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Impacts on the global ocean circulation from vertical mixing
and a collapsing ice sheet

by J. A. M. Green1 and G. R. Bigg2,3

ABSTRACT
The current view of the global meridional overturning circulation (MOC) is one where the Atlantic

is a dominant basin for deep water formation, but with the potential for bipolar seesaws between the
Southern Ocean and the North Atlantic during catastrophic freshening events in either hemisphere.
Here we investigate the stability of this paradigm through the response of an intermediate complexity
coupled climate model, set in an oceanically more sensitive glacial configuration, to variation in
the vertical mixing rates. It is found that the convective basin is set by the upper ocean diffusivity,
with higher such diffusivities leading to a Pacific-dominated MOC. The upper ocean diffusivity is
found to have a larger impact on the MOC than catastrophic flood events. It is known that deep
ocean mixing rates were enhanced during glacial periods due to greater deep ocean tidal dissipation
in the shallower oceans, with less extensive continental shelves. It is hypothesized that, combined
with modified atmospheric states, there has been potential for the MOC to significantly alter between
different glacial periods.

1. Introduction

One of the key controllers of the global climate is the oceanic Meridional Overturning
Circulation (MOC). It is sustained by an input of mechanical energy from tides and winds,
which induces slow large-scale vertical transports of heat and mass to balance the formation
of deep-water at high latitudes (see Wunsch and Ferrari, 2004, for a review). However, large-
magnitude freshwater fluxes from melting ice sheets may hamper the formation of deep
water and thus act to reduce, or even shut down, the MOC in the Atlantic (e.g., Broecker
and Denton, 1990; Lenderink and Haarsma, 1994; Rahmstorf, 2002; Levine and Bigg,
2008; Green et al., 2009). There are several possible states of the global MOC (e.g., Kahana
et al., 2004), of which three relate to the Atlantic MOC: the present state with convection
and deep water formation in the North Atlantic, a switched off state with only convection
in the Southern Ocean, and finally a reversed state with the deep water formation in the
Northern Hemisphere taking place in the North Pacific. Because of the sensitivity of the
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MOC to large-scale buoyancy fluxes, a sudden major input of freshwater from the collapse
of a large ice sheet, e.g., the Laurentide at the termination of the last glaciation, may have
had a significant effect on the oceanic and atmospheric circulation, hydrological balance,
biology and sedimentation in the Atlantic Ocean. At the same time the ocean during the last
glaciation was more energetic due to enhanced tides (e.g., Egbert et al., 2004; Green, 2010),
which may have led to an enhanced vertical diffusivity in the abyssal ocean. The present
paper therefore investigates the sensitivity of, and effects on, the large-scale overturning
circulation of freshwater pulses from a collapsing Laurentide Ice Sheet at the end of the last
glaciation in combination with altered vertical global mixing rates. More specifically, we
investigate if altered vertical mixing rates in the upper and/or abyssal ocean can change the
state of the MOC from being dominated by the Atlantic, as it is at present and potentially
was during the last glacial maximum (LGM), to the Pacific or Southern Ocean.

The majority of the marine-terminating areas of glacial ice sheets probably melted over
a relatively short time-span of about 500 years, and their oceanic discharge may therefore
be described as a ‘collapse’ or very rapid deglaciation (e.g. Bischof, 2000). The Barents Ice
Sheet most likely seeded large icebergs and ice streams at the end of the glacial, whereas
the Laurentide, which is under investigation here, rapidly discharged freshwater from ice
lakes straight into the northern polar seas, triggering the Younger Dryas event some 12,500
years BP (Bradley et al., 1999; Teller et al., 2005; Murton et al., 2010). Such a sudden
influx of large volumes of freshwater had a significant effect on the oceanic circulation,
not only in the Atlantic but also on a global scale (MacAyeal, 1993; Alley, 1998), because
of the negative feedback on the formation of North Atlantic Deep Water (NADW) and
resulting reduction of the Atlantic MOC (henceforth AMOC, e.g. Keigwin et al., 1991;
Rahmstorf, 2002; Zhang and Delworth, 2005; Stouffer et al., 2006). This had an impact on
ocean temperature and thus heat transport and in the end, led to a temporarily cooler climate
(Keigwin et al., 1991; Vellinga and Wood, 2002; Schmittner et al., 2003).

During the LGM the present shelf seas were largely absent due to a 120–140 m drop in
sea-level (Fairbanks, 1989; Yokoyama et al., 2000). This caused a 20% increase in the global
tidal dissipation, and more than 50% of the total tidal energy dissipated in the deep ocean
compared to about 30% at present (Egbert et al., 2004; Green, 2010). The rapid deglaciation
of the Barents and the Laurentide Ice Sheets is thus associated with a very rapid sea-level rise
that flooded vast areas currently forming shallow shelf seas and significantly modified the
tidal dissipation regime. At the same time, there is strong evidence from both paleoclimatic
data records and model simulations that the (Atlantic) MOC has changed magnitude in the
past (Bigg et al., 2000; Duplessey, 2004), including complete shutdowns or reversals (e.g.,
Seidov and Maslin, 1999; Swingedouw et al., 2009; Bigg et al., 2011). Some coupled model
experiments of freshwater perturbations exhibit a continued MOC shutdown or reduction
after the perturbation is removed (Schmittner et al., 2003; Green et al., 2010), while others
show a recovery of the MOC within a few centuries (Vellinga and Wood, 2002; Green et al.,
2009). The sensitivity of the MOC to freshwater pulses, and its ability to recover, have been
put down to several complex mechanisms, including enhanced paleomixing (Green et al.,



2011] Green & Bigg: Effects of a collapsing ice sheet on oceanic circulation 223

2009), the structure of the vertical mixing in the models (Samelson, 1998; Marzeion and
Levermann, 2009), the opening of the Bering Strait, and atmospheric pathways between
the Atlantic and the Pacific (Okumura et al., 2009).

The rate of vertical mixing in the ocean, and the way it is implemented in ocean models,
is through the vertical diffusivity, kz, which depends directly on the rate of dissipation of
mechanical energy and inversely on the buoyancy frequency (See, e.g., Osborn, 1980, for
a discussion). Theoretically, an increased dissipation leads to a stronger vertical mixing
(assuming the stratification evolves slowly), and we would thus see a stronger MOC (e.g.
Huang, 1999). However, modeling suggests that the interaction between freshwater pulses,
mixing, and the MOC led to a reduced MOC during the LGM, yet one that recovered fully
after freshwater pulses because of the enhanced mixing rates (e.g., Green et al., 2009).
Thus, there is conflicting evidence available on the impact of freshwater pulses and verti-
cal mixing on the state of the MOC, and there is support for the collapse of the AMOC
during the Younger Dryas, associated with an ice-dam collapse from the melting Lauren-
tide Ice Sheet (e.g., Murton et al., 2010). At the same time, the flooding of the shelf seas
transferred mechanical energy from the deep ocean to shallower waters which may further
have reduced the strength of the AMOC. The effects on the AMOC of a combination of
enhanced diffusivity and freshwater from the Barents Ice sheet collapse was investigated
in Green et al. (2009). Here we build on their conclusions to investigate the effect on the
ocean by the collapse of the Laurentide Ice Sheet in conjunction with modified magni-
tude and vertical structure of the diffusivity. The response of the ocean to these changes is
described in terms of the strength of the Atlantic and Pacific MOCs, the location of deep
water formation and convection, and calculations of the freshwater height in the upper part
of the water column and the implicit ocean dissipation rates. Our answer lies in simulations
using Frugal (the Fine ResolUtion Greenland And Labrador Sea model) – an intermediate
complexity coupled atmosphere-ocean-sea ice-iceberg model set up for both the present
and the paleo-ocean. Frugal is described in the next section together with the modifications
made in terms of freshwater pulses and vertical diffusivity amendments. Section 2 also
contains a summary of the simulations performed, and the results from these are presented
in Section 3. A discussion and conclusions close the paper in Section 4.

2. Frugal

a. Model summary

Frugal is a global intermediate complexity coupled atmosphere-ocean model (Bigg and
Wadley, 2001; Levine and Bigg, 2008), which has been used extensively to investigate the
ocean and climate from the LGM to the present and is thus a reliable and well motivated
choice of model. Bigg et al. (2000) used it to simulate and describe the Last Glacial Max-
imum ocean circulation, and Bigg et al. (1998) looked into two ocean states of the MOC
during the LGM. Bigg and Wadley (2001) showed that the strength of the MOC is sensitive
to the magnitude of ice albedo. Wadley and Bigg (2002) concluded that the flow through the
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Canadian Archipelago and Bering Strait affects the North Atlantic circulation and that these
seaways should be represented in ocean general-circulation studies. Wadley et al. (2002)
modeled oceanic δ18O distributions during the PD and LGM. More recently, Green et al.
(2009) looked at the impact of freshwater supply from the Barents Ice Sheet and overall
vertical diffusivity on the strength of the AMOC. Levine and Bigg (2008) investigated the
impact of adding meltwater at iceberg source locations, and Bigg et al. (2011) compared
the impact of different release locations on the AMOC. Here, we again look at the effect of
freshwater releases but in combination with modified vertical diffusivities, concentrating
on changes in either the magnitude or the vertical gradient of the vertical diffusivity.

The ocean model in Frugal has a free surface and 19 vertical layers, varying in thickness
from 30 m near the surface to 500 m at depth. The model uses an orthogonal curvilinear
coordinate system with the grid North Pole located in Greenland (72.5◦N, 40◦W) to avoid
singularity points in the computational domain. This also enhances model resolution over
the North Atlantic and Arctic compared to the rest of the globe. The resultant horizontal
resolution is 6◦ ×4◦ in the Southern Hemisphere and 1◦ ×1◦ in the Nordic Seas. While this
variable spatial resolution means that convective processes will be much better captured
in the Northern Hemisphere, past simulations for the Present Day (PD) (e.g. Wadley and
Bigg, 2002) and the LGM (e.g. Levine and Bigg, 2008) have shown realistic convective
responses to model perturbations.

The bathymetry is created from ICE-5G (VM2) presented by Peltier (2004). Frugal uses
the variable time-stepping method described by Wadley and Bigg (1999), where increasing
numbers of shorter time steps are taken in regions of higher resolution across the model
domain, whilst maintaining a synchronous integration and achieving numerical stability
throughout the model. The vertical diffusivity scheme uses a horizontally constant vertical
background diffusivity, kz, which varies from 0.3 cm2 s−1 in the upper 2000 m to 1.3 cm2 s−1

below 3000 m depth according to (Fig. 1; Bryan and Lewis, 1979 – the present equation
has been modified)

kz(z) = βk0 + αkr tan−1[L(100z − z0)] (1)

where k0 = 0.8 cm2 s−1 is a background diffusivity, kr = 1.05/π cm2 s−1 is the vertical
gradient of the diffusivity, L = 4.5 × 10−5 cm−1 is a length scale, z is the vertical coordi-
nate (in meters), and z0 = 250000 cm is a reference depth (note the units used). α and β

are constants which are later used to obtain different mixing scenarios (see the following
section). Added to kz in the model formulation is a spatially varying isopycnal diffusivity,
kh, which mixes tracers but not momentum and which is updated following the horizontal
gradients of the isotherms (Griffies et al., 1998).

The atmospheric part of the model is a vertically integrated energy and moisture balance
model (Fanning and Weaver, 1996) which has been modified to include advection and dif-
fusion of heat and water vapor. The model includes parameterization of clouds, mountains,
land-ice and land hydrology, and the coupling provides a grid point to grid point interactive
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Figure 1. The vertical diffusivity used in the different cases in the model runs. The control run
diffusivity is marked with a solid gray line, whereas solid black lines mark case 1 and dashed lines
mark case 2 diffusivities. Circles mark α = 0.5, and stars denote the structure for α = 1.5 for both
cases.

exchange of heat and freshwater between the atmosphere and ocean (Bigg and Wadley,
2001). The wind field is a fixed seasonal cycle, taken from the near-surface wind fields of
the LGM atmospheric simulation of Dong and Valdes (1998). The sensitivity of the model
to wind stress fields from other LGM atmospheric simulations has been tested and found
not to be a significant factor in producing variability.

b. Simulations

The model was spun up from a state of rest with a uniform stratification and run for 6000
years for the unmodified LGM ocean (i.e., without any freshwater flux and an unmodi-
fied diffusivity), with relaxation toward climatology during the first 200 years. The orbital
parameters used in the model are set to those appropriate for the LGM, and the atmospheric
CO2 concentration was 181 ppm (Raynaud et al., 1993; Petit et al., 1999). This run formed
the starting point for all the subsequent runs. The modified diffusivity and/or freshwater
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supply described below were implemented in model year 5500 and 6000, respectively. The
simulations continued for another 1000 years to achieve a new steady state, and these 1000
years are discussed in the following. The runs are denoted “α–runs” when the mixing is
altered (regardless of whether α or β is modified, see below) and “flood runs” when the
extra freshwater flux is added. The flood runs included addition of a meltwater pulse at the
ice-edge of the Laurentide Ice Sheet entering into Hudson Strait (e.g. Dowdeswell et al.,
1995; Levine and Bigg, 2008). The magnitude of the pulse (Qf) was taken to be 0.3 Sv based
on upper estimates of the ice volume of the Laurentide Ice Sheet assuming a melting period
of 500 years (Bischof, 2000). Changes in ocean mixing due to altered tidal dissipation rates
were simulated in two ways to give a sensitivity range in the α-runs. Both involved modify-
ing kz by a setting α and/or β to 0.5, 1 or 1.5 (α = β = 1 is thus a mixing control). In the first
set of experiments (henceforth known as case 1), α = 0.5 or 1.5 and β = 1, thus effectively
changing the vertical gradient of the diffusivity. During the second set of simulations (case
2) α = β = 0.5 or 1.5, thus changing the overall magnitude of the diffusivity.

The model output consisted of monthly averages of integrated volume transports in the
large gyre systems, the overturning circulations and four major straits, and of total ice
volumes in the Southern and Northern Hemisphere oceans and on land. In addition to the
transports, snapshots of current velocities, stratification and variables from the atmospheric
model were obtained every 100 model years, although focus here is on the state in January
of year 6300 and 7000; i.e., after 300 years of flood (or 800 years of mixing) perturbation,
and at the end of the simulation.

3. Results

a. Transports

The transports were originally output as monthly averages, but for ease of interpretation
the data have been smoothed by application of a 12-month centered moving average. The
model reached steady state by year 5500, which leads to an AMOC of 9.6 Sv and a Pacific
MOC (PMOC) of 9.5 Sv (Fig. 2). In the flood case – where 0.3 Sv was added at Hudson
Strait for 500 years starting at year 6000 – there is a near-collapse of the AMOC during the
period of the pulse, but an increased PMOC, and a slight destabilization of the Southern
Hemisphere overturning circulation (OC). This is associated with a weak decrease of the
surface density in the North Atlantic (Fig. 3) from year 6300. Note that the ocean returns
to a pre-pulse state within a century of the end of the pulse (Fig. 2), except in the Pacific,
where a new, stronger, overturning state has been entered (cf., the MIS 6 results in Green
et al., 2011).

From the simulation with an altered diffusivity gradient (case 1; Fig. 4), we find a
decreased AMOC, even with an increased α, compared to the control run (see Fig. 2).
There are only minor changes to the transports for the run with α = 1.5, but the low α-run
sets up a strong PMOC at the expense of the AMOC. (cf., the case 2 with flood below). The
PMOC changes significantly with altered diffusivity, and exhibits an increased circulation
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Figure 2. Transport time series for the control run (solid), and control run with Qf = 0.3 Sv added to the
Hudson Bay (dotted/light). Note the different y-axis scales. All transports are in Sv [= 106 m3 s−1],
and the data in this and further panels of transports have been smoothed using a 10-year moving
average (see Bigg et al., 2005 and Levine and Bigg, 2008 for comparisons and details).

with decreased α. In the flood runs for case 1, α = 0.5, there is almost no effect on the
AMOC, but the Southern Hemisphere OC changes significantly (Fig. 4). With α = 1.5,
there is a minor increase in the PMOC during the flood, whereas the α = 0.5 run shows a
similar picture to the no flood case, but with a slightly weaker circulation. These results are
indeed surprising, and point toward the diffusivity in the upper ocean being a controlling
factor in the simulations - case 1, α = 0.5 has the highest diffusivity in the upper part of
the water column whereas case 1, α = 1.5 has the lowest (Fig. 1).

In the no flood run of case 2 (Fig. 5), there is only a small change in the α = 0.5 case, but
for α = 1.5 the AMOC collapses and then (nearly) stabilizes. Again, we see a strong PMOC
instead, which in combination with the relatively stable Southern Hemisphere overturning
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Figure 3. (a) The bathymetry (in grey) and gridcells shown on a Frugal projection, with latitude and
longitude lines (in white) superposed. Labels for longitudes are placed within line, whereas those
for latitudes are placed about or below the corresponding line. Note that the Frugal projection is
used in all field plots in the following. (b) and (c) The surface density field, expressed as σ0-1000,
at year 6300 for the control (b) and control flood (b). Note that the colorbar refers to these two
panels and not to the data shown in panel (a).

indicate a switch in the convection basin. The upper ocean diffusivity is higher than in the
control for case 2 with α = 1.5, and together with the results from case 1, α = 0.5, this
indicate that a high upper ocean diffusivity favors a dominating Pacific MOC. The subpolar
North Atlantic gyre is far stronger in the large mixing case (whereas the subtropical gyre
is weaker), indicating a more energetic North Atlantic and a weakened circulation farther
south in the basin. The Pacific overturning behaves like previous reports have suggested for
the AMOC: i.e., increasing with increased mixing (in the lower part of the water column).
The case 2 runs with flooding show a weakened AMOC for both α-runs. However, with
α = 1.5 there is no trace of a recovery of the AMOC, whereas there is a slight improvement
for α = 0.5 (Fig. 5). There is no change in the PMOC for α = 0.5, but a major increase for
α = 1.5 and significant changes in the subpolar and subtropical gyres.
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Figure 4. Transport ratios (perturbation over control) for case 1. No flood simulations are marked in
black and flood runs in grey with black circles (note that the flood lasted 500 years starting at year
0 in this figure, equivalent to model year 6000). Thin lines represent α = 0.5, heavy lines mark
simulations with α = 1.5. Note that for several of the panels lines lie on top of each other and may
not be individually distinguished.

b. Stratification

The sea-surface temperature (SST) and salinity (SSS) at year 6300 for the control and
control flood run are shown in Figure 6. The only major impact of the flood is on the (North)
Atlantic SSS, although there is a small signal present in the Pacific SSS. The impact on
SST is virtually negligible in the flood case. From the control cases and the transport results
it appears that the impact of manipulating kz surpasses effects of freshwater fluxes from
the Laurentide Ice Sheet. In the following, focus is thus on the no-flood runs in order to
determine the impact of the mixing.

The case 1 runs exhibit a large SSS maxima in the Pacific for α = 0.5 (Fig. 7, top left
panel) and a change in SST as well (warmer Pacific). The Arctic SSS minimum extends all
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Figure 5. Transport ratios (perturbation over control) for case 2 simulations. No flood runs are marked
in black and flood runs in grey with black circles. Thin lines represent α = 0.5, heavy lines mark
simulations with α = 1.5. Note the different y-axis scales between panels and the previous figure,
and that, again, lines lie on top of each other and may not be individually distinguished.

the way to the equator in the α = 0.5 simulation. In fact, the entire surface layer seems to
have freshened in this run, apart from in the Pacific. The α = 1.5 run for case 1 shows a
picture which resembles the control run (Fig. 6) more. This again supports the idea that the
convective basin is set by the upper ocean diffusivity. This statement is strengthened by the
case 2 results (Fig. 8), where there is a significant difference in the SSS with a saltier Pacific
and fresher Atlantic in the α = 1.5 simulations (second row), but only minor differences for
α = 0.5. There are no major changes in the SST for either of the α-runs for case 2.

Sea surface density fields are shown in Figure 9; we also show transects through the
Atlantic (Fig. 10) and Pacific (Fig. 11) oceans. The deep-water convection takes place
in the Atlantic in the control and for case 1, α = 1.5 and case 2, α = 0.5 (i.e., in the
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Figure 6. Modeled SSS (a and c, the unit is psu) and SST (b and d, in ◦C) at Year 6300 for the control
(a-b) and flood run (c-d).

runs with lowest surface diffusivity). This again supports the hypothesis that low surface
diffusivity leads to the Atlantic dominating, whereas stronger surface mixing sets up a
Pacific domination. The transect figures further show that the abyssal ocean is filled with
Southern Ocean water and that there is almost no density change between cases, and α-runs,
beneath 3000–4000 m. Interestingly, in case 1, α = 0.5 the convection in the Pacific reaches
beneath 4000 m, whereas it does not penetrate beneath 2000 m in either basin in the other
cases (this is supported by vertical velocity sections, which are not shown).

At the end of the simulations, i.e., model year 7000 (not shown), case 1 α = 0.5 and case
2 α = 1.5 show changes to the 6300-year state. In these simulations there is a complete
removal of the Atlantic density maximum (case 1, α = 0.5) and a weakened Pacific max-
imum (case 2, α = 1.5), with associated changes in the vertical velocities. The switch to
a Pacific convection is thus a long-term consequence of the altered mixing regime in the
model.
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Figure 7. The differences between modeled SSS (a and c, the unit is psu) and SST (b and d, in ◦C)
at Year 6300 for the case 1 runs without flooding and the control runs (Fig. 6). The top row shows
results from α = 0.5 whereas the second row shows α = 1.5 results.

c. Freshwater content and dissipation

The response of the ocean is further quantified and described by calculation of the fresh-
water height, Hf defined by (e.g., Green et al., 2004).

Hf =
0∫

zref

S − Sref

Sref

dz (2)

Here Sref = 2200 m is a reference depth taken far below the freshwater influenced
surface layer, S is the salinity at a location, and zref is the salinity at the reference level at
that location. Note that Hf is independent of the mixing as long as the contribution of the
vertical flux past zref to the salinity above zref is small.

When Eq. (2) is applied to the control data, the expected results are found: the Atlantic
and Arctic are fresher with the flood, but there is also a saltier North Pacific with the
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Figure 8. Shown is the difference between the SSS (panels a and c, the unit is psu) and SST (b and d,
in ◦C) at Year 6300 for the case 2 runs without flooding and the control run (Fig. 6). The top row
shows results from α = 0.5 whereas the second row shows α = 1.5 results.

extra freshwater (Fig. 12). By averaging the computed freshwater height over (somewhat
arbitrarily chosen) areas of each basin, we produce Figure 13 (data are averaged over
10 × 10 grid cells; i.e., the surface area varies between each region but captures significant
structures). For case 1, the freshwater height is proportional to α in the Pacific (panel a),
which is opposite to the other cases and locations. In fact, the Pacific freshwater pool swaps
place, from the south with α = 0.5 to the north with α = 1.5. Consequently, the freshwater
maximum in the North Pacific is there in the 1.5 but not the 0.5 α-simulation. With α = 0.5,
the Atlantic (b) and Southern Oceans (c) are far fresher than in the control or α = 1.5
runs, which explains the lack of freshwater in the (north) Pacific – it is distributed over
other ocean basins instead, including the (western) Indian Ocean (panel d). Case 1 flood
(α = 1.5, marked with ∗) is pretty much identical to case 1 no flood (pentagram; again
α = 1.5). Note that case 1, α = 1.5 has the lowest surface diffusivity but the second highest
abyssal values of kz. Case 1, α = 0.5 is reversed, in that it has the highest surface kz and the
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Figure 9. SS density at Year 6300 for control (panel a), and the difference between case 1 (panels b
and c) and case 2 (d- e) and the control (i.e., panel a). All runs are without flooding, and for cases
1 and 2 left hand panels are for α = 0.5 and right hand for α = 1.5, respectively. Note the double
colorbar, where the left-hand scale refers to panel a (showing the density), and the right hand scale
refers to panels b-e (i.e., showing the difference).

second to lowest abyssal diffusivity. Case 2 no flood shows virtually no difference between
α = 0.5 and the control runs, but a quite strong signal in the Northern Hemisphere between
control and α = 1.5. There is a reversed structure in the Pacific for case 2 (not shown in
detail) compared to the case 1 runs, with similar responses found for the case 2 flood, but
with a larger freshwater height. These results imply that the presence of the North Pacific
salinity minimum is determined by the diffusivity in the upper part of the water column,
and it is present when kz in the upper ocean is at a minimum.

There is a direct relationship between vertical diffusivity and the dissipation of turbulent
kinetic (mechanical) energy (e.g., Osborn, 1980):

kz = Π
ε

N2
(3)
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Figure 10. Density perturbation transects through the Atlantic Ocean (along x-grid cell 23; shown is
again case-run minus control) at Year 6300 for control (top), case 1 (middle) and case 2 (lower).
All runs are without flooding, and for cases 1-2, left-hand panels are for α = 0.5 and right-hand
panels for α = 1.5, respectively. Note that the panels are cut above y-grid cell 40 as it only shows
land (Greenland in the current projection), and that there is a double scale on the colorbar (see the
caption for Fig. 9 for details).

where Π is a mixing efficiency (canonically taken to be equal to 0.2), ε is the dissipation
rate, and N2 = −g/σ∂ρ/∂z is the buoyancy frequency (ρ is the density, and g acceleration
due to gravity). By using the prescribed diffusivity in the model and the resulting modeled
stratification to computeN2 it is possible to estimate the implicit amount of energy dissipated
in Frugal, to compare the different runs. The buoyancy frequency was computed for each grid
cell and each vertical level using the output from years 6300 and 7000, and the associated
dissipation rates were then estimated using Eq. (3). The resulting rates were then multiplied
by the density, and averaged to produce the results in Table 1. It is obvious that the runs with
a high upper ocean diffusivity experience, on average, stronger vertical stratification than
the other runs. This in turn gives a high implicit dissipation rate in the model simulations.
One can thus conclude that in the paleocean, where mixing rates were generally higher
throughout the water column (e.g., Egbert et al., 2004; Wunsch, 2005), case 2 with α = 1.5
is a relevant approximation of the paleocean conditions.
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Figure 11. Density perturbation (case run minus control) transects through the Pacific Ocean (along
x-grid cell 11) at Year 6300 for control (top), case 1 (middle) and case 2 (lower). All runs are
without flooding, and for cases 1-2, left hand panels are for α = 0.5 and right hand panels for
α = 1.5. Note that the panels are cut at y-grid cell 45 (i.e., the south coast of Greenland) to show
changes in the Northwest Atlantic. Again, note the double colorbar scale (see Fig. 9).

d. A comparison to PD conditions

Running the model for Present Day (PD) conditions with case 2 mixing implemented
produced the results shown in Figure 14 for the transports (see also Wadley et al., 2002
and Green et al., 2009). These simulations show a different picture to the paleo-results
presented in this paper. Most notable is the directly proportional response of the Atlantic
MOC to changed mixing, whereas the Pacific MOC is significantly weakened and the
Pacific sub-polar gyre has practically collapsed. The Southern Hemisphere overturning
increases by a factor of 4 in the α = 1.5 run and 2.5 for α = 0.5. There is thus a complex
interaction between the strength of the vertical mixing, the overturning circulation, and
other forcing parameters. For example, the paleocean experienced a signficantly stronger
wind stress (not shown) over the North Pacific whereas the stress over the North Atlantic
is more than halved compared to PD (but the stresses over land are almost an order of
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Figure 12. The freshwater height for the control (a) and control with flood (b) at model year 6300.

Figure 13. The average freshwater height at Year 6300 from the North Pacific (a), North Atlantic (b),
the Southern Ocean (c), and the eastern Indian Ocean (d) as a function of α. See the text for more
details.
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Table 1. Global averaged buoyancy frequency from year 6300 and the associated implicit horizontally
averaged dissipation rates from Eq. (3) for the different cases.

N2 implicit ε

[×10−5 s−1] [×10−6 W m−3] comment

control 0.39 0.83

control flood 0.41 0.87

case 1, α = 0.5 0.65 2.03 highest surface kz; sec-
ond lowest bottom kz

case 1, α = 1.5 0.41 0.42 lowest surface kz; second
highest bottom kz

case 2, α = 0.5 0.40 0.42 second lowest surface kz;
lowest bottom kz

case 2, α = 1.5 0.45 1.44 second highest surface
kz; highest bottom kz

case 1, α = 0.5, flood 0.67 2.08 highest surface kz; sec-
ond lowest bottom kz

case 1, α = 1.5, flood 0.43 0.45 lowest surface kz; second
highest bottom kz

case 2, α = 0.5, flood 0.42 0.44 second lowest surface kz;
lowest bottom kz

case 2, α = 1.5, flood 0.48 1.54 second highest surface
kz; highest bottom kz

magnitude larger in the past – see a range of LGM and PD atmospheric model results at
http://www.ncdc.noaa.gov/paleo/modelvis.html). This explains why the two periods expe-
rience such varied response to changes in mixing: if the atmospheric forcing changes, the
response to ocean mixing changes as well because the wind-driven upper ocean circulation
patterns are modified (note that there is a heat- and wind feedback between the atmospheric
component and the ocean model in Frugal).

4. Discussion

The present simulations focus on the response of the ocean circulation to changed vertical
mixing rates in combination with freshwater pulses from a collapsing Laurentide Ice Sheet.
The conditions represent those at the end of the last glaciation, and with the pulse added at
the Hudson Strait we roughly represent conditions from the Younger Dryas (albeit with a
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Figure 14. The ratio between the PD control run and the α = 0.5 (dotted) and α = 1.5 (thick solid)
for a typical 300 year-long period starting at model year 6000.

lower sea-level; see also Levine and Bigg, 2008 and Bigg et al., 2011). There is an inverse
response between total (case 2) and gradient (case 1) mixing setups, and the upper ocean
mixing rate determines which basin is the one with deep convection. When the upper ocean
diffusivity is larger than in the control (i.e., case 1, α = 0.5 and case 2, α = 1.5) the Pacific
is the dominating basin for deep water formation in the Northern Hemisphere. Reciprocally,
when the upper ocean diffusivity is low, the Atlantic is the dominating basin for convection.
Catastrophic releases of freshwater from surrounding ice sheets do not alter this, but merely
dictate the strength of the AMOC. However, in runs with large upper ocean diffusivity the
AMOC is more sensitive and does not recover to control conditions after the freshwater
pulse has ended. This may be further enhanced by the fact that the horizontal surface area
of the (north) Pacific is much larger than the Arctic and Atlantic, so a larger upper ocean
vertical diffusivity can simply transfer more water vertically, which would mean a generally
saltier upper ocean and possibly a fresher lower layer. The temperature is affected to a lesser
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extent as the vertical temperature structure in the upper ocean is mainly determined by direct
wind mixing and surface heat input, and these are only weakly linked to SSS-changes and
thus the vertical diffusivity. The exact mechanism is far from clear, however, and it is
possible that the weak response to decreased upper ocean diffusivity is simply because the
diffusivity becomes so low that, although the Pacific is larger, the diffusivity has no effect or
is superseded by other processes (e.g., the isopycnal diffusivity added in the mixing scheme
or missing feedbacks from the closed Bering Strait). Furthermore, there is only a minor
impact on the MOCs by the vertical diffusivity in the lower part of the water column. This
may be because, in terms of salinity and temperature, the deeper ocean is “fed” only by
deep water formation, mainly from the Southern Ocean in terms of volume fluxes, and the
Southern Hemisphere overturning does not change significantly in the simulations (Fig. 2,
4-7). Thus we will see a more vertically well mixed deep ocean in our increased mixing
runs, but it cannot impact the freshwater content and transports.

There are indications that the ocean at the termination of the last glacial may have been
more sensitive to changes in forcing than during MIS 6 (Green et al., 2011). The simulations
here show the sensitivity of the circulation to changes in vertical mixing, and point toward
intricate connections and feedbacks between the processes acting on the ocean circulation.
Many proxy-based paleoceanographic studies demonstrate rapid recovery following periods
of MOC breakdown or shut down, e.g. after Heinrich events or Dansgaard-Oeschger stadials
(e.g., McManus et al., 2004). The increased supply of mechanical energy was not sufficient
to counteract the changes in vertical stratification due to freshwater fluxes, but a stronger
tidal mixing in the deeper regions of the LGM ocean, which would have kept the weaker
upper ocean state in relation to the diffusivity at depth, may have helped to maintain the
MOC in a fresher environment and contributed to its ability to recover after such catastrophic
events. A reduction of the Atlantic MOC leads to a colder Arctic and North Atlantic, which
in turn induces a larger equator-pole temperature gradient with potentially increased winds
as a result. The current investigation is a sensitivity study more than an attempt to represent
actual conditions during the LGM (to begin with, that would require a spatially varying
diffusivity), but the above idea should lead to an increased upper-ocean mixing which in
combination with a sustained larger deep-water mixing due to tidal resonance would mean
that case 2, α = 1.5 is the best representation (albeit possibly exaggerated in the surface but
not in the deeper parts) of the mixing in the ocean during the Younger Dryas (e.g., Wunsch,
2005; Green, 2010). Kahana et al. (2004) report similar responses in their box model (except
for the Pacific convection which they are physically unable to reproduce) with a mode with
North Atlantic upwelling rather occurring when large freshwater pulses were added to the
northern Atlantic, and bottom water production occurring in the Indian and Pacific oceans
if the surface density was significantly altered. Thus, the present results have support in
a variety of other sources. It is therefore possible that the balance of Atlantic to Pacific
convection kept changing between the different glacial periods during the Quaternary due
to a combination of altered oceanic mixing (through lowered sea level, modified tides and
wind fields) and modified (vertical) stratifications.
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Because of the horizontal resolution of the North Atlantic being finer than in the South-
ern and Pacific Oceans, the deep water formation ratio between the North Atlantic and
Southern Ocean may be affected. It is thus likely that the North Atlantic MOC is overes-
timated and the Southern Ocean and Pacific MOC are underestimated. Nevertheless, this
has not been a major issue in past FRUGAL simulations of the PD, LGM, and MIS 6
(see Bigg et al., 2005; Levine and Bigg, 2008; and Green et al., 2011 for details), and it
has been extensively validated for the present (compared to observations) and the LGM
and MIS 6 (compared to proxies) with regard to the large-scale pattern. Another poten-
tial issue with the present investigation is the relatively low vertical resolution. However,
the large-scale ocean structure and circulation have scales spanning several vertical grid
points, and we argue that the estimates are valid. The horizontally homogenous vertical
background diffusivity is also a relatively crude approximation, and the MOC is sensitive
to the structure as well as the magnitude of the mixing (Samelson, 1998; Huang, 1999;
Schmittner et al., 2003). However, with the present resolution, the horizontal structure of
the vertical diffusivity in the ocean should be relatively weak and smeared out (e.g. Green,
2010) and thus have weak effects on the results. Work is planned to improve the diffusivity
scheme in Frugal, especially in a higher-resolution version of the model. Vertical mixing
is notoriously poorly represented in large-scale models (see Zickfeld et al., 2007), and the
present results again show the sensitivity of ocean models to varying mixing. It is con-
cluded, just as in the previous investigation by Green et al. (2009) that it would be more
appropriate to define the dissipation in ocean models, and let the diffusivity evolve with the
stratification.
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