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Abstract. The mid-Miocene climatic optimum (MMCO) is explain half of the anomalous warmth and pronounced polar
an intriguing climatic period due to its above-modern tem- amplification of the MMCO.

peratures in mid-to-high latitudes in the presence of close-
to-modern CQ concentrations. We use the recently released
Community Earth System Model (CESM1.0) with a slab 1
ocean to simulate this warm period, incorporating recent

Miocene CQ reconstructions of 400ppm (parts per mil- The mid-Miocene climatic optimum (MMCO 17—14.50 Ma)
lion). We simulate a global mean annual temperature (MAT)(zachos et a).2009 is a period in Earth’s history in which

of 18°C, ~4°C above the preindustrial value, buf@  temperatures were significantly warmer in the deep ocean
colder than the global Miocene MAT we calculate from cli- gnd in mid-to-high latitudesBohme et al. 2007 Pound et
mate proxies. Sensitivity tests reveal that the inclusion ofa|_1 2012 Zachos et a).2008 Shevenell et a].2008. These

a reduced Antarctic ice sheet, an equatorial Pacific tempergarm extratropical temperatures have been hard to reconcile
ature gradient characteristic of a permanent El Nifio, in-with reconstructed below-modern tropical sea surface tem-
creased C@to 560 ppm, and variations in obliquity only perature (SST) records and boron and alkenone @€on-
marginally improve model-data agreement. Al MMCO sim- gtryctions of 200-280 ppm (parts per million) levePagani
ulations have an Equator to pole temperature gradient that g1, 2005 Pearson and Palmez000).

is at least~10°C larger than that reconstructed from prox-  Recent re-evaluation of the proxy records has led to ad-
ies. The MMCO simulation most comparable to the proxy yancement in our understanding of MMCO warmth. First,
records requires a GQconcentration of 800 ppm. Our re-  the MMCO tropical SST records showing below-modern lev-
sults illustrate that MMCO warmth is not reproducible using g|g Savin 1977 Nikolaev et al, 1998 Bojar et al, 2005

the CESML1.0 forced with C&concentrations reconstructed 5re now understood to have a cool diagenetic b&tswart

for the Miocene or including various proposed Earth systemet 5, 2004. Excluding these records indicates that tropical
feedbacks; the remaining discrepancy in the MAT is com-gsTs in the Miocene were above modern clim&esyenell
parable to that introduced by a G@oubling. The model's gt al, 2004 You et al, 2009 LaRiviere et al, 2012 Zhang
tendency to underestimate proxy derived global MAT andet a|, 2013. Second, recent leaf stomatal studies recon-
overestimate the Equator to pole temperature gradient Sugggryct CQ concentrations at the MMCO to be 400-500 ppm
gests a major climate problem in the MMCO akin to those (Kirschner et a).2008 and these results have been con-
in the Eocene. Our results imply that this latest model, asfirmed in boron isotope-based reconstructioRester et al.

with previous generations of climate models, is either not012) and updated alkenone reconstructio@bang et al.
sensitive enough or additional forcings remain missing thatyp13,
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524 A. Goldner et al.: Simulating warmth of the mid-Miocene climate optimum in CESM1

Nevertheless, even with higher @Oconcentrations This model simulates modern surface temperature distribu-
MMCO warming has been difficult to reproduce in an in- tions and Equator to pole temperature gradients weadn{
termediate complexity Earth system modElerot et al. et al, 2011), although biases exisgKay et al, 2012 Neale et
2010, atmosphere and slab-ocean modé&tsg et al, 2009 al., 2013.

You et al, 2009, and fully coupled atmosphere—ocean mod- CESM1.0 improvements in comparison to CCSM3.0 in-
els Herold et al, 2011, Krapp and Jungclau2011). Forex-  clude the revised Zhang and McFarlane deep convection
ample, Herold et al. (2011) found that the Community Cli- scheme in CAM4 allowing for parcel mixingtang and Mc-
mate System Model (CCSM3.0) was10°C too cold com-  Farlang 1995 Neale et al. 2008 2010. The atmospheric
pared to proxy records in high latitude regions like Alaska component is also able to resolve tropical circulation bet-
and Antarctica. In this study, we implement boundary con-ter, including improvements in the Hadley circulation and
ditions from Herold et al. (2011) within the National Center tropical convection Richter and Rasg2008. It also now

for Atmospheric Research (NCAR) Community Earth Sys- includes improved modeling of the seasonal cy@éZ et

tem Model (CESML1.0) using the Community Atmosphere al., 2012 and the model has a reduction in high latitude
Model (CAM4) framework to simulate the MMCO. This al- low cloud biases \favrus and Waliser2008. The slab-
lows for a clean comparison with previous simulations doneocean configuration includes fully dynamic sea ice, whereas
with CCSM3.0, using a latest generation model included inCCSM3.0 had only thermodynamic sea ice, and the sea-ice
the Coupled Model Intercomparison Project (CMIP5). model includes updates in the scattering parameterizations,

To explore if the modeling framework is able to match enhancing the realism of snow albedgriégleb and Light
MMCO warmth we conduct a pointwise model-data compar-2007). Other CESM1.0 model improvements in comparison
ison using proxy records compiled for the MMCO (Tables S1to older generation models are described in previous work
and S2). The MMCO is a good choice for climate model for modern Bitz et al, 2012 Neale et al. 2010 and for
validation because the continental configuration is relativelypaleoclimate $hields et al.2012 Goldner et al.2013.
close to modernHerold et al, 2008 although differences
exist (Potter and Szatmar2009. Additionally, the CQ lev- 2.2 Experimental design
els during the MMCO are in the range of values for the next
century, and paleoclimate records are better constrained con¥he control preindustrial (PI) simulation employs the mod-
pared to earlier warm periods such as the EocenB6-  eling components described above in standard configuration
33.9Ma) where there is large uncertainty in the QO@a- and with CQ concentrations set at 287 ppm (Table 1). The
gani 2002 Pearson and Palme200Q Royer et al. 2012 slab-ocean forcing file for the Pl case has heat fluxes, salinity,
and temperature recorddi{jber and Caballer@017). and density inputs from a fully coupled atmosphere, ocean,

This makes exploring the MMCO especially important for ice, and land simulationB(tz et al, 2012. Additionally,
understanding how the climate system responds to differentve run a Pl simulation at 400 ppm G{@PI1400) to com-
boundary condition changes in a world with similar £&hd pare with our MMCO simulation (also at 400 ppm €O
temperatures to those projected for the future. Additionally, This high CQ PI configuration allows us to isolate the tem-
because there is a possible decoupling of atmospheric COperature effect of including MMCO boundary conditions at
(LaRiviere et al. 2012 with the pronounced warmth during constant CQ.
the MMCO, this study aims to explore many of the non-«CO  The MMCO simulation has vegetation covetigrold et
forcings that could have operated during this period. Explain-al., 2010 and topography described in Herold et al. (2011).
ing the warmth is complicated and will likely involve many In comparison to modern vegetation, the prescribed MMCO
different alterations to boundary conditions as well as undervegetation has reduced ice coverage over AntarcEekdr
standing nonlinear feedbacks to the imposed changek (  and DeContp 2006, while Greenland is ice free. In the
bourn et al.2005 Shevenell et al2008 Lyle et al, 2008. tropics and midlatitudes the desert regions are replaced

with savannah and all C4 grasses are replaced with C3
grassesHerold et al, 2010. Additionally, mid-to-high lat-

2 Methods itude regions have an abundance of temperate, broadleaf ev-
ergreen biomes in agreement with previous reconstructions
2.1 Modeling framework that depict warmer and wetter conditioMddlfe, 1985.

Previous slab-ocean and atmosphere MMCO simulations
A series of MMCO global climate simulations are con- have been conducted within the CCSM3 framewaor&ng
ducted using components of the NCAR CESM1Gkft et et al, 2009 You et al, 2009, but here we improve upon
al, 2017). The CAM4 is run at 1.9x 2.5 horizontal reso- their methodology by using ocean heat fluxes derived from
lution with 26 vertical levels and coupled to the Community a coupled ocean—atmosphere simulation of the Miocene. To
Land Model (CLM4) (awrence et a).2012), the Commu-  create the Miocene slab-ocean forcing file we use a previ-
nity Sea-lce Model (CICE4)Hunke and Lipscomb2008 ous CCSM3.0 Miocene simulation conducted by Herold et
and the slab-ocean model, described beBitz(et al, 2012). al. (2012). We include fluxes averaged from the last 100 yr of

Clim. Past, 10, 523536 2014 www.clim-past.net/10/523/2014/
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Table 1. Simulation names and boundary conditions for the Pl and MMCO simulations.

Simulation Name C@ Topography SST Orbital

Pl 287 Modern PI SST PI1 Configuration
P1400 400 Modern PI SST as Pl

MMCO 400 Herold 2008 Herold 2012 heat fluxes as PI
MMCO560 560 Herold 2008 Herold 2012 heat fluxes as PI
MMCO800 800 Herold 2008 Herold 2012 heat fluxes as Pl

LOW AIS 400 Lower AIS with Herold 2008 Herold 2012 heat fluxes as PI

EP 400 Lower AIS with Herold 2008 permanent El Nifio obliquity t¢ 25
EP +ORB 400 Lower AIS with Herold 2008 permanent El Nifio obliquity t6 25

a CCSM3.0 run at 560 ppm GOwhich is a better match the equatorial PacifioNara et al.2005 Dekens et a).2008
compared against the proxy records in comparison to theand similar to previous studies which have prescribed this
lower CO, simulation Herold et al, 2012. We admit that  type of SST distribution§hukla et al.2009 Vizcaino et al.
this simulation has C®levels above reconstructed values, 2010. The imposed permanent El Nifio has a similar struc-
but this is a better background climate state for conductingture to the “canonical” El Nifio; unlike the “Modoki-type”
our simulations because of CCSM3’s known low sensitivity which has the largest temperature increases in the central Pa-
to CQO;, forcing (Otto-Bliesner et a).20086. cific (Ashok et al, 2007). In the paper we will refer to per-
The slab-ocean model employed in this study is a mixed-manent El Nifio as El Padr&kukla et al.2009.
layer thermodynamic model (i.e., excludes dynamics) and is The entire suite of simulations included in our analysis
considered to be thoroughly mixed at all the ocean depthsre listed in Table 1. The simulations conducted are run for
(Bitz etal, 2012. The slab-ocean model is forced with ocean over 60yr with the last 20 used for analysis and are well
heat convergence and mixed layer depths from a fully cou-equilibrated as evidenced by the radiative balance statistics
pled, equilibrated Miocene simulation and its purpose is tofound in Table S3. Additional MMCO C@sensitivity ex-
recreate the equilibrated state including SST and sea ice gberiments were run at 560 ppm €VMCO560) to account
the fully coupled climatology. Total heat into the slab oceanfor the uncertainty in Miocene C{reconstructions and the
is the combination of net long, short, sensible and latent heatodel-data comparisons for this experiment is described in
from the atmosphere, upwelling heat from the deep ocearkig. 3b. We also run a simulation at 800 ppm (MMCO800)
(prescribed in this study), and sensible and latent heat fluxe€0O, (Fig. 3c) (Table 1) to explore a wide range of G@al-
from ice and snowRitz et al, 2012. ues although we note that this is well outside the range of the
Our use of the slab-ocean model in this study, as opposedeconstructed C@levels for the MMCO.
to a fully dynamic ocean model, is justified given that (1) we
are interested in simulating a large number of sensitivity ex-2.3 MMCO terrestrial and sea surface temperature
periments that demand already intensive computational re- compilation
sources. (2) Experience from modern and Eocene studies
show that this slab-ocean approach produces very similar aror the model-data comparison we update the compilation
swers to those from coupled modeGettelman et al2012 of terrestrial and SST proxy records described in Pound et
Bitz et al, 2012. (3) We can run the slab-ocean simulations al. (2012), Herold et al. (2011), and others (Tables S1, S2).
with higher resolution in the atmosphere (1:92.5°) than  We present the longitudinal and spatial distribution of the
is standard for most paleoclimate studies because of the rgaroxy records in Figl. The proxy reconstruction spans over
duced computational requirement. (4) We explore imposingthe MMCO (17-14.50 Ma), however, because of the sparse-
a permanent El Nifio, which has been difficult to reproduceness of data over this period we include records that have an
in fully coupled models laywood et al.2007 Galeotti et  average age between 20 and 13.65 Ma, where they fill spatial
al., 2010 Huber and Caballer@003. gaps (i.e., Southern Hemisphere). This data compilation can
Using slab fluxes from CCSM3.0 is not an issue becausebe used as a reference data set for future MMCO model-data
we find no substantial differences in SST (Fig. S1) or climatecomparisons.
between CCSM3.0 and CESM1.0 for deep paleoclimate sim- We update the minimum error in our compiled terrestrial
ulations such as the Eocene, as the ocean component bproxy records for a number of reasons. Firstly, recent work
ases are very similar between the two modeling frameworkssuggests that for physiognomic leaf-climate methods there
(Danabasoglu et al2012. should be a minimum error a£5°C (Royer, 2012. Sec-
The permanent El Nifio imposed in some of our simula-ondly, studies have suggested that there is large uncertainty
tions is comparable to proxy based SST reconstructions foin estimating MAT Grimm and Denk2012 using the co-
existence approachvipsbrugger and Utesche?007). For

www.clim-past.net/10/523/2014/ Clim. Past, 10, 52836, 2014



526 A. Goldner et al.: Simulating warmth of the mid-Miocene climate optimum in CESM1

present in the records used here. This interpretation is but-
o L i tressed by more sophisticated studies like that of Liebrand et
H ! al. (2011).

The SST records are compiled from available published
data in the literature and we describe these records in de-
tail in Table S2. We separate out some tropical SST records
that may have a diagenetic biaSekton et al. 2006 Hu-
ber, 2008. Tropical SSTs are few and far between for the
MMCO, but more common in the mid-to-late Miocene, thus
we may omit proxy records from over almost half the surface
area of the planet (30N and 30 S) or utilize data from in-

0 b tervals slightly outside the MMCO. Because there is a lack
of tropical SST data points for the MMCO we compile SSTs

a from the late Miocene and justify this based off the minimal
-0 L ‘ ‘ ‘ ‘ change between middle and late Miocene SSTSs at other loca-
tions (LaRiviere et al. 2012. Given that the Pliocene tropi-
Latitude cal SSTs were- 4—6°C (Brierley et al, 2009 Dekens et aJ.
2007 Ravelo et al.2006 Fedorov et al.2013 above mod-

ern SSTsin the tropical and sub-tropical upwelling zones and
the late Miocene was 7-9°C above modern SST&4Riv-

iere et al, 2012 it is reasonable to conjecture MMCO tropi-
cal SSTs were this warm or warmer. This characterization is
supported by the recently published SST data set of Zhang
et al. (2013). Either approach introduces potential errors in
interpretation and here we choose to utilize SST estimates
in data sparse regions that lie generally within the early-to-
middle Miocene, but may be outside the MMCO. Our up-
dated minimum error bars are large enough to encompass the
temporal variation in these records.

Previous work has discussed the importance of including
orbital variations when quantifying uncertainty in model—

0 75 200 500 1000 2000 3000 4000 data comparisonsHaywood et al.2013. To quantify the

Fig. 1. (a) Longitudinal distribution of MMCO terrestrial temper- possible error .intmduced by aliasin-g of orbital variability in
atures (red diamonds) and SST (blue crosses) with proxy recor@Y' 'nterpretatlor,] of mOdel_qata m'_sm,atCh’ We_ qondUCt two
error plotted as the vertical bars and described in Tables S1 and SSENSItVIty eéxperiments varying obliquity to minimum and

(b) The spatial distribution of the terrestrial and SST proxy records Maximum Mioce.n.e.values (22 and?2espectively). We run
used in the model—data comparisons overlain onto the Miocene to€ach of the sensitivity tests for 60 yr and we then calculate us-

pography (Herold et al., 2008). ing an average of the last 20 yr the maximum and minimum
model-derived temperatures at each proxy location from both
extreme orbit simulations and use this absolute anomaly as

our intended purposes increasing the minimum proxy recorcan estimate of orbitally induced variance. These maximum

uncertainty should make matching the simulations more ob-and minimum values are plotted as vertical error bars on

tainable. If our model still fails to match proxy data even the modeled MAT in our pointwise model-data comparisons

with generous error bars this merely proves our main resultgFigs. 2—6).

further.

To address the temporal variability of including records

across a long timescale we calculate approximate globa Results

mean temperatures, relative to the MMCO, based on the

known temperature relationship to oxygen isotopes and ap3.1 Proxy derived MAT value

plying a factor of 0.5 to account for polar amplification us-

ing a stacked oxygen isotope record for the early-to-middleTo determine the difference in global MAT between Miocene

Miocene Zachos et a.2008. We find that the difference and preindustrial climate we take the proxy records and

in temperature before and after the MMCO-9.84 and  perform a pointwise anomaly of proxy-derived MAT com-

—0.99 C, respectively. Thus, our error bars encompass thgpared to modern observed MAT at paleolatitudes and

likely variation in global mean temperature that may be paleolongitudes. We split the resulting anomalies into

MAT °C

Clim. Past, 10, 523536 2014 www.clim-past.net/10/523/2014/
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tropical (3¢ N-30° S) midlatitude (30N/S-60 N/S) and
polar (60 N/S-90 N/S) regions and conduct a weighted av-
erage anomaly over each latitudinal region. This latitudinal
binning and area weighting addresses issues of having more
proxy records in certain regions (i.e., the midlatitudes). The
error bars for the proxy derived MAT were calculated to
include two types of error. First, we assumet&° C ran-
dom error on each proxy estimate. Second, a random er-
ror is introduced across the spatial domain calculated from
the standard deviation over samples within the three binning
regions. The two errors are combined and normalized by
the square root of the total number of proxy records. Using
proxy records for the MMCO (Table S1 and S2) we calcu-
late a global MAT change of 7.6°C + 2.30 (we report two
standard errors from the mean) compared to PI. The proxy-
derived temperatures compared against modern observations I oseon
(ECMWEF 40 Year Re-analysis Project) is 68+ 2.20 as 8 Terrestral
there is~ 1.0°C of warming between modern observations F Modelled AMAT from PI = 4.04°C
and PI climate. I ‘
To validate our approach for estimating proxy derived 2
MAT we calculate a resampled MAT using our methodology
and compare against a globally weighted MAT (we will call
this true MAT) from both model runs and modern observa-
tional data sets. The globally weighted true MAT value of the
MMCO simulation is 18.00C (Table 2) whereas our calcu-
lation for MAT resampled over the proxy record regions us-
ing the methodology from above is 17.92. The calculated
standard error from the mean including proxy record uncer-
tainty is 1.3%C, which illustrates that our resampled MAT e . e e
value is well within the calculated standard error. We also
calculate the resampled MAT using modern observations and
with other Miocene simulations and find that all the resam-rig. 2. (a) High AIS topography (meters) used in Herold et
pled MAT estimates fall within two standard errors of the al. (2011),(b) pointwise MAT comparison between the MMCO
true MAT. For all intended purposes we are confident thatsimulation and proxy records (Tables S1, S2). Horizontal error bars
our approach for reconstructing global MAT from our proxy are the modeled pointwise maximum and minimum temperatures
record compilation is a valid estimate. from the extreme obliquity simulations (see Methods Sect. 2.3) and
methodological error is plotted as the vertical error bars. The best
fit line (black dashed) is weighted to include proxy uncertainty and
is fitted across all points. The weighting for each proxy record is
calculated by 1/(err80. The y intercept and slope are reported in
Table 2.

0 75 200 500 1000 2000 3000 4000

1

Proxy MAT °C

Modeled MAT °C

3.2 MMCO simulation compared against the proxy
records

The MMCO simulation is 4.04C warmer than the con-
trol Pl simulation, but the simulation is abouf@ cooler

than globally averaged MMCO proxy temperature recon-gajly, an error weighted best fit line for the pointwise com-
structions (Table 2). The MMCO simulation generally cap- parison reveals a root mean square error (RMSEY 6PC

tures the tropical and midlatitude temperature distribution Ofandy intercept of 9.62C, and the s|ope of the regression
the proxy records, but fails to achieve above-freezing tem-ine is 0.62 (Table 2). In summary, the MMCO simulation (at
peratures in the high latitudes (F&p, Table 3). The nature 400 ppm CQ) is unable to produce high latitude warmth or a

of this discrepancy can be clarified by examining the Equa-syfficiently warm global mean temperature compared to the
tor to pole surface temperature gradient. It iSCAarger i paleotemperature records.

the MMCO simulation than in the proxy records (Table 2).

Using the methods described in Lunt et al. (2012), the Equa3.3 Effect of MMCO boundary conditions and CO»

tor to pole temperature gradient is calculated by averaging sensitivity experiments

the mean annual temperatures over the absolute latitudes of

60—-80 minus 0—30; except here we use 8because thisis We find that our MMCO simulation is 2.£& warmer com-
the maximum latitudinal extent of proxy records. Addition- pared to the Pl simulation run at 400 ppm £@1400). Thus

www.clim-past.net/10/523/2014/ Clim. Past, 10, 52836, 2014



528 A. Goldner et al.: Simulating warmth of the mid-Miocene climate optimum in CESM1

Table 2. Compilation of model simulation names, imposed boundary condition changes, model and proxy MAT values, Equator to pole
temperature gradient values, and model—data pointwise comparison statistics.

Equator
Simulation Miocene to pole Y intercept
name and MAT  minus PI temperature of best RMSE
records tC) (°C) gradient{C)® Slopé fit lineP
MMCO records 21.8%2.2 - 24.50 - - -
PI 13.95 - 43.84 0.33 11.53  10.12
P1400 15.57 1.62 42.16 - - -
MMCO 18.00 4.04 41.79 0.62 9.61 6.05
MMCO560 19.84 5.89 37.50 0.66 7.93 5.72
MMCO800 21.19 7.26 33.00 0.69 6.62 4.81
LOW AIS 18.10 4.15 39.08 0.64 9.23 5.23
EP 18.68 4.66 37.89 0.65 9.19 5.99
EP+ORB 19.66 5.64 33.79 0.66 8.41 5.19
CCSM3.0T31
355ppm CQ 15.38 1.43 37.00 - - -
CCSM3.0T31
560 ppm CQ 16.94 2.99 35.00 - - -

2 The Equator to pole surface temperature gradient is calculated by averaging the mean annual temperatures over the absolute
latitudes of 60—8® minus 0-30; 80° is the maximum latitudinal extent of proxy recorfisThe slope ang intercept of the

best fit line for the pointwise model and proxy comparisons in Figs. 2—6. The best fit line is weighted to include the error
uncertainty found in the proxy records (Tables S1, S2).

Table 3. High latitude model proxy data comparison for the Alaskan and Antarctic records. The simulations in the comparison include
CESM1.0 and CCSM3.0 (Herold et al., 2011) model runs.

EP+ CCSM3.0
Latitude  Proxy Error MMCO MMCO LOW ORBI  T31355ppm
©) (°C) (£°C) (°C) 560 AlS EP TAL25 CcQ PI
Porcupine
River 90-1, 68.19N 8.00 8.00 -—7.00 -3.7 —-7.40 -5.20 -3.0 —-6.80 -10.81
organic bed
Nenana
Coal Fm 65.11N 7.50 8.00 0.00 2.9 -0.50 1.30 3.20 —-5.59 -10.35
Coal
Creek 64.99N 8.00 8.00 0.00 2.9 -0.50 1.30 3.20 —-5.59 -10.35
Cook
Inlet 62.00N 11.00 3.00 2.10 4.60 1.30 3.10 4.90 1.39 -9.95
AND-2A
(Ross Sea) —77.00S 5.50 5.00 -1.50 0.00 —-143 -140 -0.25 -172 -1.73

2.43°C of the temperature difference between our MMCO (Table 2). This simulation has a global MAT 5.89 higher
and PI simulations are a result of changes in continental pothan the control Pl simulation, and4s2°C colder than the

sitions, topography, and vegetation. This change is consisteriroxy-derived global MAT. The error weighted best fit line
with late Miocene modeling, which finds 3C of warming

due to changes in vegetation and topogragiofr et al,

2019).

A CO» sensitivity experiment run at 560 ppm g(@bove

most reconstructed CQOecords) is also too cold at high lat-
itudes compared to proxy records (F8p) and the Equator

to pole temperature difference is still too large §y13°C

Clim. Past, 10, 523536, 2014

for the MMCO560 pointwise comparison givesyainter-
cept of ~7.93°C, but the calculated RMSE is still 52T
(Table 2). The MMCOB800 simulation has a MAT 7.26
above PI (Table 2), which is our best comparison with the

proxy derived MAT value. The error weighted best fit line
is closer to the one-to-one line and has our besttercept

of 6.62. (Fig.3d). Overall, MMCO800 matches the proxy

www.clim-past.net/10/523/2014/
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MMCO560 - MMCO AT =1.84°C MMCO800 - MMCO AT =3.19°C
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Fig. 3. (a) Modeled temperature anomaly for the MMCO560 (560 ppnmpC&@mulation minus the MMCO simulatior? C). (b) Pointwise
MMCO560 simulated global MAT compared against the proxy record MAT)((c) Modeled temperature anomaly for the MMCO800

(800 ppm CQ@) simulation minus the MMCO simulatiofiC). (d) Pointwise MMCOB800 simulated global MAT compared against the proxy
record MAT (°C). These are the same terrestrial and SST records described in Fig. 1. Horizontal error bars indicate the uncertainty recorded
by maximum and minimum temperatures of extreme orbital obliquity parameters (see Methods Sect. 2.3). The best fit line (black dashed) is
weighted to include error uncertainty and is fitted across all points anglititercept and slope reported in Table 2.

compilation the best and we use this comparison to provdrial ice and atmosphere model (D. Pollard, personal com-
that matching global MMCO warmth can be accomplished, munications, 12 April 2012) (Figdb). This AIS is half the
but at CQ concentrations approximately twice that recon- volume of that used in Herold et al. (2011) (Fi¢n) and
structed from proxies. These results are very similar to thoseés within the range of estimates from proxy recoré@ekar
found in the EoceneHuber and Caballet@01Z1 Lunt et al, and DeContp2008§ Billups and Schrag2003. We also re-
2012 duce the area of glacier albedo over Antarctica by half and
Below, we test hypotheses that have been proposed teeplace it with a combination of unvegetated and tundra-like
explain Miocene warmth, with the goal of improving the land cover. We introduce this new AIS topography and veg-
model-data comparison without having to increase; CO etation cover (Fig4b) into the MMCO boundary conditions
above reconstructed levels. described in Herold et al. (2008) and denote this simulation
LOW AIS. The difference in surface albedo over the AIS be-
tween these two simulations ends up being similar as snow
(also with a high albedo) ends up covering the areas that
were once glacier because Antarctica stays below freezing
year round.
Recent work estimates the volume of the middle Miocene 1he LOW AIS simulation is 4.15C warmer than Pl and
Antarctic Ice Sheet (AIS) to be-30-50% less than mod- 0-10°C warmer than the previously described MMCO sim-
ern Shevenell et al.2008. Consequently the Herold et ulation with a high AIS (Fig4d). The global temperature
al. (2008) reconstruction for AIS elevation and extent is "€SPonse to adding or removing the AIS in the Miocene has
likely too large (Fig.4a). To correct this, we utilize a new not been_ explicitly calculated and we find that there is no
AIS reconstruction derived from a fully interactive terres- Substantial global mean temperature impact from decreasing

4 Testing non-CQ, drivers of Miocene climate

4.1 Reducing Antarctic ice-sheet volume
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Fig. 4. (a)High AIS topography (meters) used in Herold et al. (2074) LOW AIS topography based on offline ice-sheet modeling (David
Pollard, personal communications, 12 April 201(2), modeled temperature anomaid) between the LOW AIS simulation and the MMCO
simulation with the high AlIS(d) Pointwise MAT comparison between the LOW AIS simulation and proxy records (Tables S1, S2). The
best fit line (black dashed) is weighted to include error uncertainty and is fitted across all points arté¢ineept and slope are reported in
Table 2.

the size of the AIS. This result is consistent with previous4.2 EIl Padre
work, which found a small global temperature response to

adding and removing the AIS in the Eocer@oldner etal. |t nas been hypothesized that pre-Quaternary climates
2013. Although recent coupled MMCO simulations have yyere characterized by a reorganization of tropical ocean—
found warmer and wetter conditions regionally over Europe aimosphere circulation inducing a permanent El Nifio SST
due to the reducing ice extent in Antarctica highlighting the gistripution Philander and Fedorg2003 Lyle et al, 2008
importance of including ocean feedbacks for resolving re-gayelo et al.2006), which has been called El Pad@hukla
gional temperature distributionsiamon et al.2012. The ¢t 51 2009. A reduced temperature gradient in the east-
temperature difference between LOW AIS and the MMCO ey equatorial Pacific (EEP) should induce high latitude
simulation is largest over Antarctica (Figc) because of \yarming in Alaska and other high latitude regions, because
the imposed elevation and surface albedo changes. Althouglis is a standard teleconnected response during modern El

lowering the AIS warms the Antarctic continent, the Miocene Njiros (Molnar and Cang2007). Prior modeling studies have

LOW AIS simulation results in negligible improvement in - qemonstrated the effectiveness of this mechanBarrgiro
matching proxy records elsewhere in the high latitudes (Ta; al, 2008 Vizcaino et al, 201Q Bonham et a.2009 Hay-

ble 3). A slight warming occurs in the Ross Sea between thgyqod et al. 2007 Goldner et al. 2011, although no mod-
LOW AIS simulation and the MMCO simulation, butoverall g|ing study has explicitly studied its impacts with realistic

there is minor improvement in the model-data comparisonynco boundary conditions.
(Fig. 4d) by lowering the height and reducing glacier extent

X To explore the impacts of an El Padre SST anomaly in
of the AIS (Fig.4b).

our simulations, we take the heat convergence and mixed
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data comparison for the EP simulation is plotted in Fig.

This simulation is~4.6°C warmer in global mean than the

PI simulation and~ 0.5°C warmer than the MMCO and
LOW AIS simulations. Warming due to adding El Padre is
largest in regions where the model previously performed the
worst (Fig.5a). Roughly 2C of warming occurs in Alaska,
but the simulation is stil~8.5°C too cold in this region
(Table 3) and still has a 13°C larger Equator to pole sur-
face temperature gradient compared to the proxy records (Ta-
ble 2). Imposing an El Padre illustrates a mechanism capable

-:-:D;D:D:-:- of warming the high latitudes without elevating g@onsis-
T A tent with the results dfaRiviere et al(2012); Sriver and Hu-
0 |- goean , ber (2010; Brierley et al.(2009. Nevertheless this change
| EP Modelled AMAT from Pl = 466C T ] does not reconcile the warmth of the MMCO, as tempera-

tures are stil 2°C too cool globally and- 8.5°C too cool
] in the high latitudes.
] Adding EP and increasing obliquity to 2Besults in a sim-
] ulation that is 5.64C warmer than PI (Fig6). These bound-
R ary condition changes in conjunction with one another are
] not clearly detected in proxy reconstructions and we present
] this simulation as an example of including a suite of forc-
. ings aimed at increasing temperature in high latitude regions.
] Although higher than modern obliquity is reconstructed in
b | orbital configurations calculated for the MMCQagskar et
v al., 2009, this MAT anomaly compared to Pl is similar
to the warming found in the MMCO560 simulation. The
Modeled MAT “C MMCO560 simulation does not include any of the boundary
Fig. 5. (a) Modeled temperature anomaly for the EP simulation mi- Cond't'oln changes aimed at |ncre§5|ng h'gh.lat'tUde Wa_rmth'
nus the LOW AIS simulation°C), (b) pointwise EP case global Interestingly the EP, AIS, and obliquity forcing results in a
mean MAT compared against the proxy record MAT). These ~ 4°C improvement in simulating the Equator to pole temper-
are the same terrestrial and SST records and error bars described #fure gradient compared to MMCO560 (Table 2). Both com-
Fig. 1. The best fit line (black dashed) is weighted to include errorparisons are too cold compared to the proxy derived global
uncertainty and is fitted across all points and thintercept and  MAT value as matching the proxy records in high latitudes
slope reported in Table 2. requires a C@ concentration of double what is predicted in
the reconstructions.

Proxy MAT °C

layer depths derived from a fully coupled Miocene simula-
tion (Herold et al, 2012 and zonally average these quantities 5 Djscussion
across the equatorial Pacific (18 and 10 S of the Equa-
tor). We introduce the zonally averaged ocean heat convers.1 Comparison with previous MMCO CCSM3.0
gence and mixed layer depths into a new slab-ocean forcing simulations
file and simulate the MMCO with a low AIS at 400 ppm €0
The El Padre SST anomaly is presented in Fig. 5a and willThe most comparative study to the experiments presented
be referred to as EP. We are confident the CAM4 CESM1.0here are the CCSM3.0 MMCO simulations described in
framework reproduces modern day observational teleconned-erold et al. (2011) (Table 2). In the present study, the
tion patterns induced by El Nifio forcing, as described in de-Miocene simulations are 2.0°C warmer than the Miocene
tail in other studiesWang et al. 2013 Shields et a.2012. CCSM3.0 simulationsHerold et al, 2011 at the same C®
Although an interesting question for past warm periods likelevels. This temperature difference is explained in large part
the MMCO is how these global and regional responses tdbecause CAM4 CESM1.0 is a more sensitive model to back-
ENSO (El Nifio—Southern Oscillation) have varied through- ground CQ concentrations. The older CCSM3.0 has a°Z5
out geologic time, as modeling of the late Miocene has showrchange in global mean surface temperature to a doubling
that ENSO teleconnections can be modified from modernof CO, (Kiehl et al, 2009, while CSEM1.0 CAM4 has a
teleconnectionsGaleotti et al.201Q Tang et al. 2014). 3.5°C temperature change to a doubling of S@Gettelman

In the EP simulation high latitude regions warm, espe-et al, 2012, roughly a 1°C higher climate sensitivity. The
cially Alaska and Antarctica (Fidgha). The pointwise model- higher temperature sensitivity to G®as been attributed to
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EP + ORBITAL - LOW AIS AT =1.53°C warmth in the high latitude regions especially in the Southern
Hemisphere. Hamon et al. (2012) also conducted fully cou-
pled MMCO simulations under a variety of different changes
in boundary conditions. Comparison to this study is difficult
because results focused on regional temperature changes to
AIS forcing and they did not report global MAT values. Hen-
rot et al. (2010), using an intermediate complexity planet
simulator explored changes in topography, seaways;, CO
and vegetation across the MMCO and these simulations are
too cold in the midlatitudes compared to the records. They
simulate warming of 2.9 and 3°€ above Pl when C&con-
centrations are increased to 500 ppm and vegetation is altered
-3 -25 -2 15 ~1-075-05025 0 02505075 1 15 2 25 3 respectively, which is half of the temperature change needed
to explain the proxy derived MAT.

5.3 Further implications of the model-data mismatch

Ocean

30
Terrestrial

| EP+ORBITAL25 Modelled
L AMAT from PI = 5.64°C

Additional MMCO simulations exploring precessiosldan
and Huber2001 Lawrence et a).2003, eccentricity (West-
erhold et al. 2005, and vegetationnorr et al, 2011) could
be important in our understanding of MMCO warmth. Also,
because we have fixed ocean heat transport (OHT), using a
dynamic ocean could help explain missing warmth. How-
ever, on the contrary, every study that has been performed
studying the sensitivity of zonal mean OHT to changes in
a wide range of boundary condition alterations occurring
throughout the Cenozoic robustly shows small changes in
OHT, none of which go as far as to explain high latitude
. b warmth Huber and Sloan 2001 Krapp and Jungclays
o 0 10 20 2 2011, Zhang et al.2013 Haywood et al.2013.
Modeled MAT °C We point <_Jut tr_\at previous fully coupled ocean-
atmosphere simulations at 560 ppm £@ere unable to
Fig. 6. (a)Modeled temperature anomaly for the EP+ORBITAL25 reproduce MMCO warmthHerold et al, 2011). In fact,
simulation minus the LOW AIS simulatior®C), (b) pointwise the CCSM3.0 MMCO simulation at 560 ppm G@erforms
EP+ORBITAL25 case global mean MAT compared against theworse against the proxy records than our MMCO CAM4
proxy record MAT €C). These are the same terrestrial and SST CESM1.0 simulation at 400 ppm GQ@Table 2). We also reit-

records described in Fig. 1. Horizontal error bars indicate the un-grate that the temperature effect of including MMCO bound-
certainty recorded by maximum and minimum temperatures of ex'ary conditions induces 2.4€ of warming compared to the
treme orbital obliquity as in Fig. 1. The best fit line (black dashed) :

; . . o . P1400 simulation. This is roughly a third of the warming
is weighted to include error uncertainty fitted across all points and ded t lain the MMCO th 6f7.6°C L 2.30
the y intercept and slope reported in Table 2. needed to explain the warm ) e

The issue of some terrestrial records, especially in mid-to-
high latitude regions, having difficulty in matching model-
H'_ng simulations has been pointed out more extensively in a
model-data comparison of the Eocene conductetiyer
and Caballerq201)). Possible reasons behind the model—
data mismatch include undersampling for leaf physiognomic
techniques\(Vilf, 1997, skewness of high latitude tempera-
tures due to the “toothinessB0yd et al, 1994, and other
systematic biases mentioned beldBufnham et al. 1989

Krapp and Jungclaus (2011) simulated the MMCO and foundSPICer et al.2005 Peppe et al.2010. Additionally, due to

a MAT of 17.1°C at 480 ppm C@and 19.2C at 720 ppm the length of the penod we e.xplore there is the question of
CO,. These simulations are roughly 4 anéi2colder com-  Whether the record is recording a seasonal or MAT signal.
pared to the MAT calculated from the proxy records pre- All of this uncertainty is additional justification for why we
sented here. This study also comes to similar conclusionfave chosen to include Iarger error bars on all our terrestrial
about their model's inability to reproduce reconstructed ProXY recordsRoyer 2012 Grimm and Denk2013).

20

Proxy MAT °C

less warming in the upper troposphere compared to the su
face warming at varying latitudes and a reduction in low level
cloud fraction Bitz et al, 2012).

5.2 Comparison with other fully coupled MMCO
simulations
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Other factors related to the model boundary conditionsreflected in the proxy record. Thus, explaining the warming
could be contributing to the modeling simulations being will require additional incremental changes in boundary con-
too cold compared to the terrestrial records. The modelingditions (such as an even higher &0a more sensitive model
framework is limited to the fact that paleoelevation in someto background C@ concentrations, and/or identification of
areas is simplified due to resolution and also poorly con-some — as yet unknown — process or forcing that accounts
strained in other regiondHerold et al, 2008. This could  for almost half of the difference in temperature between to-
significantly affect MAT temperatures in the midlatitude re- day and the MMCO. We understand that we are also limited
gions depending on the imposed elevation especially if spein this study to the use of one model configuration and our
cific locations are too high. Additionally, further altering or- conclusions should be understood within this context. How-
bital variations Haywood et al.2013 and Miocene vege- ever, we have tested the most common (and not so common)
tation cover Dutton and Barron1997) in the high latitudes  boundary condition changes understood to have a likely im-
can have a significant effect on the regional temperature ovepact on MAT and even with all of these changes there is a
the land surface. Finally, we point out that a generally goodnegative bias in the model. Furthermore, the CESM exhibits
match for terrestrial records occurs at 800 ppmy@Elg. 3c, biases identified in numerous other paleoclimate models,
d) as there is enhanced high latitude warmth compared t@dding confidence that the climate simulated here is not fun-
the tropical regions. This again highlights that we are miss-damentally different to what would be expected from other
ing a forcing equal to a doubling of GQo explain MMCO  models.
warmth. Thus, finding the right combination of boundary  Although some terrestrial COproxies suggest COwas
condition changes and the right model framework will con- higher than 500 ppm, this would not solve the data—model
tinue to improve the model-data mismatch regionally. mismatch, as increasing GQpast 560 ppm would likely

make the tropics too warm (e.g., Fi8p, d). Ultimately, our
inability either to identify a missing paleoclimate forcing or
6 Conclusions formulate models with sufficient positive feedbacks to recre-
ate substantial increases in global mean temperature with
Paleoclimate modeling studies need to conduct a pointwisetrong polar amplification represents a persistent weakness
model-data comparison to be confident that their modelingof climate models.
results match proxy records and consequently we will make
the presented MMCO temperature data set available for these
types of comparisons. Simulating the MMCO at 400 ppm Supplementary material related to this article is
CO, using the CAM4 CESM1.0 framework produces a sig- available online athttp://www.clim-past.net/10/523/2014/
nificant model-data mismatch in global MAT and in high cp-10-523-2014-supplement.pdf
latitudes. The discrepancy in the MAT comparison is equal
to that introduced by a full doubling of CQas the model
matches the data best at 800 ppmC® similar conclusion  Acknowledgementsie acknowledge support of the Computa-
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ing was reached based on fully coupled Ocean_atmospher@e first author through a GAANN fellowship. The authors thank
Eocene simulations where a G@vels nearly double the re- Christine Shields and David Pollard, who helped with some of
constructions was required to match the proxy recoktis the implementation and development of thg Mlocene S|r.nulaj[|0ns.
ber and Caballeta2011). It is interesting to note that the We also thank Matthew Pound who supplied us with his middle

. . . . Miocene terrestrial data compilation and editor Appy Sluijs. In
reconstructed CPused in this study of 400 ppm is equiva- addition, parts of this research were funded by NSF P2C2 grant

lent to the concentration used in simulations of the Plic.)cene0902882 and NSF EAR grant 1049921, This is PCCRC paper 1301,
where global temperatures were not as warm as the Miocene.

Including two of the most discussed Earth system feed-gdited by: A. Sluijs
backs (El Padre and reduced ice volume) had small impacts
on improving the model predictions even when we included
uncertainty associated with time varying and possible aliasReferences

ing of orbital forcing. Like previous fully coupled atmo- Andrews, T., Gregory, J. M., Webb. M. J., and Taylor, K. E.
sphere ocean effortsigrold et al, 2011, Krapp and Jung- Forcing, feedbacks and climate sensitivity in CMIP5 coupled

Clau_s 2013, matchlng proxy records atthe MMCO is ch.al— atmosphere-ocean climate models, Geophys. Res. Lett.,, 39,
lenging even in the latest generation of models and using a | 59712 d0i10.1029/2012GL051602012.

model with a climate sensitivity near the median of Inter- aoshok K. Behera, S. K., Rao, S. A., Weng, H., and Yamagata,
governmental Panel on Climate Change (IPCC) Fifth Assess- .. £l Nifio Modoki and its possible teleconnection, J. Geophys.
ment Report (AR5) estimatesiidrews et al.2012. Given Res., 112, C11007, d4i®0.1029/2006JC003798007.

the variety of methods used for reconstructing Miocene cli-

mate (Tables S1, S2), we are confident in the broad trends

www.clim-past.net/10/523/2014/ Clim. Past, 10, 52836, 2014


http://www.clim-past.net/10/523/2014/cp-10-523-2014-supplement.pdf
http://www.clim-past.net/10/523/2014/cp-10-523-2014-supplement.pdf
http://dx.doi.org/10.1029/2012GL051607
http://dx.doi.org/10.1029/2006JC003798

534 A. Goldner et al.: Simulating warmth of the mid-Miocene climate optimum in CESM1

Barreiro, M., Philander, G., Pacanowski, R., and Fedorov, A.:Foster, G. L., Lear, C.H., and Rae, J. W. B.: The evolution of pCO
Simulations of warm tropical conditions with application to ice volume and climate during the Middle Miocene, Earth Planet
middle Pliocene atmospheres, Clim. Dynam., 26, 349-365, Sci. Lett., 341-344, 243-254, dbQ.1016/j.epsl.2012.06.007
doi:10.1007/s00382-005-0086-2006. 2012.

Billups, K. and Schrag, D. P.: Application of benthic foraminiferal Galeotti, S., von der Heydt, A., Huber, M., Bice, D., Dijkstra, H., Jil-
Mg/Ca ratios to questions of Cenozoic climate change, bert, T., and Reichart, G. J.: Evidence for active El Nifio Southern
Earth Planet. Sci. Lett., 209, 181-195, d6i:1016/S0012- Oscillation variability in the Late Miocene greenhouse climate,
821X(03)00067-p2003. Geology, 38, 419-422, ddi0.1130/G30629,12010.

Bitz, C. M., Shell, K. M., Gent, P. R., Bailey, D., Danabasoglu, G., Gent, P. R., Danabasoglu, G., Donner, L. J., Holland, M. M.,
Armour, K. C., Holland, M. M., and Kiehl, J. T.: Climate sensitiv- Hunke, E. C., Jayne, S. R., Lawrence, D. M., Neale, R. B.,
ity of the community climate system model version 4, J. Climate, Rasch, P. J., Vertenstein, M., Worley, P. H., Yang, Z.-L., and
25, 3053-3070, dadl0.1175/JCLI-D-11-00290,2012. Zhang, M:. The Community Climate System Model version 4, J.

Bohme, M., Bruch, A. A., and Selmeier, A.: The reconstruction of  Climate, 24, 4973-4991, ddi0.1175/2011JCLI4083,2012.

Early and Middle Miocene climate and vegetation in Southern Gettelman, A., Kay, J. E., and Shell, K. M.: The evolution of cli-
Germany as determined from the fossil wood flora, Palaeogeogr. mate sensitivity and climate feedbacks in the Community Atmo-
Palaeocli., 253, 91-114, dtD.1016/j.palae0.2007.03.035 sphere Model, J. Climate, 25, 1453-1469, #0i1175/JCLI-D-
2007. 11-00197.12012.

Bojar, A. V., Hiden, H., Fenninger, A., and Neubauer, F.: Middle Goldner, A., Huber, M., Diffenbaugh, N., and Caballero, R.: Per-
Miocene temperature changes in the central paratethys: Rela- manent El Nifio teleconnection “blueprint” for past global and
tions with the East Antarctica ice sheet development, paper pre- North American hydroclimatology, Clim. Past, 7, 723-743,
sented at South American Symposium on Isotope Geology, Dep. doi:10.5194/cp-7-723-2012011.
of Geol., Fed. Univ. of Pernambuco, Salvador, Brazil, 2005. Goldner, A., Huber, M., and Caballero, R.: Does Antarctic glacia-

Bonham, S., Haywood, A., Lunt, D., Collins, M., and Salz- tion cool the world?, Clim. Past, 9, 173-189, d6i:5194/cp-9-
mann, U.: El Niflo-Southern Oscillation, Pliocene climate 173-20132013.
and equifinality, Philos. T. Royal Soc. A., 367, 127-156, Grimm, G. W. and Denk, T.: Reliabilty and Resolu-
doi:10.1098/rsta.2008.0212009. tion — a revalidation of the coexistence approach using

Boyd, A.: Some limitations in using leaf physiognomic data as modern-day data, Rev. Palaeobot. Palynol.,, 172, 33-47,
a precise method for determining paleoclimates with an exam- doi:10.1016/j.revpalbo.2012.01.008012.
ple from the Late Cretaceous Pautut Flora of West GreenlandHamon, N., Sepulchre, P., Donnadieu, Y., Henrot, A. J., Francois,
Palaeogeogr. Palaeocl., 112, 261-278, 1994. L., Jaeger, J. J., and Ramstein, G.: Growth of subtropical forests

Briegleb, B. P. and Light, B.: A Delta-Eddington multiple scatter-  in Miocene Europe: The roles of carbon dioxide and Antarctic ice
ing parameterization for solar radiation in the sea ice compo- volume, Geology, 40, 567-570, db2.1130/G32990,12012.
nent of the Community Climate System Model, NCAR Tech. Haywood, A. M., Valdes, P. J., and Peck, V. L.: A permanent
Note NCAR/TN-472+STR, National Center for Atmospheric  El Nifio-like state during the Pliocene?, Paleoceanography, 22,
Research, 2007. PA1213, doi10.1029/2006PA001322007.

Brierley, C. M., Fedorov, A. V., Lui, Z., Herbert, T., Lawrence, K., Haywood, A. M., Hill, D. J., Dolan, A. M., Otto-Bliesner, B. L.,
and LaRiviere, J. P.: Greatly expanded tropical warm pool and Bragg, F., Chan, W.-L., Chandler, M. A., Contoux, C.,
weakened Hadley circulation in the early Pliocene, Science, 323, Dowsett, H. J., Jost, A., Kamae, Y., Lohmann, G., Lunt, D. J.,
1714-1718, doi0.1126/science.1167628009. Abe-Ouchi, A., Pickering, S. J., Ramstein, G., Rosen-

Burnham, R. J.: Relationships between standing vegetation and leaf bloom, N. A., Salzmann, U., Sohl, L., Stepanek, C., Ueda, H.,
litter in a paratropical forest: implications for paleobotany, Rev.  Yan, Q., and Zhang, Z.: Large-scale features of Pliocene climate:
Palaeobot. Palyno., 58, 5-32, 1989. results from the Pliocene Model Intercomparison Project, Clim.

Danabasoglu, G., Bates, S. C., Briegleb, B. P., Jayne, S. R., Jochum, Past, 9, 191-209, ddi0.5194/cp-9-191-2012013.

M., Large, W. G., and Yeager, S. G.: The CCSM4 ocean compo-Henrot, A., Francois, L., Favre, E., Butzin, M., Ouberdous,
nent, J. Climate, 25, 1361-1389, 2012. M., and Munhoven, G.: Effects of GO continental distri-

Dekens, P. S., Ravelo, A. C., and McCarthy, M. D.: Warm up-  bution, topography and vegetation changes on the climate at
welling regions in the Pliocene warm period, Paleoceanography, the middle Miocene: A model study, Clim. Past, 6, 675-694,
22, PA3211, doit0.1029/2006 PA001392007. doi:10.5194/cp-6-675-201@010.

Dekens, P. S., Ravelo, A. C., McCarthy, M. D., and Edwards, Herold, N., Seton, M., Mueller, R. D., You, Y., and Hu-
C. A.: A 5 million year comparison of Mg/Ca and alkenone  ber, M.: Middle Miocene tectonic boundary conditions for
paleo- thermometers, Geochem. Geophys. Geosy., G3, Q10001, use in climate models, Geochem. Geophy. Geosy., 9, Q10009,
doi:10.1029/2007GC001932008. doi:10.1029/2008GC002042008.

Dutton, J. F. and Barron, E. J.: Miocene to present vegetationHerold, N., Miller, R. D., and Seton, M.: Comparing early to mid-
changes: a possible piece of the Cenozoic puzzle, Geology, 25, dle Miocene terrestrial climate simulations with geological data,
39-41, 1997. Geosphere, 6, 952961, 2010.

Fedorov, A. V., Brierley, C. M., Lawrence, K. T., Liu, Z., Dekens, P. Herold, N., Huber, M., and Mdller, R. D.: Modeling the Miocene
S., and Ravelo, A. C.: Patterns and mechanisms of early Pliocene Climatic Optimum.Part I: Land and Atmosphere, J. Climate, 24,
warmth, Nature, 496, 43—-49, db0.1038/nature12002013. 6353-6372, doi0.1029/2010PA002042011.

Clim. Past, 10, 523536 2014 www.clim-past.net/10/523/2014/


http://dx.doi.org/10.1007/s00382-005-0086-4
http://dx.doi.org/10.1016/S0012-821X(03)00067-0
http://dx.doi.org/10.1016/S0012-821X(03)00067-0
http://dx.doi.org/10.1175/JCLI-D-11-00290.1
http://dx.doi.org/10.1016/j.palaeo.2007.03.035
http://dx.doi.org/10.1098/rsta.2008.0212
http://dx.doi.org/10.1126/science.1167625
http://dx.doi.org/10.1029/2006PA001394
http://dx.doi.org/10.1029/2007GC001931
http://dx.doi.org/10.1038/nature12003
http://dx.doi.org/10.1016/j.epsl.2012.06.007
http://dx.doi.org/10.1130/G30629.1
http://dx.doi.org/10.1175/2011JCLI4083.1
http://dx.doi.org/10.1175/JCLI-D-11-00197.1
http://dx.doi.org/10.1175/JCLI-D-11-00197.1
http://dx.doi.org/10.5194/cp-7-723-2011
http://dx.doi.org/10.5194/cp-9-173-2013
http://dx.doi.org/10.5194/cp-9-173-2013
http://dx.doi.org/10.1016/j.revpalbo.2012.01.006
http://dx.doi.org/10.1130/G32990.1
http://dx.doi.org/10.1029/2006PA001323
http://dx.doi.org/10.5194/cp-9-191-2013
http://dx.doi.org/10.5194/cp-6-675-2010
http://dx.doi.org/10.1029/2008GC002046
http://dx.doi.org/10.1029/2010PA002041

A. Goldner et al.: Simulating warmth of the mid-Miocene climate optimum in CESM1

535

Herold, N., Huber, M., Miiller, R. D., and Seton, M.: Modeling the Liebrand, D., Lourens, L. J., Hodell, D. A., de Boer, B., van de Wal,

Miocene climatic optimum: Ocean circulation, Paleoceanogra-

phy, 27, PA1209, do1:0.1029/2010PA002042012.
Holbourn, A., Kuhnt, W., Schulz, M., and Erlenkeuser, H.: Impacts

R. S. W,, and Palike, H.: Antarctic ice sheet and oceanographic
response to eccentricity forcing during the early Miocene, Clim.
Past, 7, 869-880, ddi0.5194/cp-7-869-2012011.

of orbital forcing and atmospheric carbon dioxide on Miocene Lunt, D. J., Dunkley Jones, T., Heinemann, M., Huber, M.,

ice-sheet expansion, Nature, 438, 483-487, 2005.
Huber,
doi:10.1126/science.11611,72008.

Huber, M. and Caballero, R.: Eocene El Nifio: Evidence for Robust

Tropical Dynamics in the “Hothouse”, Science, 299, 877-881,
2003.

M.: A hotter greenhouse?, Science, 321, 353-354,

LeGrande, A., Winguth, A., Loptson, C., Marotzke, J., Roberts,

C. D., Tindall, J., Valdes, P., and Winguth, C.: A model — data

comparison for a multi-model ensemble of early Eocene atmo-
sphere — ocean simulations: EoMIP, Clim. Past, 8, 1717-1736,
doi:10.5194/cp-8-1717-2012012.

Lyle, M., Barron, J., Bralower J., Huber, M, Lyle, A. O., Rav-

Huber, M. and Caballero, R.: The early Eocene equable climate elo, A. C., Rea, R. K., and Wilson, P.: Pacific Ocean and

problem revisited, Clim. Past, 7, 603-633, d6i5194/cp-7-
603-20112011.

cenozoic evolution of climate, Rev. Geophys., 46, RG2002,
doi:10.1029/2005RG00019Q008.

Hunke, E. C. and Lipscomb, W. H.: CICE: the Los Alamos sea ice Molnar, P. and Cane, M. A.: Early Pliocene (pre—Ice Age) El Nifio

model users manual, Version 4, Tech. Report LA-CC-06-012j,

Los Alamos National Laboratory, 2008.

like global climate: which El Nifio?, Geosphere, 3, 337-365,
doi:10.1130/?GES00103.2007.

Huber, M. and Sloan, L. C.: Heat transport, deep waters,Mosbrugger, V. and Utescher, T.: The coexistence approach a
and thermal gradients: coupled simulation of an Eocene method for quantitative reconstructions of Tertiary terrestrial
greenhouse climate, Geophys. Res. Lett.,, 28, 3481-3484, palaeoclimate data using plant fossils, Palaeogeogr. Palaeocli.,

doi:10.1029/2001GL012942001.

134, 61-86, doit0.1016/S0031-0182(96)00154-¥997.

Kay, J. E., Hillman, B., Klein, S., Zhang, Y., Medeiros, B., Get- Miller, R. D., Sdrolias, M., Gaina, C., Steinberger, B., and Heine,
telman, G., Pincus, R., Eaton, B., Boyle, J., Marchand, R., and C.: Long-term sea-level fluctuations driven by ocean basin dy-

Ackerman, T.: Exposing global cloud biases in the Community
Atmosphere Model (CAM) using satellite observations and their

namics, Science, 319, 1357-1362, #i6i1126/science.1151540
2008.

corresponding instrument simulators, J. Climate, 25, 5190-5207Neale, R. B., Richter, J. H., and Jochum, M.: The impact of convec-

doi:10.1175/JCLI-D-11-00469,2012.
Kiehl, J. T., Shields, C. A., Hack, J. J., and Collins, W.

tion on ENSO: From a delayed oscillator to a series of events, J.
Climate, 21, 5904-5924, 2008.

D.: The climate sensitivity of the Community Climate Sys- Neale, R. B., Chen, C. C., Gettelman, A., Lauritzen, P. H., Park,

tem Model version 3 (CCSM3), J. Climate, 19, 2584-2596,
doi:10.1175/JCLI3747,12006.

Knorr, G., Butzin, M., Micheels, A., and Lohmann, G.: A warm
Miocene climate at low atmospheric G@evels, Geophys. Res.
Lett., 38, L20701, doi0.1029/2011GL048872011.

S., Williamson, D. L., Conley, A. J., Garcia, R., Kinnison, D.,
Lamarque, J. F., Marsh, D., Mills, M., Smith, A. K., Tilmes,
S., Vitt, F., Cameron-Smith, P., Collins, W. D., lacono, M. J.,
Rasch, P. J., and Taylor, M.: Description of the NCAR Com-
munity Atmosphere Model (CAM 4.0). NCAR Technical Note

Krapp, M. and Jungclaus, J. H.: The Middle Miocene climate as NCAR/TN-XXX+STR, National Center for Atmospheric Re-
modelled in an atmosphere-ocean-biosphere model, Clim. Past, search, Boulder, Colorado, draft, availabletatp://www.cesm.
7,1169-1188, dal0.5194/cp-7-1169-2012011. ucar.edu/models/cesm1.0/cafast access: 14 July 2012), 2010.

Kirschner, W. M., Kvacek, Z., and Dilcher, D. L.: The impact of Neale, R. B., Richter, J., Park, S., Lauritzen, P. H., Vavrus, S. J.,
Miocene atmospheric carbon dioxide fluctuations on climate and Rasch, P. J., and Zhang, M.: The mean climate of the community
the evolution of terrestrial ecosystems, Proc. Natl. Acad. Sci., atmosphere model (CAM4) in forced SST and fully coupled ex-
105, 449-453, dol:0.1073/pnas.07085881,008. periments, J. Climate, 26, 5150-5168, @6i1175/JCLI-D-12-

LaRiviere, J. P. Ravelo, A. C., Crimmins, A., Dekens, P. S., Ford, 00236.12013.

H. L., Lyle, M., and Wara, M. W.: Late Miocene decoupling of Nikolaev, S. D., Oskina, N. S., Blyum, N. S., and Bubenshchikova,

oceanic warmth and atmospheric carbon dioxide forcing, Nature, N. V.: Neogene-Quaternary variations of the “pole-equator” tem-

486, 97-100, doi:0.1038/nature1120@012.

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A. C. M.,

and Levrard, B.: A long-term numerical solution for the insola-

perature gradient of the surface oceanic waters in the North At-
lantic and North Pacific, Global Planet. Change, 18, 85-111,
1998.

tion quantities of the Earth. Astron. Astrophys., 428, 261-285, Otto-Bliesner, B. L., Tomas, R., Brady, E. C., Ammann, C.,

2004.
Lawrence, D. M., Oleson, K. W., Flanner, M. G., Fletcher, C. G.,

Lawrence, P. J., Levis, S., Swenson, S. C., and Bonan, G. B.:

Kothavala, Z., and Clauzet, G.: Climate Sensitivity of Moderate-
and Low-Resolution Versions of CCSM3 to Preindustrial Forc-
ings, J. Climate, 19, 2567-2583, 2006.

The CCSM4 land simulation, 1850-2005: assessment of surPagani, M.: The alkenone-GOproxy and ancient atmospheric
face climate and new capabilities, J. Climate, 25, 2240-2260, carbon dioxide, Philos. T. Roy. Soc. A, 360, 609-632,
doi:10.1175/JCLI-D-11-00103,2012. doi:10.1098/rsta.2001.0952002.

Lawrence, K. T., Sloan, L. C., and Sewall, J. O.: Terrestrial climatic Pagani, M., Zachos, J. C., Freeman, K. H., Tipple, B., and
response to precessional orbital forcing in the Eocene, Special Bohaty, S.: Marked decline in atmospheric carbon dioxide
Papers-Geological Society of America, 65-78, 2003. concentrations during the Paleogene, Science, 309, 600-603,

doi:10.1126/science.1110063005.

www.clim-past.net/10/523/2014/ Clim. Past, 10, 52836, 2014


http://dx.doi.org/10.1029/2010PA002041
http://dx.doi.org/10.1126/science.1161170
http://dx.doi.org/10.5194/cp-7-603-2011
http://dx.doi.org/10.5194/cp-7-603-2011
http://dx.doi.org/10.1029/2001GL012943
http://dx.doi.org/10.1175/JCLI-D-11-00469.1
http://dx.doi.org/10.1175/JCLI3747.1
http://dx.doi.org/10.1029/2011GL048873
http://dx.doi.org/10.5194/cp-7-1169-2011
http://dx.doi.org/10.1073/pnas.0708588105
http://dx.doi.org/10.1038/nature11200
http://dx.doi.org/10.1175/JCLI-D-11-00103.1
http://dx.doi.org/10.5194/cp-7-869-2011
http://dx.doi.org/10.5194/cp-8-1717-2012
http://dx.doi.org/10.1029/2005RG000190
http://dx.doi.org/10.1130/?GES00103.1
http://dx.doi.org/10.1016/S0031-0182(96)00154-X
http://dx.doi.org/10.1126/science.1151540
http://www.cesm.ucar.edu/models/cesm1.0/cam/
http://www.cesm.ucar.edu/models/cesm1.0/cam/
http://dx.doi.org/10.1175/JCLI-D-12-00236.1
http://dx.doi.org/10.1175/JCLI-D-12-00236.1
http://dx.doi.org/10.1098/rsta.2001.0959
http://dx.doi.org/10.1126/science.1110063

536 A. Goldner et al.: Simulating warmth of the mid-Miocene climate optimum in CESM1

Pearson, P. N. and Palmer, M. R.: Atmospheric carbon dioxide conSloan, L. C. and Huber, M.: Eocene oceanic responses to orbital
centrations over the past 60 million years, Nature, 406, 695-699, forcing on precessional time scales, Paleoceanography, 16, 101—
doi:10.1038/350210Q®000. 111, doi10.1029/1999PA000492001.

Pekar, S. F. and DeConto, R. M.: High-resolution ice-volume es-Spicer, R. A., Herman, A., and Kennedy, E.: The sensitivity of
timates for the early Miocene: evidence for a dynamic ice CLAMP to taphonomic loss of foliar physiognomic characters,
sheet in Antarctica, Palaeogeogr. Palaeocli., 231, 101-109, Palaios, 20, 429-438, d&D.2110/palo.2004.P04-63005.
doi:10.1016/j.palae0.2005.07.022006. Sriver, L. and Huber, M.: Modeled sensitivity of upper thermo-

Peppe, D. J., Royer, D. L., Wilf, P., and Kowalski, E. A.: Quantifica-  cline properties to tropical cyclone winds and possible feedbacks
tion of large uncertainties in fossil leaf paleoaltimetry, Tectonics, on the Hadley circulation, Geophys. Res. Lett., 37, L08704,
29, TC3015, doit0.1029/2009TC002542010. doi:10.1029/2010GL04283&010.

Philander, S. G. and Fedorov, A. V.: Role of tropics in changing the Stewart, D. R. M., Pearson, P. N., Ditchfield, P. W., and Singano,
response to Milankovitch forcing some three million years ago, J. M.: Miocene tropical Indian Ocean temperatures: Evi-
Paleoceanography, 18, 1045, d6i:1029/2002PA000832003. dence from three exceptionally preserved foraminiferal as-

Potter, P. E. and Szatmari, P.. Global Miocene tectonics semblages from Tanzania, J. Afr. Earth Sci.,, 40, 173-189,
and the modern world, Earth-Sci. Rev.,, 96, 279-295, doi:10.1016/j.jafrearsci.2004.09.002004.
doi:10.1016/j.earscirev.2009.07.Q@D09. Tang, H., Eronen, J. T., Micheels, A., and Ahrens, B: Strong in-

Pound, M., Haywood, A. M., Salzman, U., and Riding, J. B.: Global  terannual variation of the Indian summer monsoon in the Late
vegetation dynamics and latitudinal temperature gradients during Miocene, Clim. Dynam., 41, 135-153, db.1007/s00382-012-
the Mid to LateMiocene (15.97-5.33Ma), Earth-Sci. Rev., 112, 1655-y;, 2014.

1-22, doi10.1016/j.earscirev.2012.02.0@D12. Tong, J. A, You, Y., Muller, R. D.,, and Seton, M.: Cli-

Ravelo, A. C., Dekens, P. S., and McCarthy, M.: Evidence for EI mate model sensitivity to atmospheric €©@oncentrations for
Nifio like conditions during the Pliocene, GSA Today, 16, 4-11, the middle Miocene, Global Planet. Change, 67, 129-140,
2006. doi:10.1016/j.gloplacha.2009.02.002009.

Richter, J. H. and Rasch, P. J.: Effects of convective momentumVavrus, S. J. and Waliser, D.: An improved parameterization for
transport on the atmospheric circulation in the Community At-  simulating Arctic cloud amount in the CCSM3 climate model, J.
mosphere Model, version 3, J. Climate, 21, 1487-1499, 2008. Climate, 21, 5673-5687, ddi0.1175/2008JCLI2299,2008.

Royer, D. L.: Climate reconstruction from leaf size and shape: newVizcaino, M., Rupper, S., and Chiang, J. C. H.: Permanent El Nifio
developments and challenges, in: Reconstructing Earth’s Deep- and the onset of Northern Hemisphere glaciations: mechanism
Time Climate — The State of the Artin 2012, edited by: Ivany, L.  and comparison with other hypotheses, Paleoceanography, 25,
C. and Huber, B. T., Paleontological Society Papers, 18, 195-212 PA2205, doi10.1029/2009PA001732010.

(invited contribution), 2012. Wang, S. Y., U'Heureux, M., and Yoon, J. H.: Are greenhouse gases

Royer, D. L., Osborne, C. P., and Beerling, D. J.: High changing ENSO precursors in the Western North Pacific?, J. Cli-
CO, increases the freezing sensitivity of plants: Im- mate, 26, 6309—-6322, d@D.1175/JCLI-D-12-00360,2013.
plications for paleoclimatic reconstructions from fos- Wara, M. W., Ravelo, A. C., and Delaney, M. L.: Permanent El
sil floras, Geology, 30, 963-966, dbd.1130/0091- Nifio-like conditions during the Pliocene warm period, Science,
7618(2002)030<0963:HCITFS>2.0.CQZD02. 309, 758-761, dal:0.1126/science.1112598005.

Savin, S. M.: The history of the Earth’s surface temperature duringWesterhold, T., Bickert, T., and Rohl, U.: Middle to late Miocene
the past 100 million years, Annu. Rev. Earth Planet. Sci., 5, 319— oxygen isotope stratigraphy of ODP site 1085 (SE Atlantic): new
355, 1977. constrains on Miocene climate variability and sea-level fluctua-

Sexton, P., Wilson, P., and Pearson, P.: Microstructural and geo- tions, Palaeogeogr. Palaeocli., 217, 205-222, 2005.
chemical perspectives on planktic foraminiferal preservation: Wilf, P.: When are leaves good thermometers? A new case for leaf
“glassy” versus “frosty”, Geochem. Geophys. Geosyst., 7, margin analysis, Paleobiology, 23, 373-390, 1997.

Q12P19, doit0.1029/2006GC001292006. Wolfe, J. A.: Distribution of major vegetational types during the

Shevenell, A. E., Kennett, J. P., and Lea, D. W.: Middle Miocene  Tertiary, Geophys. Monogr., 32, 357-375, 1985.
southern ocean cooling and Antarctic cryosphere expansion, SciYou, Y., Huber, M., Mueller, D., Poulsen, C. J., and Ribbe, J.: Sim-
ence, 305, 1766-1770, db@.1126/science.1100062004. ulation of the Middle Miocene climate optimum, Geophys. Res.

Shevenell, A. E., Kennett, J. P., and Lea, D. W.: Middle Miocene Lett., 36, L04702, doi0.1029/2008GL036572009.
ice sheet dynamics, deep-sea temperatures, and carbon cyclingachos, J. C., Dickens, G. R., and Zeebe, R. E.: An early Cenozoic
A Southern Ocean perspective, Geochem. Geophys. Geosyst., 9, perspective on greenhouse warming and carbon-cycle dynamics,
Q02006, doil0.1029/2007GC00173@008. Nature, 451, 279-283, ddi0.1038/nature06582008.

Shields, C. A., Bailey, D. A., Danabasoglu, G., Jochum, M., Kiehl, Zhang, G. and McFarlane, N.: Role of convective-scale momentum
J. T, Levis, S., and Park, S.: The Low-Resolution CCSM4, J. transport in climate simulation, J. Geophys. Res., 100, 1417—
Climate, 25, 3993-4014, d40.1175/JCLI-D-11-00260,2012. 1426, doi10.1029/94JD02519.995.

Shukla, S. P., Chandler, M. A., Jonas, J., Sohl, L. E., Mankoff, K., Zhang, Y. G., Pagani, M., Liu, Z., Bohaty, M., and DeConto, R.: A
and Dowsett, H.: Impact of a permanent El Nifio (El Padre) and 40-million-year history of atmospheric GOPhil. Trans. R. Soc.
Indian Ocean dipole in warm Pliocene climates, Paleoceanogr. A, 371, 2001, doit0.1098/rsta.2013.0098013.

Paleophys., 24, PA2221, dbd.1029/2008PA001682009.

Clim. Past, 10, 523536 2014 www.clim-past.net/10/523/2014/


http://dx.doi.org/10.1038/35021000
http://dx.doi.org/10.1016/j.palaeo.2005.07.027
http://dx.doi.org/10.1029/2009TC002549
http://dx.doi.org/10.1029/2002PA000837
http://dx.doi.org/10.1016/j.earscirev.2009.07.003
http://dx.doi.org/10.1016/j.earscirev.2012.02.005
http://dx.doi.org/10.1130/0091-7618(2002)030%3C0963:HCITFS%3E2.0.CO;2
http://dx.doi.org/10.1130/0091-7618(2002)030%3C0963:HCITFS%3E2.0.CO;2
http://dx.doi.org/10.1029/2006GC001291
http://dx.doi.org/10.1126/science.1100061
http://dx.doi.org/10.1029/2007GC001736
http://dx.doi.org/10.1175/JCLI-D-11-00260.1
http://dx.doi.org/10.1029/2008PA001682
http://dx.doi.org/10.1029/1999PA000491
http://dx.doi.org/10.2110/palo.2004.P04-63
http://dx.doi.org/10.1029/2010GL042836
http://dx.doi.org/10.1016/j.jafrearsci.2004.09.001
http://dx.doi.org/10.1007/s00382-012-1655-y
http://dx.doi.org/10.1007/s00382-012-1655-y
http://dx.doi.org/10.1016/j.gloplacha.2009.02.001
http://dx.doi.org/10.1175/2008JCLI2299.1
http://dx.doi.org/10.1029/2009PA001733
http://dx.doi.org/10.1175/JCLI-D-12-00360.1
http://dx.doi.org/10.1126/science.1112596
http://dx.doi.org/10.1029/2008GL036571
http://dx.doi.org/10.1038/nature06588
http://dx.doi.org/10.1029/94JD02519
http://dx.doi.org/10.1098/rsta.2013.0096

	Purdue University
	Purdue e-Pubs
	3-13-2014

	The Challenge of Simulating the Warmth of the Mid-Miocene Climatic Optimun in CESM1
	A. Goldner
	N. Herold
	Matthew Huber
	Repository Citation


	tmp.1470054866.pdf.39SgU

