMOC in the LGM. The UVic model produces a
similar result, when forced with LGM wind stress anomalies calculated by the same models.

The zonal component of the PMIP3 wind stress anomaly fields exhibits a conspicuous maximum in the NA
region (Figure S1). This is an effect of the Laurentide Ice Sheet over North America, which produces stronger
and southward shifted westerly winds over the NA.

We hypothesize that the increment in the AMOC strength is controlled by stronger westerly winds over the
North Atlantic, which increase the northward salt transport. Resulting higher salinities increase the density of
surface waters and intensify deep water formation at high latitudes. This hypothesis is confirmed by analysis
of the meridional salt flux Fsalt at 25∘N in the Atlantic, defined as

Fsalt = ∫
90∘N

25∘N ∫
x2(y)

x1(y)
(P + R − E)dxdy, (1)

where E is evaporation, P is precipitation, and R is river discharge (expressed in kg∕(m2s)). Table 2 shows that
values of Fsalt are positive at 25∘N, indicating a northward salt transport across that latitude. The magnitude in
the default simulation is smaller than the ones obtained with any of the PMIP3 wind stress anomalies. There
is more salty water being transported northward in the cases with higher wind stress over the NA.

To further test our hypothesis of a NA-driven strengthening of the AMOC in the PMIP3 models, we performed
simulations with a multimodel average of the wind stress anomalies, in which we applied the LGM wind stress
anomaly only in one hemisphere (Figure S9, left column). We labelΔ𝜏SH (Δ𝜏NH) the case in which it was applied
in the Southern (Northern) Hemisphere. We also performed a simulation using the average anomaly in both
hemispheres, referred to as full case.

The AMOC in the default case (Figure S9a) is similar (in values and structure) to that of Δ𝜏SH (Figure S9b),
while the AMOC in the full case (Figure S9d) is similar to that of Δ𝜏NH (Figure S9c), indicating that the differ-
ences in the AMOC between PIC and LGM simulations is a response to wind stress anomalies in the Northern
Hemisphere.

When using LGM wind stress anomalies from the PMIP2 models, the resulting UVic simulated AMOC has in
some cases a different sign of change compared to the AMOC from the PMIP2 models (see Otto-Bliesner et al.
[2007] for AMOC plots of different PMIP2 models and compare to Figure S8 of this work). This suggests that
changes in buoyancy forcing are more important in these models. For example, the CCSM3 model used in
Otto-Bliesner et al. [2007] predicts a weakening of the AMOC in the LGM, even though the transport of the
Gulf Stream increases due to wind effects, indicating that changes in buoyancy fluxes decrease the AMOC
and dominate wind stress effects. The strong effect of buoyancy in these models is also demonstrated in their
bottom salinity values, with a salty SO water, indicating high production of AABW (Figure 2).

Our results are consistent with the results from ocean-atmosphere models, which show a stronger AMOC as a
response to increases in ice sheet height [Otto-Bliesner et al., 2006; Ullman et al., 2014; Zhang et al., 2014]. Our
simulations suggest that enhanced wind-driven salt transport may, at least partly, explain this response.

Because of the similarity between PMIP3 models’ outputs and our wind stress experiments with the UVic
model, our results suggest that in the PMIP3 case, wind stress plays a fundamental part in the LGM-PIC AMOC
differences and that changes in buoyancy fluxes play a smaller role. This is in contrast to the response in CCSM3
and UVic model, where changes in buoyancy fluxes, which tend to decrease the AMOC (Figure S6), are similar
but slightly larger than the effects of the PMIP3 wind stress (Figure 3).

5. Conclusions

UVic model responds very consistently with a strengthening and deepening of the AMOC when forced with
LGM wind stress anomalies from PMIP models. Our analysis suggests that stronger wind stress over the NA
due to the effects of the Laurentide Ice Sheet on atmospheric circulation causes enhanced northward salt
transport in an intensified gyre circulation. This is an important process explaining the LGM-PIC differences
predicted by these models. The result represents an improvement in our understanding of the mechanics
governing the LGM AMOC in climate models. The fact that the results are robust across all models examined
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suggests that this process may also play an important role in the real world, confirming the speculation by
Wunsch [2003].

It will be an important task for future work to resolve the apparent inconsistency between PMIP models’ LGM
circulation and reconstructions. This inconsistency casts doubt on future AMOC projections with these models
[e.g., Weaver et al., 2012]. One possible explanation may be that not all PMIP3 models were in equilibrium
[Zhang et al., 2013].

Since LGM wind stress, closure of Bering Strait [Hu et al., 2010], and increased tidal mixing [Schmittner et al.,
2015] all tend to increase the strength and depth of the AMOC, a countering effect has to be invoked to
reproduce observations of a weaker and shallower overturning during the LGM.

Changes in buoyancy fluxes, as suggested by CCSM3 and the UVic model, are a good candidate. A detailed
analysis of the PMIP3 models’ buoyancy fluxes and their effects on the AMOC remains to be performed. Ferrari
et al. [2014] have recently hypothesized that the expansion of Antarctic sea ice explains the shoaling of the
AMOC. However, since the PMIP models do simulate more extensive sea ice, this process appears to be not
very important in these models. We conclude that the specific mechanism for the required buoyancy flux
changes remains elusive.

Finally, due to the high consistency between model results, we do not rule out the possibility that some proxies
may need reinterpretation. To study the implications of the modeled LGM circulation on isotope distributions
will be useful for a more direct comparison.
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