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Abstract

The gradual cooling of the Cenozoic, including the Miocene epoch, was punctuated by
many geologically abrupt warming and cooling episodes – strong deviations from the
cooling trend with time span of ten to hundred thousands of years. Our working hypoth-
esis is that some of those warming episodes at least partially might have been caused5

by dynamics of the emerging Antarctic Ice Sheet, which, in turn, might have caused
strong changes of sea surface salinity in the Miocene Southern Ocean. Feasibility of
this hypothesis is explored in a series of coupled ocean-atmosphere computer exper-
iments. The results suggest that relatively small and geologically short-lived changes
in freshwater balance in the Southern Ocean could have significantly contributed to at10

least two prominent warming episodes in the Miocene. Importantly, the experiments
also suggest that the Southern Ocean was more sensitive to the salinity changes in
the Miocene than today, which can attributed to the opening of the Central American
Isthmus as a major difference between the Miocene and the present-day ocean-sea
geometry.15

1 Introduction

The Miocene is a geological epoch extending from about 23 to 5.3 Ma and is a time of
continuous cooling that began in the middle of the Cenozoic Era (Crowley and North,
1991; see recent update in Thomas, 2008). This long-term Paleogene cooling trend
is thought to be caused by continuous decrease of atmospheric CO2 (Pagani et al.,20

2005; Shellito et al., 2003; Zachos et al., 2008). After opening of Drake Passage in the
Oligocene and emerging of a paleo analog of the present-day Antarctic Circumpolar
Current (ACC) – proto-ACC, climate cooling had accelerated (e.g., Barron and Peter-
son, 1991; Bice et al., 2000; Seidov, 1986). The ocean-cryosphere interaction might
have already then become a significant element of ocean circulation and climate.25
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The geological and glaciological reconstructions of early and middle Miocene expose
prominent warm spikes and seal level rises around 22, 16, 14, and 12 Ma, coincident
with strong excursions of δ18O, e.g., Abreu and Anderson, 1998; Bush and Philander,
1997. These geologically short-lived departures from the main cooling trend are hard
to explain in terms of the familiar greenhouse gases paradigm and call for looking at the5

sea-ice interactions which have fitted the timing of those disturbances. This may make
sense as the Miocene sea-level history suggests that ice sheets existed for geologi-
cally short intervals (i.e., lasting about 100 000 years) even in the previously assumed
ice-free Late Eocene (e.g., Miller et al., 2005). Far from being an only possible expla-
nation, the dynamics of emerging of the Antarctic Ice Sheet could be a plausible one10

specifically for short-term deglaciation episodes.
Understanding paleoclimate dynamics on geological scale is a very challenging task.

In our case, straightforward computer simulations of entire Miocene Epoch are not fea-
sible, neither currently nor in foreseeable future. Zooming onto much shorter but pre-
sumably critical climate-changing events, linked to identifiable forces, may be a more15

practical albeit inherently limited and narrowed alternative. We therefore focus on the
role of freshwater in some of the Miocene abrupt (on geological time scale) changes in
climate around 22 and 15 Ma. The results, as much of paleoclimate modeling, should
thus be viewed as just one of the possibilities within an ensemble of probable scenarios.

Elaborating further, we stress that freshwater control of ocean circulation is a pow-20

erful but definitely not a solo cause of climate change. Intense freshwater impacts are
just a member of important climate-controlling forces family with varying relative impor-
tance throughout geologic history. However, we do believe that in the presence of a
newly developed southern cryosphere, oceanic salinity change role rose up to perhaps
few critical elements of geologically short paleoclimate episodes occurred in the Early25

Miocene.
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2 Numerical experiments

We simulate the Miocene climate episodes using an Atmospheric General Circulation
Model (AGCM) and an Oceanic General Circulation Model (OGCM) – the Community
Climate Model (CCM) version 3.6 from the National Center for Atmospheric Research
and Modular Ocean Model (MOM) version 2.2 from Geophysical Fluid Dynamics Lab-5

oratory (Cox and Bryan, 1984).
Both models are coupled offline by using the fluxes from AGCM to run the ocean

model, and using temperature from the OGCM to re-run the slab-ocean AGCM. For
the initial spin up we iterated a sequence of three AGCM-OGCM runs which have been
proven sufficient even if the first iteration is forced with zonal sea surface temperatures10

(SSTs) (Dickens, 2004). The end of control experiments is the starting time for the hos-
ing experiments (Table 1). This is a common approach in many paleoclimate modeling
experiments (Barron and Moore, 1994; Bice et al., 2000).

CCM has triangular T42 grid resolution, which is a rough equivalent of a grid with
2.8◦ ×2.8◦ horizontal resolution (e.g., Vertenstein and Kluzek, 1999; Kluzek et al.,15

1999). MOM’s horizontal resolution in our experiments is 4◦ ×4◦ on 16 levels with the
levels’ thickness gradually increasing with depth (Pacanowski, 1996). This grid resolu-
tion is sufficient for resolving a rather realistic ocean bathymetry and major ocean circu-
lation features, like water transports, convection depths, inter-basin water exchanges,
etc. (e.g., Haupt and Seidov, 2001, 2007; Herrmann, 2003; Herrmann et al., 2004;20

Seidov and Haupt, 1997, 2003a, b, 2005).
The OGCM has been forced with surface winds, SSTs, and freshwater fluxes at the

ocean surface resulted from the AGCM runs (the freshwater fluxes were converted
into a salt flux; see Seidov and Haupt, 2005). The model accounts for sea ice phe-
nomenologically: SSTs cannot fall below −1.88 ◦C even if the atmosphere would cool25

far below freezing.
We discuss two sets of the ocean-atmosphere circulation experiments – the early

(∼20 Ma) and the middle Miocene (∼14 Ma). We use present-day orbital parameters
and rather detailed seafloor topographies (Bice et al., 2000; Eldridge et al., 2002;
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Scotese, 1997; Scotese et al., 1998). Two different land-sea distributions, orographies,
and bathymetries are used for 20 and 14 Ma. Compared to 20 Ma, the 14 Ma land-sea
geometry has a wider Drake Passage, wider opening of the Australo-Antarctic seaway
(e.g., Crowley and North, 1991; Toggweiler and Bjornsson, 2000, and shoaling and
narrowing of the Central American Isthmus; Maier-Reimer et al., 1990).5

Each of the two sets of experiments consists of a control run with undisturbed air-
sea water exchanges, and the runs with locally increased or decreased freshwater
fluxes tied to possible cryosphere melting or growing. The nature or dynamics of those
melting/growing processes are beyond the scope of our study (e.g., changes in CO2
or albedo). We only presume that they might have caused substantial disturbances of10

freshwater fluxes within the ocean-ice-atmosphere system.
Perturbing freshwater fluxes by adding or removing freshwater is conventionally re-

ferred to as “hosing” freshwater at the sea surface (e.g., Stouffer et al., 2007). In our
experiments, freshwater is added (fresher surface water) or removed (saltier surface
water) around Antarctica. Experiment setups and some key results are summarized15

in Table 1.
Both control ocean experiments start from an initially homogeneous ocean state with

a temperature of 4 ◦C and a salinity of 34.25 psu (practical salinity unit) everywhere and
continue for 10 000 years of model time (Table 1, Exp. m20-1 and m14-1). The OGCM
is forced using the output from the AGCM, which is being run for 20 years in the “slab20

ocean” mode. The resulting wind stress, temperature, and freshwater fluxes are av-
eraged over the last 10 years of the AGCM simulations and converted into boundary
conditions suitable for OGCM. The 20-year integration time and 10-year averaging pe-
riod was proved to be sufficient for the AGCM to reach equilibrium (Dickens, 2004).
The OGCM runs for 10 000 years and reaches a complete equilibrium (Seidov and25

Haupt, 1997). It does not imply that the freshwater spike lasted 10000 years; here it
only means that after the startup of the spike, the ocean-atmosphere system reaches
complete equilibrium including the deep ocean; the upper 1 km of water adjusts far
quicker – less than a hundred years.
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The freshwater hosing experiments are referred to as Exps. m20-1 and m14-1. In
these experiments the freshwater fluxes across the sea surface in a belt between
Antarctica and 60◦ S are perturbed to mimic relatively short-term episodes of melting
or buildup of the elements of young southern cryosphere.

Adding freshwater (hosing) in the model reflects ice melting (Table 1); freshwater5

removal is an equivalent of salinity rise due to brine rejection process or depositing
frozen sea water in the Antarctic ice sheets. Addition or removal are of rather modest
rate of only 0.01 Sv (1 Sv=106 m3/s). The hosing experiments were started from the
two control runs and continued for 500 years each.

Figure 1 shows two patterns of ocean circulation at 75 m in experiments m20-1 and10

m14-1 (Table 1). Patterns of ocean circulation of the two control experiments are no-
ticeably different though an emerging North Atlantic Current and the onset of a proto-
ACC are clearly present in both runs. However, despite the Miocene land-sea geom-
etry has much in common with the present-day geometry; a strong present-day-type
Atlantic meridional overturning has not yet developed (Table 1).15

Comparison of Exp. m20-2 and m14-2 to their respective control experiments
(Exp. m20-1 and m14-1) reveals that the Miocene ocean is far more sensitive to fresh-
ening of the SO than its present-day analogue (as, for example, in experiments by
Stouffer et al., 2007). Adding freshwater around Antarctica leads to ∼20% reduction
of the southward cross-equatorial global heat transport in both Miocene cases if com-20

pared to the control experiments (Table 1). However, the heat transport maxima in both
hemispheres are much stronger affected by freshwater hosing in the middle Miocene
(compare Exps. m20-1 and m20-2 and Exps. m14-1 and m14-2, respectively).

Figure 2 shows temperature sections along 25◦ W and 170◦ W, i.e., in the Atlantic
Ocean and Pacific Ocean, respectively at 20 Ma. Figure 3 depicts the same for 14 Ma.25

The upper panels show temperature in the control runs, whereas the middle and
bottom panels show temperature differences relative to the control experiments.

The analysis of meridional overturning circulation (not shown) indicates that fresh-
ening of the sea surface causes much stronger reduction in deepwater formation south
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of 40◦ S at 14 Ma than at 20 Ma. The increased northward oceanic heat transport and
increased deepwater formation does lead to a slightly stronger pumping of warmer wa-
ter into the deep ocean in the Northern Hemisphere (NH) at 20 Ma (Fig. 2c and d).
However, there is no significant increase in deepwater formation in the NH contradict-
ing a simple bi-polar seesaw scheme at 14 Ma. Where the bi-polar scheme is valid, a5

significant, significant drop of deepwater production in the Southern Hemisphere (SH)
from 85 Sv to 55 Sv in the 14 Ma hosing experiment (Exp. m14-2, Table 1) would have
led to noteceably strongr nothbound overturning. Therefore, we argue that ocean-land
geometry has precident over the other controls, including freshwater, of deepwater
formation in high latitudes.10

The amplitude and duration of the freshwater impacts are identical in both sets of
experiments and the background atmospheric boundary conditions are very similar as
well. Yet the response of the deep ocean to a southern freshening impact is noticeably
different. Commonly to both sets, the expected warming of the deep ocean did not
happen. Warming occurs mostly in the upper ocean in the NH and in the southern15

tropics. In fact, this warming of the upper ocean occurs coincidently with cooling of the
deep ocean. It is not yet clear what might have caused such counter-intuitive behavior.

Salinizing of proto SO water around Antarctica increases during the early Miocene
(Exp. m20-3). Surprisingly, the meridional overturning south of 40◦ S and the merid-
ional overturning north of 40◦ N decreases despite of salinizing. Consequently, the20

“heat piracy” (“stealing” heat from the opposite hemisphere) decreases from −1.5 PW
to −1.53 PW (Table 1) (1 PW=1015 W). Salinizing in the SH does not seem to have
any sizable effect. This outcome supports the idea of lower SST, rather than higher
SSS, being a primary control of the southern overturning. In contrast, freshening can
hamper the overturning even if temperature remains close to freezing point. Meridional25

temperature sections in both the Atlantic and Pacific do not change noticeably in the
deep ocean (Fig. 2e and f).

The middle Miocene experiment (Exp. m14-3) shows that surface salinizing in this
run does cause deep-ocean temperatures to rise by approximately 2 ◦C (Fig. 3e and f).
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Counter-intuitively, the meridional overturning south of 40◦ S slows from 85 Sv to 65 Sv
and the oceanic cross-equatorial heat transport decreases from −1.3 PW to −0.8 PW.

In some studies it has been suggested (see the discussion and more references
in Wright and Miller, 1996), that during the warm climates of the Mesozoic and early
Cenozoic a poleward flow of warm saline deepwater (WSDW) originated in the low lati-5

tudes ascending in high southern latitudes. None of our experiments show a formation
of WSDW in low latitudes. In all runs, for Miocene 20 and 14 Ma, with and without fresh-
water disturbances (salinizing or freshening), deepwater always formed in the high and
never in the low latitudes. Even in more distant past, the Early Cretaceous, a relatively
warm deep ocean can exist with deepwater formed in the high latitudes in one of the10

hemispheres (Haupt and Seidov, 2001); see also (Brady et al., 1998).

3 Discussion and conclusions

We hope that our results shed some new light on whether ocean changes might have
accompanied the fluctuation of the sea ice extends of the young Antarctic Ice Sheet
in the Miocene. The numerical experiments indicate higher sensitivity of the Miocene15

ocean circulation to freshwater hosing in the proto Southern Ocean then of the present-
day climate. One possible explanation is that it is the opening of the Central American
Isthmus that was responsible for a stronger than present-day sensitivity of the ocean
thermohaline circulation to small freshwater disturbances in the SO around Antarctica.

Model 20 and 14 Ma configurations differ only in ocean-land geometry, yet the overall20

ocean’s response to exactly the same freshwater impacts is very different. Thus it is
a plausible assumption that the geometry of the proto-ACC which is responsible for
these differences. Moreover, we argue that relatively small and geologically short-
lived changes in freshwater balance in the SO could be responsible, at least partially,
for at least two prominent disruptions of the dynamic Miocene’s general cooling trend.25

Finally, it may happen that the widely accepted bi-polar scheme of the ocean circulation
changes should be revisited to include a strong geometry control for paleoclimtes with
noticeably different sea-ice geometry.
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Table 1. Freshwater fluxes between the coast Antarctica and 60◦ S. (∗ Added/removed water is
redistributed over the entire sea surface to conserve water and salt balance in the World Ocean.
Plus means added freshwater (hosing; fresher surface water), and minus means removal of
freshwater (saltier surface water). The rates are in Sv; m20 stands for early Miocene (∼20 Ma)
and m14 for middle Miocene (∼14 Ma)).

Exp. Freshwater anomalies Maximum global meridional Maximum global meridional
between Antarctica and 60◦ S heat transport in PW. overturning in Sv
(Aagaard et al., 1991)∗

SH cross- NH south of 40◦ S north of 40◦ N
equatorial

m20-1 Control experiment (see text) −3.3 −1.5 0.6 55 6
m20-2 +0.01 −3.0 −1.3 0.7 45 8
m20-3 −0.01 −3.2 −1.53 0.57 60 4
m14-1 Control experiment (see text) −3.2 −1.3 0.7 85 10
m14-2 +0.01 −2.77 −1.0 0.87 55 10
m14-3 −0.01 −3.0 −0.8 0.67 65 6
present-day Control experiment (see text) −2.7 −0.15 1.6 20 20
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 1 

a) 

b)

 2 

Figure 1. Horizontal ocean velocities at 75 m depth: a) Exp. m20-1 and b) Exp. m14-1. 3 

4 

Fig. 1. Horizontal ocean velocities at 75 m depth: (a) Exp. m20-1 and (b) Exp. m14-1.
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 1 

a) b)

c) d)

e) f)

 2 

Figure 2. Temperature sections in the Atlantic (left column) and Pacific Oceans (right 3 

column): a) and b) Exp. m20-1, c) and d) Exp. m20-2 minus m20-1, e) and f) Exp. m20-3 4 

minus m20-1. 5 

 6 

7 

Fig. 2. Temperature sections in the Atlantic (left column) and Pacific Oceans (right column): (a)
and (b) Exp. m20-1, (c) and (d) Exp. m20-2 minus m20-1, (e) and (f) Exp. m20-3 minus m20-1.
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 1 

a) b)

c) d)

e) f)

 2 

Figure 3. As in Figure 2 for 14 Ma. Temperature sections in the Atlantic (left column) and 3 

Pacific Oceans (right column): a) and b) Exp. m14-1, c) and d) Exp. m14-2 minus m14-1, e) 4 

and f) Exp. m14-3 minus m14-1. 5 

 6 

Fig. 3. As in Fig. 2 for 14 Ma. Temperature sections in the Atlantic (left column) and Pacific
Oceans (right column): (a) and (b) Exp. m14-1, (c) and (d) Exp. m14-2 minus m14-1, (e) and
(f) Exp. m14-3 minus m14-1.
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