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Abstract

We present simulations with a coupled ocean-atmosphere-biosphere model for the
Middle Miocene 15 million years ago. The Middle Miocene topography, which al-
ters both large-scale ocean and atmospheric circulations, causes a global warming
of 0.7K compared to present-day. Higher than present-day CO, levels of 480 and
720 ppm cause a global warming of 2.8 and 4.9 K, thereby matching proxy-based Mid-
dle Miocene global temperature estimates of 3—6 K warming. Higher CO, levels and
the associated water vapour feedback enhance the greenhouse effect and lead to a po-
lar amplification of the warming. Although oceanic and atmospheric poleward heat
transport are individually altered by 10-30 % in the mid and high latitudes, changes
of the total heat transport account only for 4-8 %, pointing toward a compensation
between oceanic and atmospheric heat transport. Our model reproduces a denser
vegetation in agreement with fossil records. These results suggest that higher than
present-day CO, levels are essential to drive the warm Middle Miocene climate.

1 Introduction

The warm climate of the Middle Miocene was the warmest period of the last 25 million
years, contrasting the Cenozoic long term cooling (Zachos et al., 2001). Tempera-
tures during the Middle Miocene were about 3—6 K warmer than today (Tripati et al.,
2009). The equator-to-pole temperature gradient was reduced both over land and
ocean (Nikolaev, 2006; Bruch et al., 2007). The climate in Europe was warmer and
more humid (Bohme et al., 2011; Bruch et al., 2010). Even in the Sahara region, con-
ditions were wet to very wet, signalling less desert coverage (Senut et al., 2009). The
continents were densely wooded; evergreen forests expanded to at least 45° N, and
boreal forest expanded northward as far as the Arctic circle (Wolfe, 1985; Williams
et al., 2008).
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Reconstructions for atmospheric CO, levels estimate values between 180 ppm up to
550 ppm (Pagani et al., 1999; Royer et al., 2001; Kirschner et al., 2008). Translated
into radiative forcing, the uncertainty accounts for about 2.6 Wm™ for the direct effect
of CO, only (Myhre et al., 1998). In a recent model study, the possible range of at-
mospheric CO, levels for the Middle Miocene was suggested to be between 460 and
580 ppm (You et al., 2009).

Previous modelling studies for the Middle Miocene used atmosphere general cir-
culation models (GCMs) with either prescribed sea surface temperatures or a mixed-
layer ocean (You et al., 2009; Tong et al., 2009; Henrot et al., 2010; Herold et al.,
2010). These models were able to reproduce the proxy-based global warming of
3-6 K, but they could not reproduce the flatter equator-to-pole temperature gradient.
What all previous modelling studies have in common is that they lack the dynamics of
an ocean GCM. Atmospheric GCMs can take into account tectonic changes such as
mountain uplift, but they cannot account for oceanic gateway reconfigurations. For the
last 25 million years, when atmospheric CO, was relatively low, both mountain uplift
and oceanic gateway reconfigurations may have triggered large-scale shifts in climate
(Zachos et al., 2001).

For our study, we use a fully coupled atmosphere-ocean-biosphere GCM to test if
the results with the full ocean dynamics are consistent with previous modelling stud-
ies, and if we can improve the meridional temperature gradient mismatch. We perform
a series of experiments to investigate (1) how topography and ocean gateways con-
tribute to a warm Middle Miocene climate and (2) how higher than present-day CO,
levels contribute to a warm Middle Miocene climate.

This paper is organised as follows. Section 2 describes the setup of our GCM and
the experimental design. In Sect. 3, we present our experimental results and compare
them to marine and terrestrial temperature reconstructions. Section 4 gives a summary
and a discussion on our main findings. We conclude in Sect. 5.
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2 Model set-up and experimental design

We use the atmosphere-ocean-biosphere general circulation model MPI-ESM. MPI-
ESM is a comprehensive Earth-System Model that has been developed at the Max-
Planck Institute for Meteorology in Hamburg. The dynamical core of the atmosphere
model ECHAMS is formulated in spherical harmonics (Roeckner et al., 2003). We use
ECHAMS5 in a T42 truncation, which corresponds to a horizontal grid spacing of 2.8°.
ECHAMS5 has 19 levels in the vertical, the uppermost being at 10 hPa. ECHAMS incor-
porates the land surface model JSBACH that includes a dynamic vegetation module
(Raddatz et al., 2007; Brovkin et al., 2009). The ocean model MPI-OM (Marsland et al.,
2003) uses a tripolar curvilinear grid with a quasi-homogeneous horizontal grid spac-
ing of about 1°. MPI-OM has 40 levels in the vertical, which are unequally spaced.
The upper 150 m are resolved within ten levels. MPI-OM incorporates a dynamic-
thermodynamic sea-ice model that follows the descriptions of Hibler and Semtner (Hi-
bler, 1979; Semtner, 1976). MPI-OM and ECHAMS exchange momentum flux, heat
flux, and freshwater flux, as well as sea surface temperatures, sea-ice thickness, sea-
ice fraction, and snow cover on sea-ice once per day via OASIS (Valcke, 2006).

The first two experiments differ in their applied topography (Fig. 1). The palaeoto-
pography is based on a global plate rotation model, and the palaeobathymetry is recon-
structed using an age-depth relationship for the oceanic crust with overlaid sediment
thicknesses (Herold et al., 2008). Uncertainties for this reconstructed topography are
largest in the mountain regions of Andes, Rocky Mountains, and the Tibetan Plateau.
Furthermore, the seafloor is relatively smooth compared to present-day due to the lack
of geological data (for details, see Herold et al., 2008). In contrast to present-day,
several open ocean gateways connect the major ocean basins, for example, the open
Panama Seaway, the Tethys, and a wider Indonesian Through-flow. The atmospheric
circulation is affected by the topography as well, because large mountain regions like
the Andes, the Himalayas, the Rocky Mountains, and the Alps are lower compared to
present-day. We remove the Greenland Ice Sheet in all Middle Miocene experiments,
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because glaciation on Greenland had started later during the Pliocene (Raymo, 1994).
We refer to the experiment with the Middle Miocene topography as MIOC360 and to
the experiment with present-day topography as CTRL. In both CTRL and MIOC360 we
prescribe present-day CO, levels of 360 ppm.

We decide to perform a present-day control simulation for two reasons. First of all,
the climate can be easily validated against observation and re-analysis data, respec-
tively. The root mean square errors (RMSE) for temperature, geopotential height, and
sea level pressure with respect to ERA-40 re-analysis data (Uppala et al., 2005) are
shown in Table 1. Compared to a stand-alone version of ECHAMS, that is forced with
sea surface temperatures, the RMSEs in CTRL are larger. CTRL is based on the fully
coupled MPI-ESM that includes an ocean and a vegetation model. Because of this
increased complexity, the sources for errors might increase. Second, You et al. (2009)
and Tong et al. (2009) already showed, that atmospheric CO, levels for the Middle
Miocene can be constrained to higher than pre-industrial values.

In the last two experiments we assess the uncertainties of atmospheric CO, and
prescribe higher than modern atmospheric CO, levels for the Middle Miocene. The ex-
periment, where we prescribe a CO, level of 480 ppm, will be referred to as MIOC480.
The experiment, where we prescribe a CO, level of 720 ppm, will be referred to as
MIOC720. All experiments share the same present-day concentration of methane
(650 ppb) and nitrous oxide (270 ppb). Orbital parameters are also kept at their present-
day values.

CTRL is integrated for 2100yr to reach quasi-equilibrium, MIOC360 for 2300 yr.
Based on MIOC360, MIOC720 is then integrated for 2000yr. After this integration
we decrease the CO, level to 480 ppm and run the simulation for another 1000 yr to
reach equilibrium in MIOC480. For the following analysis we use the last 100 yr of each
experiment.
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3 Results

The Middle Miocene topography allows for a large-scale reorganisation of both atmo-
sphere and ocean circulation. Mountain regions affect the atmosphere, ocean gate-
ways and bottom topography affect the ocean. Higher than present-day CO, affects the
radiation balance, because CO, effectively absorbs long-wave radiation. We analyse
the feedbacks of higher CO, on surface temperature using a simple, one-dimensional
energy balance model. CO, alters surface temperatures as well as the hydrological
cycle, both being factors that determine the vegetation.

In the following, we compare our results to previous model studies for the Middle
Miocene. We, therefore, shortly describe the setups of these previous experiments
keeping the original labels. You et al. (2009) performed atmospheric GCM experiments
in which they prescribed a medium (SM) and a high (SH) meridional sea surface tem-
perature gradient. In each of these SM and SH experiments atmospheric CO, was
prescribed with 350 ppm (SM_350 and SH_350) and 700 ppm (SM_700 and SM_350).
Tong et al. (2009) performed atmospheric GCM experiments coupled to a slab ocean
with prescribed atmospheric CO, of 355 ppm (MidCO,) and 700 ppm (HighCO,). Hen-
rot et al. (2010) performed an atmospheric GCM experiment (MM4-veg) in which CO,
was prescribed to 500 ppm and in which a modelled Middle Miocene vegetation was
taken into account.

3.1 The role of topography

The global annual mean temperature in MIOC360 is 15.0°C, being 0.7 K higher com-
pared to 14.3°C in CTRL (Table 2). Changes in the surface topography do not affect the
ocean surface, but the continents. On average the global mean land surface tempera-
ture in MIOC360 is 1.2 K larger than in CTRL. Compared to a previous model study of
You et al. (2009), the global annual mean temperature is 1.2—2.0K colder (Table 3).
On a regional scale the warming in MIOC360 can be as large as 15K, for example
over Greenland (Fig. 3a). Because of the topographic changes, the continents are
more affected than the ocean. A polar amplification leads to an enhanced warming
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of the high latitudes (Fig. 2a). Because of the summer sea-ice loss, less radiation is
reflected back to space (Table 2). This ice-albedo feedback amplifies the high latitude
warming.

We estimate the direct effect of the topography by the difference between the surface
temperature and the potential temperature at 1000 hPa, which is near sea level pres-
sure. The Middle Miocene land elevation in Fig. 1 is on average 644 m, which is 151 m
lower compared to the present-day. On a global scale, the direct effect of the lower
topography contributes 0.2 K to the global warming. The differences are large over re-
gions where the Middle Miocene elevation is much lower than today, for example over
Greenland (up to 15K), over Antarctica (2 to 4 K), or over the South African plateau (up
to 7K).

Lower and displaced mountain regions deflect low level winds, for example over
Greenland, Asia, or Western North America (Fig. 5). Winter storms, defined as de-
viations of the 2.5-6 days bandpass-filtered 500 hPa geopotential height (Blackmon,
1976), intensify over the North Pacific (Fig. 6b). The storms penetrate more inland, be-
cause the elevation of the Rocky Mountains is lower. As a consequence of the deflected
low level winds, precipitation patterns shift (Fig. 4a). Over Eurasia, rainfall increases,
while it decreases over Africa and over the Americas. The increase over Europe is in
agreement with reconstructions of the mean annual precipitation (Bruch et al., 2010).
Over the equatorial Pacific, precipitation decreases between 10°S and 10° N, but in-
creases poleward of 10° S/N. The overall decrease over the Southern Hemisphere is
mainly due to a reduction in convective precipitation (Fig. 2b). Despite these precipita-
tion shifts, the global annual mean precipitation changes little (Table 2).

The ocean circulation is affected for three reasons. In the following, let us focus on
the Atlantic Ocean. First, the horizontal circulation changes due to due to open ocean
gateways and changes in surface winds. The subtropical gyre is weaker compared to
CTRL, while the subpolar gyre is stronger (Fig. 7a, b). A westward flow through the
Tethys establishes. This flow moves water from the Indian Ocean into the Atlantic and,
thereby, contributes to a stronger northern cell in the equatorial current system. The
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stronger cell dominates and suppresses the southern cell. Its remains are restricted to
a weak western boundary current.

Second, the lateral flow through open ocean gateways changes the water mass
properties of the adjacent oceans. Besides the eastern inflow of Indian Ocean water,
Pacific Ocean water enters the Atlantic Ocean through the Panama Seaway. These
connections allow for a large-scale mixing between the oceans and, therefore, affect
the water mass composition of the oceans (Fig. 8). Through the Panama Seaway,
Atlantic deepwater enters the Pacific; Pacific deepwater becomes saltier and denser.
At the surface, however, the salinity contrast between Pacific and Atlantic increases.
This is contrary to other studies with an open Panama Seaway, where the salinity
contrast is reduced and, therefore, leads to a weaker Atlantic meridional overturning
circulation (AMOC) (Maier-Reimer et al., 1990; Lunt et al., 2007). Instead, the AMOC
in MIOC360 is as strong as in CTRL (Fig. 9a, b). The mixing due to the eastern inflow
of Indian Ocean water through the Strait of Gibraltar is well reflected in the composition
of Tethys water; it is located between the water masses of Atlantic and Indian Ocean.
Tethys water originates from the Indian Ocean. Along the way into the Atlantic, surface
water evaporates and becomes denser than its original Indian Ocean source. Because
the Tethys is no enclosed basin like the Mediterranean, the deep outflow water is not
as dense as in CTRL.

Third, the ocean bathymetry affects deepwater formation. Because of the subsided
Greenland-Scotland Ridge, the AMOC in MIOC360 extends more northward than in
CTRL (Fig. 9a, b). Even at 80° N more than 4 Sv of Atlantic ocean water is converted
into deep water.

The changes of the large-scale circulation in both atmosphere and ocean give rise
to a redistribution of heat, especially from low to high latitudes. The southward oceanic
heat transport is enhanced by about 0.3 PW between 30° S and 45° S, while the north-
ward heat transport is less enhanced (blue line in Fig. 10b). Though, changes in
oceanic heat transport are compensated by the atmospheric heat transport and vice
versa, leaving the total heat transport nearly unchanged (Fig. 10c, d).
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3.2 The role of higher CO, levels

The CO, induced warming in MIOC480 and MIOC720 is more homogeneous than
the localised topographic effects (Fig. 3b, c). Global annual mean temperatures in
MIOC480 and MIOC720 are 17.1°C and 19.2°C, corresponding to an increase of 2.8 K
and 4.9K compared to CTRL (Table 2). Compared to previous model studies, both
MIOC480 and MIOC720 are generally warmer (Table 3). Only SH_700 (You et al.,
2009) matches the surface temperature of 19.2°C in MIOC720. The climate sensitivity
in our study is 4.0K (from 360 ppm to 720 ppm). This value is larger than 2.0K in You
et al. (2009) and 2.3K in Tong et al. (2009).

The warming is more pronounced over the continents and at the high latitudes. Here,
the warming causes a further retreat of sea ice (Table 2). In MIOC720, summer sea ice
vanishes everywhere, except in some coastal areas. The further reduction in sea ice,
again, amplifies the high latitude warming. Reconstructions also suggest that perennial
Arctic sea ice develops after the warm Middle Miocene at about 13 Ma (Krylov et al.,
2008). Because our CO, scenarios are warmer than previous studies, the sea-ice
retreat under CO, forcing is also larger. We find a reduction of Northern Hemisphere
winter sea ice that is three times as large (about 30 % from MIOC360 to MIOC720) as
found by Tong et al. (about 10 % from MidCO, to HighCO,).

According to the Clausius-Clapeyron relation, a warmer atmosphere can hold more
water. The atmospheric water vapour content is, therefore, largest in MIOC480 and
MIOC720 (Fig. 2d, Table 2). The hydrological cycle enhances; the annual mean precip-
itation in MIOC480 and MIOC720 increases by 21 and 49 mm a”’ compared to CTRL
(Fig. 4b, c). Despite the enhanced hydrological cycle, cloud cover is reduced, mainly
over the tropics (Fig. 2c¢). Precipitation in MIOC480 and MIOC720 is larger than in
MidCO, or HighCO, (Tong et al., 2009), but is in good agreement with MM4-veg (Hen-
rot et al., 2010). MM4-veg and MIOC480 deviate by less than one standard deviation.

The atmospheric circulation in MIOC480 remains generally unaltered compared to
MIOC360 (Fig. 5b). Only in MIOC720, the circulation changes, mainly over the ocean
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(Fig. 5¢). Over the Western Pacific, the trades are stronger, while they are weaker over
the Eastern Pacific. Over the North Pacific, the low level winds increase. Winter storms
intensify and they penetrate farther into Europe (Fig. 6d).

The ocean circulation in MIOC480 differs little from MIOC360 (Figs. 7c, 9b). As
for the atmospheric circulation, only in MIOC720, the large-scale ocean circulation
changes. A slow-down of the AMOC reduces the northward heat transport in the At-
lantic Ocean (Fig. 9c and red dashed line in Fig. 10a). Here, the temperatures are
lower compared to MIOC480, because less warm surface water is moved northward
(Fig. 3c). As a result, the oceanic heat transport in the Northern Hemisphere becomes
smaller (Fig. 10b). In turn, the atmospheric heat transport increases and compensates
for the smaller oceanic heat transport. A detailed analysis on how the ocean gateways
and the ocean bottom topography, for example the presence of the Greenland-Scotland
Ridge, affect the stability of the AMOC, is subject of an ongoing sensitivity study.

We now apply a simple one-dimensional energy balance model (EBM) to quantita-
tively analyse the causes for the temperature differences, following the approach of
Heinemann et al. (2009). In radiative equilibrium Earth’s surface temperature T is
determined by the long-wave emissivity ¢, the planetary albedo @, and the meridional
heat flux divergence H via the energy balance

(@)1 -a(@)]-H(p) = e(@)oT 2 (®). (1)

@ is the latitude, / is the latitudinal varying incoming solar radiation, and o is the
Stefan-Boltzmann constant. For reasons of readability we omit the latitude coordinate
¢ in the following. We can diagnose the EBM parameters a, H, or ¢ from our GCM
results to obtain the surface temperature according to Eq. (1). The zonally averaged
temperature changes can then be contributed to one of @, H, or ¢, while keeping the
other two fixed. The difference between the surface temperature calculated by Eq. (1)
and the surface temperature calculated by the GCM is only marginal; mean deviations
are smaller than 0.25K.
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The reduced cloud cover over the tropics reduces the planetary albedo that, in turn,
leads to enhanced warming in MIOC480 and MIOC720 (Fig. 11b, ¢). The increased
export of heat effectively cools the tropics. The temperature change induced by the
heat flux divergence H is, therefore, negative.

Long-wave emissivity ¢ largely contributes to the CO, induced warming in MIOC480
and MIOC720. The reduction of ¢ is in line with the increased water vapour content
of the atmosphere (Table 2). The atmosphere in MIOC480 and MIOC720 contains
15 % and 30 % more water vapour than in MIOC360. Water vapour is an important
greenhouse gas, because of its ability to absorb long-wave radiation. A decreased
long-wave emissivity € in MIOC480 and MIOC720 simply means that the greenhouse
effect is stronger.

The important factors that determine the vegetation cover are radiation, precipitation,
and atmospheric CO,. Changes in these climate parameters evoke responses of the
vegetation cover that affect the climate system in terms of surface albedo, roughness
length, moisture and heat fluxes, or runoff. In our experimental setups we intention-
ally change the topography and prescribe higher than present atmospheric CO, levels.
While the topography changes the local radiation balance and shifts precipitation pat-
terns, CO, can be accounted for changes in the hydrological cycle and a stronger
greenhouse effect.

Vegetation starts to occupy regions where the land ice has been removed, for exam-
ple over Greenland (Fig. 12b). High-latitude warming and higher CO, levels support
a northward expansion of boreal forests. In MIOC480 and MIOC720, global forest
cover is largest (Table 2, Fig. 12c, d). The large forest cover and the northward exten-
sion of forest is in line with vegetation reconstructions (Wolfe, 1985). Unfortunately, the
vegetation module in JSBACH cannot account for changes in soil properties, like field
capacity or background albedo. They have to be prescribed with present-day values.
Especially in today’s extreme regions like the Sahara, vegetation growth is, therefore,
restricted or inhibited. Desertification of the Sahara is assumed to have started later
during the late Miocene 8—7 Ma ago (Senut et al., 2009). Although the high latitudes
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are more densely wooded in MIOC720 than in MIOC480, average low latitude temper-
atures of more than 30 °C lead to a retreat of tropical rainforest. On its expense, deserts
expand. The global desert cover has, therefore, a minimum in MIOC480 (Table 2).

3.3 Comparison to proxy data

We compare the modelled palaeo temperatures to proxy based reconstructions for the
Middle Miocene. We use terrestrial reconstructions to evaluate land surface tempera-
tures and marine reconstructions to evaluate sea surface temperatures. The sites of
the marine proxies are spread all over the oceans, while terrestrial proxies are mainly
recovered from the Northern Hemisphere, especially over Europe, East Asia and the
coasts of North America (Fig. 13a).

3.3.1 Terrestrial Proxies

Terrestrial climate reconstructions based on the coexistence approach estimate the
lower and the upper mean annual temperature from plant fossils (Mosbrugger and
Utescher, 1997). We use terrestrial temperature data from the 2010 NECLIME data
set (Utescher et al., 2011). The data set is also available from PANGAEA, http://www.
pangaea.de. We compare reconstructed land surface temperatures obtained from the
coexistence approach to our modelled land surface temperatures (Fig. 13a).

Most of the proxy data cover the midlatitudes between 30 and 55° N/S (green bars
in Fig. 13a). For low latitude proxies MIOC360 matches better than MIOC480 or
MIOC720. Midlatitude proxies compare well with all experiments. The proxy data
confirm that land temperatures were much warmer than today. Warmer high latitude
temperatures as in MIOC720 are in better agreement with these proxy reconstructions.
The midlatitudes are captured by all palaeo simulations, but cooler than present-day
low latitude and warmer than present-day high latitudes cannot be captured together
within one single experiment.
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3.3.2 Marine Proxies

The isotopic composition of seawater, obtained by either 580 or Mg/Ca ratios, facil-
itates a proxy for ocean temperatures (Emiliani and Edwards, 1953; Hastings et al.,
1998). Using the calcite shells of fossil planktonic foraminifera deposited in the ocean
sediments, sea surface temperatures (SSTs) for past times can be obtained.

We take Middle Miocene SST reconstruction from several Ocean Drilling Project
(ODP) and Deep Sea Dirilling Project (DSDP) sites (Table 4). Midlatitude SSTs agree
well in all three simulations (Fig. 13b). MIOC360 and MIOC480 match (at least one)
proxy-SST for low and high latitudes. The warmer than present high latitude SSTs are
better captured in MIOC720, but low latitude SSTs are largely overestimated.

4 Summary and Discussion

We perform the first fully coupled simulations for the warm Middle Miocene using the
general circulation model MPI-ESM. The Middle Miocene topography induces a global
warming of 0.7 K compared to today. The continental warming is larger, because to-
pography surely affects the continents, but not the ocean surface. Uncertainties in the
applied topography can, therefore, significantly alter surface temperatures. Especially
mountain regions like Andes, Rocky Mountains, and Himalayas are subject to errors in
elevation (see Herold et al., 2008, Tables 1 and 2 for details).

If we increase atmospheric CO, levels to 480 and 720 ppm as in MIOC480 and
MIOC720, we obtain a global warming of 2.8 and 4.9K. A stronger greenhouse ef-
fect and the associated water vapour feedback lead to a more humid climate with an
enhanced hydrological cycle. The climate sensitivity of 4.0K is much larger than in
previous studies, 2.0K in You et al. (2009) and 2.3K in Tong et al. (2009). The larger
value may be a explained by a higher climate sensitivity of the MPI-ESM compared to
the model used by You et al. and Tong et al.
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Although MIOC480 and MIOC720 succeed to explain the estimated warming of 3—
6K (Tripati et al., 2009), both experiments fail to explain the flatter equator-to-pole
temperature gradient (Nikolaev, 2006; Bruch et al., 2007). A comparison to proxy data
shows that the low-latitude temperatures are too high and that the high-latitude tem-
peratures are too low. Although sparser, marine proxies are more widely spread than
terrestrial proxies, which are hardly available in the Southern Hemisphere, for example
in Africa or in Australia. To improve model-data validation more low and high-latitude
terrestrial proxies are needed. Tropical SST proxies may underestimate the signal,
as studies for the Miocene and for the Eocene showed (Stewart et al., 2004; Pearson
et al., 2007). A revision of the low-latitude marine proxies, especially those from older
reconstructions, would be appropriate.

Although open ocean gateways support large-scale mixing between the adjacent
ocean basins, against expectations, the AMOC in our model is insensitive to these
water mass composition changes. In MIOC360 and MIOC480, the AMOC is as strong
as today. It extends to the high latitudes, because the absent Greenland-Scotland
Ridge cannot act as a barrier. The flow through the Panama Seaway is directed from
the Pacific into the Atlantic, confirming the results of an idealised study for the early
Miocene (von der Heydt and Dijkstra, 2006). Instead of a reduced salinity contrast
between Pacific and Atlantic Ocean, we find a stronger salinity contrast. The slightly
fresher Pacific Ocean is, therefore, not able to support deepwater formation as shown
by von der Heydt and Dijkstra (2006). Previous model studies for an open Panama
Seaway, reflecting the Pliocene period, report a collapse of the AMOC (Maier-Reimer
et al., 1990), or a very weak overturning circulation (Lunt et al., 2007). In a recent
review paper, Molnar (2008) discussed evidence from reconstructions and from model
studies and concluded that the closing of the Panama Seaway “seems no more than
a bit player in global climate change”. Of course, the situation in our simulations is
different, because of the open Tethys. The Indian water input through the open Tethys
could stabilise the AMOC. Only in MIOC720 where CO, levels are very high, the AMOC
severely slows down. The topographic settings my differ from present-day, but none of
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the IPCC AR4 models showed a collapse of the AMOC for A1B scenario, where CO,
is gradually increased to 700 ppm comparable to MIOC720 (Schmittner et al., 2005).
The IPCC AR4 version of the MPI-ESM shows a slow down of the AMOC by no more
than 30 % (Jungclaus et al., 2006).

Just like the ocean circulation, the atmospheric circulation reorganises. Oceanic and
atmospheric heat transport change, but the total heat transport remains nearly un-
changed, because oceanic and atmospheric heat transport compensate. A reduction
of the equator-to-pole temperature gradient is, therefore, unlikely caused by a reorgan-
ised ocean circulation, as it has been claimed earlier (Pagani et al., 1999). Instead,
we find that changes in the local energy balance, for example due to a smaller surface
albedo, a lower topography, or higher CO,, explain the warmer high latitudes.

Larger high latitude temperatures and higher atmospheric CO, levels provide good
conditions for plant growth. Because our model includes a dynamic vegetation mod-
ule, we are able to simulate the interactions and feedbacks between the vegetation
and the climate system. We find that boreal forests expand northward into the high
latitudes, which is in line with vegetation reconstructions (Wolfe, 1985; Williams et al.,
2008). In contrast to that, the desert cover of the Saharan region disagrees with re-
constructions (Senut et al., 2009). One problem is that the vegetation model JSBACH
does not include a dynamic soil model. Some properties of the soils are, therefore,
prescribed with present-day values. A recent model study shows that a dynamic back-
ground albedo scheme for JSBACH improves rainfall over the Sahel/Sahara region,
which, applied to the mid Holocene (6000 yr ago), leads to higher vegetation variabil-
ity (Vamborg et al., 2011). In a sensitivity study for the Late Miocene, Micheels et al.
(2009) showed that a modern Sahara leads to a cooling in the northern high latitudes.
We, therefore, expect a further high latitude warming if North Africa is covered by veg-
etation. Since the dense vegetation in our simulations requests warmer temperatures
and higher CO, levels, we propose that the warm Middle Miocene climate depends on
higher than present-day CO, levels.
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5 Conclusions

The Middle Miocene topography provides open ocean gateways that connect the major
ocean basins. The ocean circulation and its associated poleward heat transport, there-
fore, reorganises. The atmosphere, however, compensates for the changed ocean
heat transport, leaving the total heat transport nearly unaltered. Topographic changes
alone do neither explain the warmer Middle Miocene climate nor the flatter equator-
to-pole temperature gradient. We, therefore, rule out that the poleward heat trans-
port can reduce the equator-to-pole temperature gradient. Instead, we propose that
a stronger greenhouse effect, as a result of stronger than present CO, forcing, capture
the warm Middle Miocene climate. Assuming higher atmospheric CO, levels, we are
also able to reproduce the densely wooded Middle Miocene. Both high latitude vege-
tation feedbacks and the ice-albedo feedback lead to a polar amplification that reduces
the equator-to-pole temperature gradient. Higher than present atmospheric CO, levels
are, therefore, essential to drive the warm Middle Miocene climate.
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Table 1. RMSEs with respect to ERA-40 (1979-1993) for temperature T (in °C), geopotential
height Z (in dam), and zonal wind U (in ms‘1) at pressure levels 200, 500, and 850 hPa, and
sea level pressure SLP (in hPa). RMSEs in Roeckner et al. (2006) are for ECHAMS5 in T42L19
(same resolution as used here) with respect to ERA-15. The RMSE differences between ERA-

15 and ERA-40 are taken from Table 2, Roeckner et al. (2006).
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J. H. Jungclaus

variable T200 T500 T850 Z200 Z500 Z850 SLP U200 U500 U850
CTRL 6.47 113 246 798 441 208 399 471 261 210
Roeckner et al. (2006) 5.12 1.00 202 7.04 325 193 255 448 237 1.92
ERA-15 068 040 108 083 067 056 125 0.73 085 0.61
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Table 2. Global mean climate parameters for all experiments. Sea ice parameters are calcu-

lated for the Northern Hemisphere.

7,1935-1972, 2011

climate parameter

CTRL MIOC360 MIOC480 MIOC720

2m air temperature in °C

1000 hPa temperature in °C
global surface temperature in °C
land surface temperature in °C
sea surface temperature in °C
total precipitation in mm a”’
total cloud cover

sea level pressure in hPa

vertically integrated water vapour in kg m~2

long-wave emissivity €
planetary albedo a

sea ice area (Mar) in 10° km?
sea ice area (Sep) in 108 km?
sea ice volume (Mar) in 10% km?®
sea ice volume (Sep) in 10° km®
global forest cover in 10° km?

14.3
14.6
15.1
9.3
18.0
1082
0.617
1011
26.3
0.582
0.320
14.9
6.7
35.9
16.1
57.9

global desert cover in 10° km? (55°S -55°N)  17.0

15.0
15.1
15.8
10.5
18.3

1080
0.616
1004

26.8
0.580
0.317

14.3
4.6
21.7
4.6
59.5
15.3

17.1
17.1
17.7
12.9
19.8

1103
0.604
1004

30.5
0.569
0.312

11.7

1.2
13.3
04
63.4
14.5

19.2
19.2
19.8
15.7
21.4

1131
0.591
1004

35.8
0.557
0.306

9.9
0.17
8.4
0.07
63.7
16.4
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7,1935-1972, 2011

The Middle Miocene
climate
Table 3. Global mean temperature 7 (in °C) and precipitation P (in mm a‘1) of our Mid-

dle Miocene experiments compared to corresponding experiments of previous model studies.
Boldface indicate values that are within one standard deviation of the global annual mean.

M. Krapp and
J. H. Jungclaus

T. T. T, T. P
2m surf land ocean Title Page

MIOC360 15.8 10.5
SM_350 (You et al., 2009) 17.0
SH_350 (You et al., 2009) 17.8 16.2

Conclusions References
MIOC480 171 17.7 19.8 11083 - -
MidCO, (Tong et al., 2009) 15.9 1080 Tables Figures
MM4-veg (Henrot et al., 2010) 15.7 17.7 1114
MIOC720 19.8 214 1131 e e
HighCO, (Tong et al., 2009) 18.2 1097
SM_700 (You et al., 2009) 19.0 20.5 R e
SH_700 (You et al., 2009) 19.8 -
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Table 4. References of marine proxy SST reconstructions.
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J. H. Jungclaus

source reference

DSDP 55 Douglas and Savin (1971)

DSDP 167 Savin et al. (1975)

DSDP 279A and 281 Shackleton and Kennett (1975)

ODP 903 and 905 van der Smissen and Rullkotter (1996)

DSDP 588, 608, and ODP 730
DSDP 588, 608, and ODP 883
ODP 1170 and 1172

ODP 1170 and 1171

ODP 1092

ODP 747

bivalvia shells

bivalvia shells

Pagani et al. (1999)
Ennyu (2003)

Ennyu and Arthur (2004)
Shevenell et al. (2004)
Kuhnert et al. (2009)
Majewski (2010)

Oleinik et al. (2008)
Ennyu (2003)
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Fig. 1. The present-day topography we use in CTRL, and the Middle Miocene topography we
use in MIOC360, MIOC480, and MIOC720.
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Fig. 2. (a) Zonally averaged 2 m air temperature (in °C). (b) Zonally averaged convective precip-
itation, large-scale precipitation, snow fall, and evaporation (in mm a'1). (c) Zonally averaged
cloud cover. (d) Zonally averaged total water vapour content of the atmosphere (in kg m‘2).
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Fig. 3. Differences in 2m air temperature between (a) MIOC360 and CTRL, (b) MIOC480 and
MIOC360, and (c) between MIOC720 and MIOC480 (in K).
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Fig. 4. Differences in total precipitation between (a) MIOC360 and CTRL, (b) MIOC480 and
MIOC360, and (c) between MIOC720 and MIOC480 (in mma™").
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geopotential height from December to March for (a) CTRL, (b) MIOC360, (¢) MIOC480, and — :
(d) MIOC720 (in gpm). Contour interval is every 10gpm. Stippled regions indicate mean e (DB

deviations that are larger than 50 gpm.

i

1965


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/1935/2011/cpd-7-1935-2011-print.pdf
http://www.clim-past-discuss.net/7/1935/2011/cpd-7-1935-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

b)

MIOC360 (in Sv)
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Fig. 7. Horizontal ocean circulation in the Atlantic Ocean in terms of the barotropic streamfunc-
tion for (a) CTRL, (b) MIOC360, (c) MIOC480, and (d) MIOC720 (in Sv).
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Fig. 8. T-S diagram for the water masses below 150 m in the vicinity of the Panama Seaway
(top) and the Mediterranean/Tethys (bottom) for CTRL (left) and MIOC360 (right). Black crosses
represent Atlantic Ocean water masses, blue crosses Pacific and Indian Ocean water, and red
crosses Mediterranean/Tethys water. The in-line plots show the region for which the T-S pairs
are obtained.
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Fig. 9. Meridional overturning circulation in the Atlantic Ocean for (a) CTRL, (b) MIOC360, (c)
MIOC480, and (d) MIOC720 (in Sv). Contour interval is 2 Sv. Red corresponds to clockwise
circulation; blue corresponds to anti-clockwise circulation. The rectangular boxes indicate the
Middle Miocene ocean gateways: Panama Seaway at 10° N and Tethys Throughflow at 35° N.
Note the subsided Greenland-Scotland Ridge for the Middle Miocene experiments.
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Fig. 11. Contribution of a, ¢, and H to changes in the zonally averaged surface temperature T 4

according to Eq. (1). Temperature increase in (a) MIOC360 compared to CTRL, (b) MIOC480
compared to MIOC360, and (¢) MIOC720 compared to MIOC480.
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Fig. 12. Forest cover fraction for (a) CTRL, (b) MIOC360, (¢) MIOC480, and (d) MIOC720.
Crosshatched areas represent desert regions, including land ice, that cover more than 75 %.
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Fig. 13. Comparison of model output with (a—c) terrestrial and (d—f) marine temperature recon-
structions. The low latitudes are defined to be between the equator and 30° N/S, midlatitudes
are between 30 and 55° N/S, and high latitudes are poleward of 55° N/S. The location of the

proxies is shown in the lower panel.
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