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Abstract. This paper describes the experimental designperiod of sustained warmth before the onset of Pleistocene
and model results from a 500 yr fully coupled Commu- glaciation. Temperature reconstructions from proxies point
nity Climate System, version 4, simulation of the mid- to a 2-3C increase in mean global surface temperature over
Pliocene Warm Period (MPWP) (ca. 3.3—3.0 Ma). We sim-present day (Dowsett, 2007), with high-latitude temperatu-
ulate the mPWP using the “alternate” protocol prescribedres as much as 15-2Q warmer than modern (Ballantyne
by the Pliocene Model Intercomparison Project (PlioMIP) et al., 2010). The mPWP is also the most recent prolonged
for the AOGCM simulation (Experiment 2). Results from period in Earth history when C{Qconcentrations were sim-
the CCSM4 mPWP simulation show a 2@ increase in ilar to present day. It is, therefore, of particular interest be-
global mean annual temperature compared to the 1850 preircause unlike other warm periods in Earth history, we have
dustrial control, with a polar amplification of 3 times the  relatively abundant proxy data that provide good estimates
global warming. Global precipitation increases slightly by of both land and ocean temperatures. However, the enigma
0.09 mmday?! and the monsoon rainfall is enhanced, partic- of the mPWP is that although continental configurations
ularly in the Northern Hemisphere (NH). Areal sea ice extentand ocean bathymetry were close to modern and estimated
decreases in both hemispheres but persists through the sur@O, concentrations (405 ppmyv; Pagani, 2010), and were
mers. The model simulates a relaxation of the zonal sea sumnly incrementally higher than present-day values (391 ppm;
face temperature (SST) gradient in the tropical Pacific, withOctober 2012, Mauna Lodttp://www.esrl.noaa.gov/gmd/
the El Nifio—Southern Oscillation (Rb3.4)~ 20 % weaker  ccgg/trends) proxy evidence reveals a much lower pole-to-
than the preindustrial and exhibiting extended periods of qui-equator temperature gradient and a more equable seasonal
escence of up to 150yr. The maximum Atlantic meridional climate overall (Ballantyne et al., 2010). By simulating the
overturning circulation and northward Atlantic oceanic heatmPWP and comparing it to proxy records that show evidence
transport are indistinguishable from the control. As com- of a strong climate response to gforcing, we look through
pared to PRISM3, CCSM4 overestimates Southern Hemi-an imperfect lens onto a warm world in hope that it may
sphere (SH) sea surface temperatures, but underestimates Ni¢lp us to understand the response of future climate to in-
warming, particularly in the North Atlantic, suggesting that creasingly higher concentrations of atmospheric greenhouse
an increase in northward ocean heat transport would bringjases. In the process we test the ability of the CCSM4 model
CCSM4 SSTs into better alignment with proxy data. to sustain an alternate state of the Earth climate system that
looks very different from that of the present day.

1 Introduction 2 Model description

This paper describes the experimental design and model reFo simulate the mPWP we use CCSM4 (Gent et al., 2011),

sults from a 500 yr fully coupled Community Climate Sys- which has active atmosphere, land, ocean, and sea ice com-
tem, version 4, simulation of the mid-Pliocene Warm Period ponent models that are linked through a coupler that ex-

(mPWP) using the Community Climate System Model, ver-changes state information and fluxes between the compo-
sion 4 (CCSM4). The mPWP (ca. 3.3-3.0Ma) is the lastnents.
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2.1 Atmosphere 2010). Overall, the CCSM4 ocean model shows clear im-
provement in reducing sea surface temperature (SST) and sea
The atmosphere component model in CCSM4 is the Comsurface salinity (SSS) biases relative to the CCSM3 (Gent et
munity Atmosphere Model, version 4 (CAM4) (Neale et al., al., 2011; Danabasoglu et al., 2012), notably in the North At-
2013). The default version of the CAM4 model changed lantic, where slight changes in the Gulf Stream and North
from the spectral core used in CCSM3/CAMS to the Lin— Atlantic currents reduce but do not eliminate the negative
Rood finite volume (FV) core (Lin, 2004) (CAM4-FV). The SST and fresh SSS biases along the North Atlantic Cur-
CAM4-FV model has improved spatial and temporal aspectsent path, while increasing the warm SST and saline biases
of ENSO over the CAM3 model (Richter and Rasch, 2008; off the North American coast. Despite these improvements,
Neale et al., 2008; Deser et al., 2012). Changes to cloud fracthe ocean model continues to lose heat content for the dura-
tion calculations improve Arctic cloud formation and lead to tion of the preindustrial control simulation (Danabasoglu et
a more realistic polar response. However, comparisons wittal., 2012). Maximum North Atlantic overturning-@4 Sv) is
satellite observations indicate that CAM4 continues to havestronger in CCSM4 than it was in CCSM320 Sv) (Gent et
long-standing cloud biases (Kay et al., 2012a), which tend taal., 2011).
suppress surface warming and sea ice loss in the Arctic (Ka)é 4 Seaice
etal., 2012b). We use-a 1° horizontal grid for CAM4, with '
192 x 288 latitude/longitude grid cells and a uniform reso-

; ) : X ) The CCSM4 sea ice component model (CICE4) is based on
lution of 0.9° in latitude x1.25° in longitude. CAM4 uses

. ) ) I o version 4 of the Los Alamos National Laboratory “Commu-
26 layers in the vertical, which are distributed similarly to nity Ice Code” sea ice model (Hunke and Lipscomb, 2008).
CAMS. The sea ice component models in CCSM3 and CCSM4 are
22 Land generally similar. However, CICE4 incorporates a sophisti-
cated new shortwave radiative transfer scheme that signifi-

The CCSM4 uses the Community Land Model, version 4 cantly improves the representation of sea ice radiative trans-
(CLM4, Lawrence et al., 2012). The CLM4 model dif- fer by using inherent optical properties to define scattering
fers from CLM3, used in CCSM3, by the addition of a and absorption characteristics of snow and ice. The new
carbon—nitrogen (CN) biogeochemical model, revised hy-model also explicitly accounts for melt ponds and the ra-
drology, landcover and land use algorithms, and soil anddiative impacts of aerosols on sea ice. The radiative impact
snow submodels. These modifications lead to improvement§f melt ponds and aerosols on preindustrial Arctic sea ice
in soil water storage, evapotranspiration, surface albedois 1.1 W nT2 annually (Holland et al., 2012), whereas they
and permafrost in fully coupled CCSM4 simulations. The have negligible impact on Antarctic sea ice. In general, Arc-
global land precipitation bias is larger in CCSM4 relative tic sea ice thickness, areal extent, and spatial pattern com-
to CCSM3, but the global land air temperature bias is re-Pare well to observations in the CCSM4 twentieth-century
duced and the annual Cyc'e is improved, especia”y in highsimulations (Ja.hn et al., 2012) CCSM4 sea ice extents in the
latitudes. CCSM4/CLMA4 relies on an embedded river trans-Labrador Sea and adjacent North Atlantic have been reduced
port model (RTM, Branstetter and Famiglietti, 1999) to carry relative to CCSM3, and the southern Labrador Sea is now
gridce” runoff to the ocean a|ong a model approximation ice free. Antarctic sea ice distribution is similar to CCSM3,
of real-world river networks. The land (CLM4) and atmo- but still too extensive relative to observations (Landrum et
sphere (CAM4) component models share the sar@iz 8- al., 2012). CICE4 uses the same horizontal grid as the ocean
titude x 1.25° longitude horizontal grid; RTM resolution is component (POP2).

0.5° latitude/longitude grid.

2.3 Ocean

3 Experimental design of mPWP simulation

This simulation is one of a coordinated set of model
The CCSM4 ocean component model (POP2) is based oexperiments, collectively known as the Pliocene Model
the “Parallel Ocean Program”, version 2 (Smith et al., 2010).Intercomparison Project (PlioMIP). PlioMIP is part of
We use the standard CCSM4 displaced-pole ocean grid witlthe broader scale Paleoclimate Modeling Intercomparison
poles in Greenland and Antarctica. The ocean grid ha<320 Project (PMIP3http://pmip3.Isce.ipsl.fjl The first phase of
384 points with nominally 1resolution except near the equa- PlioMIP includes two modeling experiments (Haywood et
tor, where the latitudinal resolution becomes finer, as de-al., 2010, 2011). The first experiment compares atmosphere-
scribed in Danabasoglu et al. (2006). The number of verticabnly (AGCM) climate models; the second contrasts fully
levels in the ocean increased from 40 to 60 in CCSM4, allow-coupled ocean—atmosphere (AOGCM) climate models. In
ing for twenty 10 m levels in the upper ocean. A new over- this paper we outline the implementation we used to com-
flow parameterization was added to represent density-driveiplete the second, fully coupled experiment (Haywood et al.,
flows in the Denmark Strait, Faroe Bank Channel, Ross Se2011) with the CCSM4 climate model. NCAR did not under-
and Weddell Sea (Danabasoglu et al., 2010; Briegleb et altake the atmosphere-only (AGCM) experiment.
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The PlioMIP models use forcing and boundary condi- ®~
tions specified by the USGS Pliocene Research Interpretasn
tion and Synoptic Mapping project, version 3 (PRISM8p:
/lgeology.er.usgs.gov/eespteam/prisrithe PlioMIP proto-
col for the AOGCM experiment outlines two model con- °
figurations: “preferred” and “alternate”, and PRISM3 pro- s
vides separate boundary condition data packages to accon,_
modate each configuration. The “preferred” data package
includes a land/sea mask that is faithful to what is known ax
about the mPWP, including removal of the West Antarctic _
Ice Sheet (WAIS). The “alternate” configuration allows mod-
eling groups to modify their modern land/sea mask to the ex-*"
tent practical for their model, specifying, for example, West o
Antarctica as ice-free land. We use the “alternate” configu-,, 1
ration for the CCSM4 PlioMIP simulation. The forcings and . N i 2
boundary conditions for the mPWP simulation are discussec” ] s - 1000
below and summarized in Table 1. 808 -

180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180

Elevation [m]

Ice
6000
5000
4000
3000
2000
1000
500
100
1

30N

| aElevation [m]

RL

1000
500
200
100

0

-100

Fig. 1. CCSM4 implementation of PRISM3 land ice distribution

3.1 CCSM4 preindustrial control simulation ’ )
and elevation map (top) and elevation anomaly (bottom).

We initialize the mPWP experiment from a long CCSM4

1850 preindustrial (PI) control simulation that was run to ap-

proximate equilibrium in accordance with CMIP5 (Coupled

Model Intercomparison Project Phase 5) protocols. The Pl . ]

control simulation uses CLM4 vegetation based on MODIS3-3  Topography and river routing

data (Lawrence and Chase, 2007), topography based on the .

USGS GTOPO30 digital elevation model, lakes and wetlands'/é create the mPWP topography by adding the PRISM3
derived from Cogley’s (1991)°1x 1° dataset for perennial (0Pographic anomaly (mPWP minus modern) (Sohl et al.,
freshwater lakes and swamps/marshes, and glaciers based 609 Amante and Eakins, 2008) to the CCSM4 modern
the IGBP DISCover dataset (Loveland et al., 2000). Initial ©PP0graphy. Implicit in the PRISM3 topographic anomaly
conditions for the ocean are described in Gent et al. (2011)IS @ 25m increase in mean sea level, which we implement
The PI control simulated 1300 model yr with constant in CCSM_4 W|thoqt changing global coastlines. The Iarge_st
CO, (284.7 ppm), NO (275.68 ppb), and CH(791.6 ppb), changes in elevation are over Greenland anq West Antarctlca,
fixed incoming solar radiation at the top of the atmosphereWhere PRISM3 reduces the volume of contlnental'lce sh'eets
(1360.9W n2) and prescribed aerosols (black and organicto reflect the 25 m sea level change. Local elevation adjust-

carbon, sulfate, dust and sea salt). Aerosol concentrations af@Nts also affect the North American Rocky Mountains, the
specified from a historical CCSM chemistry run with pre- Middle East, and Asia. Minor georeferencing d|s_crepanC|es
scribed emissions (Lamarque et al., 2010), plus a low-levefP€tween the PRISM3 and the CCSM4 base projections are

background component to account for volcanic activity (Gent€Vident in the North American Rocky Mountains and in the
etal., 2011). Himalayas (Fig. 1). Following PlioMIP protocol (Haywood

et al., 2011) we set Hudson Bay and West Antarctica to 25m
above sea level. River discharge mapping in the mPWP sim-
ulation remains unchanged from present day; drainage across
land cells in the emergent Hudson Bay region is routed auto-

In the mPWP the continents were very close to their currenimatically to the nearest ocean grid cell in the Labrador Sea.
locations, allowing us to use the modern CCSM4 land/sea

mask for most of the globe. However, we modify the modern3.4 Vegetation

land/sea mask to remove Hudson Bay, a modern epicontinen-

tal sea formed by excavation and deformation of the CanaThe PRISM3 dataset defines global vegetation using the
dian Shield under the weight of Pleistocene ice (Fig. 1), re-BIOME4 (Salzmann et al., 2008, 2009) model reconstruction
quiring the creation of new coupler mapping files. As for our of mMPWP plant biome communities. CLM4 uses plant func-
preindustrial control simulation, the Central American Sea-tional types (PFTs) to describe vegetation distributions (Ole-
way (Panama Gateway) is closed; modern ocean gatewayspn and Bonan 2000; Bonan et al., 2002). Rather than trans-
including the Bering Strait, Drake Passage, Tasman Gatewayating the BIOME4 plant biomes to CLM4 plant functional
Gibralter Strait, and the Indonesian Gateway, remain open. types, we instead spatially correlate the modern BIOME4

3.2 Land/sea mask

www.geosci-model-dev.net/6/549/2013/ Geosci. Model Dev., 6, ®L-2013
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Table 1. Summary of forcings and boundary conditions for the mPWP and 1850 PI control simulations.

Boundary Condition/Forcing PI Control mPWP

Experimental design CMIP5 PlioMIP Exp. 2 alternate

Land/sea mask Modern Modern minus Hudson Bay

Resolution f ocn, ice, atm, Ind  4ocn, ice, atm, Ind

Topography Modern Modern ATopo (PRISM3)

Landcover Modern BIOME4 mapped to CLM4-PFTs; PI carbon pools
SST, DOT PI PI +A(SST, DOT)(PRISM3)

Ice sheets Modern PRISM3 changes to Greenland and Antarctic ice sheets
West Antarctic Ice Sheet (WAIS)  Modern WAIS replaced by vegetated land at 25 m above MSL
Ocean bathymetry Modern Modern

Ocean gateways Modern Modern

CO, (ppm) 284.7 405

N2O (ppb) 275.68 275.68

CHg (ppb) 791.6 791.6

Solar constant (W m?) 1360.89 1360.89

Orbital forcing 1990 AD 1990 AD

Aerosol flux 1850 AD 1850 AD

Simulation length (yr) 1300 500

Analysis years 1271-1300 471-500

biome communities to the modern CLM4/PFT landcover dis-3.6 Initialization of mPWP simulation

tribution. Using the correlations developed from the mod-

ern biome-to-PFT comparison, we spatially extrapolate thewe branch from the 1300yr PI control simulation at model
CLM4/PFTs to the BIOME4 mPWP biome reconstruction, year 801, running a hybnd mPWP simulation with the fu”y
creating a new mPWP PFT reconstruction for CLM4 that coupled CCSM4 model. We modify the initial temperature
preserves the spatial consistency of modern BIOME4-to-state of the full ocean using PRISM3 reconstructed SST and
CLM4/PFT biogeography (see Lawrence and Chase (2010}eep ocean temperature (DOT) anomalies (Haywood et al.,
for an analogous application of this approach). This methoc011; Dowsett et al., 2009) in a process analogous to that
has the advantage of retaining a physical connection tqsed to create mPWP topography. We first create SST and
present-day PFT mapping. Soil type distributions are iden-DOT anomalies by differencing the PRISM3 ocean tempera-
tical to preindustrial. ture reconstruction against modern-day Levitus (mMPWP mi-
nus Levitus) (Levitus and Boyer, 1994). We then interpo-
late the reconstructed SST and DOT anomalies from their
native £ x 5° latitude/longitude grid to the CCSM4 POP2

3.5 Landice

The Greenland land ice reconstruction for the mPWP (Hill " .
et al., 2007) greatly reduces the extent of the Greenland Ic rid (384> 320 grid cells) and remap the DOT anomaly
Sheet (Fig. 1). In the Southern Hemisphere (SH), PRISM3 rom 33 layers to the 60 ocean levels used by POP2 before
L C adding the SST and DOT anomalies to year 801 of the PI
reconstructions suggest the WAIS was absent and ice Wac?ontrol simulation. Ocean salinity and sea ice extent are un-
redistributed over the East Antarctic Ice Sheet (EAIS) rela- ' yal - i~
tive to present day. Although the “preferred” PlioMIP exper- changed from the PI control. To avoid numerical instabilities

imental boundary condition removes the WAIS and replacesf rom restarting the ocean with a modified land/sea mask, we

it with ocean, we use the “alternate” protocol and insteadset velocities and surface pressure gradients to zero in the

lower the WAIS to 25m to simulate removal of continental ©¢€2" initial files. To initialize the land model, we project the
ice. We chose the “alternate” configuration package to avoi ieL dM:];'wg Iszgﬁséfmazlkmvt\)lgerluﬁetiresr? 1b23t;;hvflén :i(ro:-u—
extensive modifications to the CCSM4 POP2 ocean grid anq__. . ' Y

: . ation for 500 simulated years on Bluefire, an IBM Power6
bathymetry near the WAIS. We replace land ice with shrubs mputer located at the National Center for Atmospheric Re-
and arctic grasses over the deglaciated areas of Greenlangigargh (NCAR) in Boulder, Colorado P
WAIS, and EAIS, as prescribed by the BIOME4 plant biome ' ‘
reconstruction (Salzmann et al., 2008).
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Table 2. Summary of CCSM4 model response. 16.4
16.2 a
Variable mPWP Change
from Pl 16.0 7
Global surface temperatureQ) 15.9 1.9 %) 15.8 1
NH surface temperature (2090° N) (°C) 11.1 2.3 156 4 2
SH surface temperature (9020° S) (°C) 8.9 2.2 ’ B
Global surface temperature over laR€} 9.6 2.4 15.4 E
Global precipitation (mm day') 3.0 0.086 152 L
Global precipitation over land (mm day) 25 0.093 ’ r
Top of atmosphere energy imbalance (W%)] 0.02 0.14 15.0
Global sea surface salinity (psu) 34.21 -0.14 40.0
Global sea surface temperatuf€} 21.6 1.2 b .
NH Sea ice area (ftkm?) 9.0 -2.7(-23%) 35.0 - 3
SH Sea ice area ($&m?) 11.9  -5.1(-30%) :
Nifio 340 (°C) 0.82 ~0.19 300 4 3
& 250 1 -
20.0 —
4 Results .
15.0 -
4.1 Approach to equilibrium 100
Globally averaged mean annual air temperature (Fig. 2a) 400 4
warms for the first 140yr of the simulation, then stabiliz-
ing, after a small overshoot, by year 180 at 1%29- 1.9°C
warmer than the PI control. The initial ocean response was o ¥
strongly affected by the warm DOT anomaly applied to the °
full ocean. The result was a reduction of the Atlantic merid- 3.80
ional overturning circulation (AMOC), which immediately
decreased from an initial strength of 24-17 Sv (Fig. 2b). The
overturning circulation recovered within 135 model years, s.70 ' ' ' '
weakly overshooting to a maximum of 28 Sv before stabi- 100200 300 400 500
lizing at 26 Sv, similar to the preindustrial CCSM4 AMOC Model Year

strength. Globally averaged ocean temperature continues tPig. 2. Time series plots of simulated annual mP\@pglobal sur-
warm by~ 0.025°C per century (Fig. 2c), whichis similarin - tace air temperaturdp) Atlantic meridional overturning circula-
magnitude, although opposite in sign, to the PI control sim-tion, and(c) volume-integrated, global ocean temperature.
ulation, and indicates that the deep ocean is still coming into
equilibrium, a process that takes thousands of years.
(Fig. 1), while warming over Greenland, West Antarctica,
4.2 Surface air temperature and coastal East Antarctica reflects the dual effects of low-
ered elevation and landcover conversion from land ice to
Simulated annual and seasonal air temperatures demonstragéctic grasses. The northward expansion of broadleaf and
warming globally (Fig. 3) relative to the preindustrial control needleleaf trees in BIOME4 and consequent lowering of sur-
(stippling indicates results are not statistically significant atface albedo contributes to wintertime warming across north-
95 %). Globally averaged mean annual temperature (MAT)eastern Siberia (Fig. 3). Relative wintertime cooling across
increases by 1.8C (Table 2) with enhanced warming over southern Siberia (not significant) is similarly related to a con-
land (2.4°C) relative to oceans. Zonally averaged MAT in- version from forests to grassland, with a consequent increase
creases- 5°C at high latitudes, while tropical MAT warms  in surface albedo. Relative warming and cooling over Hud-

by only ~1°C. Seasonal warming at high latitudes is such son Bay is the result of the land/sea mask conversion from
that zonally averaged boreal and austral wintertime tempegcean to land.

ratures increase by 6°C, while summertime temperatures
warm by 4—5°C. High-latitude warming is greater in the 4.3 Precipitation
Northern Hemisphere (NH).

Fine-scale temperature variability across North AmericaGlobally averaged mean precipitation increased slightly
and Asia is caused by differences between the PRISM3 an@.086 mm day?) in the mPWP experiment, with a relatively
CCSM4 base projections (Fig. 1). Surface warming over Easgreater increase over land (0.093 mmdYy(Table 2). Fi-
Antarctic reflects changes to the EAIS topographic profilegure 4 shows annual and seasonal precipitation change. The
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mPWP MAT Anomaly Zonal Avg mPWP Annual Precipitation Anomaly Zonal Avg
111 1 1

10 6 -4 2 -1-0010 0011 2 4 6 10
T

°C -4 15 05 0 05 1.5 4
mm/day
Fig. 3. CCSM4 simulated annual and seasonal mPWP surface tem-
perature chang€ C) from PI control; stippling indicates results are Fig. 4. CCSM4 simulated annual and seasonal mPWP precipitation
not statistically significant at 95 % level. Zonally averaged temper-change (mm day!) from PI control; stippling indicates results are
ature change (mPWP minus control) is plotted in the side panels. not statistically significant at 95 % level. Zonally averaged precipi-
tation change (MPWP minus control) is plotted in the side panels.

pattern of seasonal precipitation indicates a northward shif4.4 Sea surface temperature and salinity

of the Intertropical Convergence Zone (ITCZ) in response

to enhanced NH warming of subtropical SSTs (Fig. 5). Bo-We compare the mPWP results against the PRISM3 proxy
real summer precipitation (June-July-August; JJA) increase$SST reconstructions (Dowsett et al., 2010). In the North Pa-
by > 2mmday?! in the eastern equatorial Pacific Basin, cific, CCSM4 SST warms by 2-°€; proxy indicators sug-
the Arabian and Solomon seas, and the monsoon regiongest 0—4C change along the eastern and southern Aleutian
of northern Africa and India. JJA precipitation decreases bylslands and up te- 6 °C warming off the west coast of North

1 mmday ! over Siberia and parts of North and South Amer- America (Fig. 5). The model correctly captures warming (1—
ica. Precipitation increases significantly in austral summer2°C) in the eastern equatorial Pacific Basin, but falls short of
(December-January-February; DJF) by 1.5mnTdagver  the 2—4C warming indicated by proxy reconstructions in the
equatorial Africa, the Bay of Bombay, South China Sea, andequatorial upwelling region. Similarly, the model correctly
Papua New Guinea and the Amazon monsoon region. DJFeplicates the sign but not the magnitude of warming seen in
rainfall decreases by 2—4 mm ddyover the Brazilian High-  proxy records along the northwest coast of Africa. CCSM4
lands. warming in the western Pacific of 22€ compares well with

Geosci. Model Dev., 6, 54%61, 2013 www.geosci-model-dev.net/6/549/2013/
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mPWP sea surface temperature

mPWP sea surface salinity

C T T T T T T T

0 2 4 8 12 16 20 24 28 32 36
°C

Sea surface temperate change

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
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Sea surface salinity change

-10 6 -4 -2 -1-0010 0011 2 4 6 10
°C
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Fig. 5. CCSM4 simulated mPWP SSTQ) (top) and change from Fig. 6. CCSM4 simulated sea surface salinity (top) and change
PI control (bottom). White regions indicate sea ice in the mPWPfrom PI control (bottom). White polar regions indicate sea ice in
simulation (top) and both the mPWP and PI simulations (bottom).the mPWP simulation (top) and both the mPWP and PI simulations
Proxy data are plotted as open circles; color code indicates tempeitbottom).

ature change®C) from present day.

reconstructed records east of the Kamchatka Peninsula, bytyprador Sea is carried southward by the Labrador Current,
falls short of the 4-6C of warming indicated further south  entrained off the coast of Newfoundland and carried east and
off the Kuril Islands. CCSM4 SSTs in the North Atlantic soyth along the northern edge of the North Atlantic Drift.
warm by 2-#C near the southern tip of Greenland, but do conversely, an increase in the evaporation minus precipi-
not capture the- 10°C of warming suggested by proxy re- tation (E-P) in the tropical Atlantic Ocean and midlatitude
constructions. Two limited regions in the North Atlantic cool North Pacific Ocean results in saltier Gulf Stream and East
by 1-2°C in CCSM4, though not significantly. Proxy recon- pacific currents. Increased tropical precipitation and runoff
structions in the Southern Ocean show regional heterogenesff Southeast Asia lower sea surface salinity from the South
ity with some proxies signaling- 1°C cooling, and other  china Sea and the Bay of Bengal to the Arafura Sea and the
areas pointing to as much as@ warming. CCSM4 tempe-  north coast of Australia. Increased runoff from the Pacific
ratures in the Southern Ocean warm by 2€4n the South  Northwest in North America lowers salinity in the Gulf of
Atlantic and Indian Ocean sectors. Simulated temperatureg|aska.
in the South Pacific increase hy2°C.

Sea surface salinity (Fig. 6) indicates freshening in the4.5 Ocean circulation
polar oceans, where contraction in thickness and extent of
sea ice in the mPWP simulation signals an overall reductionThe simulated mPWP AMOC is comparable to the PI con-
in brine rejection, and a consequent fall in sea surface salitrol (Fig. 7a, b). Positive/negative stream function strength
nity relative to preindustrial. A low-salinity plume from the indicates clockwise/counterclockwise flow; clockwise flow

www.geosci-model-dev.net/6/549/2013/ Geosci. Model Dev., 6, ®L-2013
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Northward ocean heat transport in the Atlantic Basin for
the simulated mPWP (Fig. 7c) is indistinguishable from
preindustrial. This unremarkable response is likely a factor
in why the model does not capture the magnitude of warming
indicated by North Atlantic temperature proxies. Simulated
NH SSTs do not warm enough in the mPWP, particularly
in the North Atlantic, whereas SH SSTs are too warm, sug-
gesting that enhanced northward ocean heat transport might
redistribute enough ocean heat to bring CCSM4 SSTs more
in line with proxy evidence.

depth (km)

4.6 Seaice

The sea ice extent of mMPWP (areal %) and thickness (not
shown) decrease in both hemispheres (Fig. 8). Overall, sum-
mertime sea ice extent is reduced kY23 % in the Arctic,
particularly along the coastal continental shelf, as well as in
the Labrador, Greenland and Norwegian seas, where areal
extent is reduced by 25 % (Fig. 8). Wintertime sea ice ex-
tent (not shown) is reduced by a modest 4 % across the Arc-
tic, but drops dramatically in the Pacific Basin, where spa-
tial maps indicate & 20 % reduction in the Bering Sea and
the Sea of Okhotsk. Similar declines are seen in the Barents
Sea, off the southeast coast of Greenland, and in the Labrador
Sea along the coast of Newfoundland. Winter and summer-
12 6 0 6 12 18 24 30 36 time sea ice thickness (not shown) is reduced by as much
Sv as 2m across the Arctic, with even greater thinning (2—4 m)
R e —_———— off the northern coasts of Greenland and the Queen Eliza-
I beth Islands. Wintertime sea ice thins by up to a meter in
the Bering Sea and Sea of Okhotsk, and in the Labrador Sea
south to Newfoundland. The PRISM3 sea ice reconstruction
(Dowsett, 2007; Robinson et al., 2008; Dowsett and Robin-
son, 2009) used by the PlioMIP AGCM Experiment 1 (Hay-
wood, 2010) prescribes an ice-free Arctic Ocean during bo-
real summer. The CCSM4 simulation of the mPWP shows
diminished but persistent seasonal sea ice cover for July-
I August-September (JAS).
L B B In the SH, average summertime sea ice extent around
0°N 30°N 60°N 90°N Antarctica decreases by 30 %. Regionally, summer sea ice
_ ) o o ) _ extent increases slightly<(5 %) in the Weddell Sea and in
i'?‘ 7._Etger|an nt:ea_n rpenduznal og\?Jg’r”'"gbc'fB“E"gt'g? (Sv) mllthe isolated pockets of the Ross and Bellingshausen seas and in
C(t)r?trgllj(:r infeerigl isa zlg\(g;al\)l(:rtivr\?ard oc,ezr;dhéat transp(;:rg:r(]g%, Prydz Ba:)y (.5_15 %). Wintertime sea ice extent increases by
Watts) in the Atlantic Basin for the mPWP (solid) and the PI control up to 19 /.° n the§e sam_e areas, but decrea§es by more than
(dashed). 30 % within the_ d|stgl third of_ the §easona| ice pack. Both
summer and wintertime sea ice thins by 1.2m close to the
continent and by 0.4-0.8 m across the ice pack (not shown).
Conversely, both summer and winter sea ice thickens along
the edge of the Ronne Ice Shelf in the Weddell Sea, along the
west coast of the Antarctic Peninsula, the eastern coast of the
Ross Sea and along the edge of the Amery Ice Shelf in Prydz

depth (km)

(x10"™ Watts)

in the North Atlantic tracks the northward cycling of warm
surface water; counterclockwise flow tracks northward flow-
ing deep water from the Southern Ocean. In the mPWP sim
ulation, Southern Ocean water is moving with roughly sim- Bay.
ilar velocity and strength as in the preindustrial simulation.
However, Southern Ocean flow moves much farther north in

the mPWP simulation with Antarctic bottom water filling the

deep basin up to sill depth.
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Fig. 8. Spatial maps of CCSM4 simulated Northern Hemisphere (July-August-September; JAS) (top) and Southern Hemisphere (January-
February-March; JFM) (bottom) mean sea ice area (%) for the mPWP, the 1850 PI control, and their difference (mPWP minus Pl).

4.7 ENSO region. Figure 10 shows that, in general, CCSM4 overesti-
mates SST warming in the SH extratropics by 1€4Con-
The mPWP simulation of Nio3.4 is similar to the preindus- versely, CCSM4 SSTs in the NH extratropics fail to capture
trial control in seasonal cycle and dominant 3—-6 yr periodic-the extent of warming expected, particularly in the North At-
ity. However, the Nio3.4, estimated over the last 300yr of |antic, where proxy estimates exceed model temperatures by
the mPWP, is roughly 20 % weaker & 0.82) compared to  as much as 7C. The model shows a uniform SST increase
the Pl ¢ = 1.01), with extended periods of relative quies- of ~ 1°C in the tropics, but does not capture the 2&4of
cence of up to 150yr (Fig. 9) compared to similar intervals warming indicated by proxy reconstructions. The lack of in-
with only half the duration in the preindustrial. The model crease in northward ocean heat transport in the Atlantic Basin
does simulate mPWP warming in the eastern equatorial Pa¢rig. 7) is consistent with the weaker than expected tempera-

cific Basin, signaling a relaxation of the zonal SST gradienttyre response in the North Atlantic and warmer than expected
similar to the response found in the CCSM4 abrupt@O, SSTs in the SH.

simulation (Brady et al., 2013), which also has a weakened

Nifio3.4 ¢ = 0.75).
¢ ) 6 Relevance to future projections

5 Comparison to data Proxy temperature reconstructions from the mPWP Arctic
point to a reduced equator-to-pole temperature gradient. In
Temperature reconstructions indicate that globally averagedFig. 11 we plot the polar amplification, which is the zon-
MAT was 2-3°C warmer during the mPWP and as much ally averaged mean annual surface temperature change for
as 15-20C warmer at high latitudes, particularly the Arc- the mPWP simulation normalized by the global mean an-
tic (Ballantyne, 2010). In our CCSM4 mPWP simulation, nual temperature change for the same period. We show the
globally averaged mPWP surface temperatures increase bmPWP response together with the results from a CCSM4
1.9°C relative to preindustrial (Table 2), comparing favor- CO, sensitivity simulation where Cfwas abruptly elevated
ably with the reconstructed global average. However, sim-to four times the preindustrial GQroncentration (% COy).
ulated temperatures are conspicuously at odds with proxyrhe forcing for the mPWP includes changes to the land/sea
records in several critical areas when we plot SST proxy datanask over Hudson Bay, changes to the size and extent of
against corresponding CCSM4 annual SSTs from the nearthe Greenland and Antarctic Ice Sheets, and widespread veg-
est latitude/longitude grid cell, and partition the results by etation shifts, along with an estimated radiative forcing of

www.geosci-model-dev.net/6/549/2013/ Geosci. Model Dev., 6, ®L-2013



558

Period (years)

N. A. Rosenbloom et al.: Simulating the mPWP with the CCSM4 model

Far |
‘ ® “o‘n

le /§

5 35 65 95 125 155 185 215 245 275 305 335 365 395 425 455 485

Model Year

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Power

Fig. 9. The Nifo3.4 index {C) from the mPWP simulation (top) and the corresponding wavelet power spectrum (bottom).
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90N

Latitude

Fig. 11.Zonally averaged MAT anomaly normalized by the global
MAT anomaly for the mPWP (solid line), and abrupt £0, sce-
nario simulations with CCSM4 (dashed line).

1.9W nt2 from elevated C@ The 4x CO, simulation has

an estimated radiative forcing from G@lone of 7.4 W m2,
relative to the PI. The mPWP simulation has a comparable
latitudinal response to the CCSM4& 4.0, experiment; both
simulations show a muted tropical response, with polar am-
plification of ~ 3 times the global temperature change. The
exaggerated warming/cooling signal in the mPWP SH tem-
perature is caused by the removal of the WAIS and by eleva-
tion changes over the EAIS relative to PI.
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mPWP minus PI Control (JAS) ature relative to the CCSM4 1850 PI control, with zonally
averaged temperature increases &€aat high latitudes and
polar amplification of 3 times the global warming. High-
latitude warming is greater in the NH than SH. Average sur-
face temperature over land increases by 2.4globally aver-
aged sea surface temperature increases B\Cl1 Global pre-
cipitation increases slightly by 0.09 mm ddyand the ITCZ
shifts northward, reflecting greater warming in NH SSTs.
Areal sea ice extent decreases in both hemispheres, with a
greater decrease in the SH. Arctic sea ice in CCSMA4 thins by
> 2m, but persists through boreal summer (JAS). The model
correctly captures warming in the eastern Pacific Basin, sig-
naling a relaxation of the zonal SST gradient, but fails to cap-
ture the magnitude of warming in equatorial upwelling areas.
Northward ocean heat transport in the Atlantic Basin is in-
distinguishable from the control. CCSM4 produces weaker
SST warming than reconstructed in the North Atlantic, and
greater SST warming than reconstructed in the SH. This
bipolar bias suggests an increase in northward oceanic heat
transport could bring CCSM4 into better agreement with
SST reconstructions.
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