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Abstract. The mid-Pliocene Warm Period (3.29 to 1 Introduction

2.97 MaBP) has been identified as an analogue for the fu-

ture, with the potential to help understand climate processe§ne mid-Piacenzian or mid-Pliocene Warm Period (3.29 to
in @ warmer than modern world. Sets of climate proxies, g7 MaBP, hereafter Pliocene), had global mean surface
combined to provide boundary conditions for Global Climate (e mperatures in the range of those projected for the end of the
Model (GCM) simulations of the mid-Pliocene, form the ba- 21t century. Boundary conditions and forcings, including
sis for the international, data-driven Pliocene Model Inter- atmosphericpCO, mixing ratios (~400 ppmv), were simi-
comparison Project (PlioMIP). Here, we outline the strategy 5, 1o today (e.g.Pagani et a).2009. The Pliocene there-

for implementing pre-industrial (modern) and mid-Pliocene fore serves as a useful analogue for future climate and pro-
forcings and boundary conditions into the GENESIS versionyijes a framework for testing the longer-term response of
3 GCM, as part of PlioMIP. We describe the prescription of the global system to higher-than modern temperatures on
greenhouse gas concentrations and orbital parameters and they ¢ yr timescales. The international Paleoclimate Model-
implementation of geographic boundary conditions such agng ntercomparison Project (PMIP) was recently extended to
land-ice-sea distribution, topography, sea surface temperapcjyde the mid-Pliocene warm period, combining available
tures, sea ice extent, vegetation, soils, and ice sheets. Weng accessible data reconstructions and numerical model-
further describe model-specific details including spin-up andiyg injtiatives. The Pliocene Model Intercomparison Project,

inFegra_tion times. _In addition, the global climatology Qf the plioMmIP (Haywood et al.201Q 2017 aims at reconstruct-
mid-Pliocene as simulated by the GENESIS v3 GCM is anaing the climate of the Pliocene and comparing a set of

lyzed and compared to the pre-industrial control simulation.g|gpal Climate Models (GCMs) utilizing the same bound-
The simulated climate of the mid-Pliocene warm interval is ary conditions and forcings. Planned analyses focus on
found to differ considerably from pre-industrial. We identify o intercomparison of two experiments using atmosphere-

model sensitivity to imposed forcings, and internal feedbacksomy (Experiment 1) and coupled Ocean-Atmosphere Cir-
that collectively affect both local and far-field responses. Ourgjation Models (Experiment 2). Both mid-Pliocene ex-

analysis points out the need to assess both the direct impacb%riments are compared to a pre-industrial control run to
of external forcings and the combined effects of indirect, i”'quantify climate change and to identify biases. Over the
ternal feedbacks. This paper provides the basis for assesgigt few decades, the US Geological Survey PRISM project
ing model biases v_wthln th\_"-; PlioMIP framework, z_;md Wlll be (Pliocene Research, Interpretation and Synoptic Mapping,
useful for comparisons with other studies of mid-Pliocene pqoysett et al. 1994 has generated data sets for the mid-
climates. Piacenzian warm period, with more than a million individ-
ual measurements providing well-constrained boundary con-
ditions for modeling experiments. The latest iteration of
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74 S. J. Koenig et al.: PlioMIP implementation strategy for GENESIS v3 GCM

the PRISM palaeoenvironmental reconstruction PRISM3Ddocumented in separate sections below (see S22t and
(Dowsett et al.2010 is implemented in the PlioMIP speci- 2.2.3.

fications for the mid-Pliocene experiments. The GENESIS AGCM and surface models use input files

Here, we present the implementation of boundary condi-that specify global maps of topography, surface type (land-
tions and experimental design of Experiment 1 of PlioMIP, jce-ocean), vegetation distribution, soil texture and other
using the atmospheric and land components of the GENEquantities. We use the preferred set of PMIP3 input files
SIS v3 GCM following the strategy presentedhfaywood  (Haywood et al. 2010 for pre-industrial and Pliocene ex-
et al. (2010. This detailed documentation will prove valu- periments, and adapt them to match the GENESIS GCM
able for further PlioMIP planned intercomparisons, and will specific-input formats and spatial resolutions §2° and
help to better assess model-specific biases. In addition to thepectral T31 (3.75x 3.75) grids for surface and AGCM
implementation of boundary conditions, basic results of sur-models, respectively). For Experiment 1, we run both the
face air temperatures, precipitation rates and energy balanggre-industrial control and the Pliocene atmosphere-only ex-
are analyzed, along with differences between simulations operiments for 50 yr (the preferred PlioMIP mode). Spin-up
pre-industrial climate and the mid-Pliocene warm period. s taken into account, and equilibrium is effectively reached
after a few years of integration (Figj). The results presented
here (see SecB) are averages over the last 30 years of each
50-yr simulation.

2.1 GENESIS general circulation model version 3 Greenhouse gas volume mixing ratios are set to the pre-
ferred PMIP3 values and are identical in both pre-industrial
We use the current version 3 of the Global ENvironmentalcontrol and the Pliocene, except for atmosphe@0O; (see
and Ecological Simulation of Interactive Systems (GENE- below). The GENESIS v3 GCM sensitivity to a doubling of
SIS) GCM, originally developed by the Interdisciplinary Cli- COz is 2.9°C, which is close to the average among IPCC-
mate Systems Section of the Climate and Global Dynam<lass GCMs. We specify 270 ppb for.@ and 760 ppb
ics Division at NCAR Thompson and Pollard997. The  for CHs. CFCk defaults to 0.238 ppm, and @El, to
model consists of coupled global models of the atmosphered.408 ppm.  Aerosols are prescribed using default prein-
ocean, vegetation, soil, snow, ice sheets, and sea ice. Thaustrial levels. Prescribed atmospheric ozone amounts are
3-D atmospheric general circulation model (AGCM) uses anset to zero for solar and infrared radiative calculations.
adapted version of the NCAR CCM3 solar and thermal in-The solar constant is set to the preferred PMIP3 value of
frared radiation codeKehl et al, 1998 and is coupled to  1365WnT2. Orbital eccentricity, obliquity and precession
the surface components by a land-surface-transfer schen@e set to 0.016724, 23.446nd 102.02 (perihelion minus
(LSX). Vegetation distributions and their physical attributes 180°), respectively. As described Pollard and Thompson
can be provided in multiple ways, either using prescribed(1997), the GENESIS GCM precessional inp&)(is defined
data setsorman and Seller4989 see below), or fromin-  as the prograde angle from perihelion to the northern hemi-
teractively coupled, predictive vegetation models (e.g., EVESpheric vernal equinox. The PlioMIP precessional specifica-
Bergengren et al2001 and BIOME4Kaplan et al, 2003 tion is converted to the GENESIS value accordingly.
Koenig et al, 2011). The ocean can be represented either by Both the pre-industrial control and Pliocene experiment
prescribed climatological sea-surface-temperatures and s€d) are initialized as “cold starts”, with zonally symmetric
ice, by a predictive 50-m slab diffusive mixed-layer and dy- and vertically uniform temperatures, varying smoothly from
namical sea-ice model, or by a 3-D ocean G@M¢anowski  285°K at the equator to 275 at the poles Thompson and
1996 Zhou et al, 2008 Alder et al, 2011). The GENESIS  Pollard 1995.
GCM has been validated against modern climate and used gea surface temperatures and sea-ice extents are pre-

extensively for paleoclimatic simulations (e.g-hompson  scriped, which is PlioMIP’s preferred ocean mode. This pre-
and Pollard 1997 Mathieu et al. 2002 Pollard and PMIP  s¢riped ocean climatology is based on PRISM3 and uses 12
Groups 200Q DeConto et al.2007and references therein). monthly input data files, defining monthly mean sea surface
In the configuration used here, the model atmosphere has gmperatures and sea ice extents. The single annual cycle of

spectral resolution of T31~3.75) with 18 vertical layers.  prescribed Pliocene ocean conditions is repeated each year
Surface components and LSX are on a regutax 2° grid. of the model run.

2 Experimental design

2.2 Implementation strategy 2.2.2 Pre-industrial atmosphere-only PlioMIP

2.2.1 General set-up experiment
The general model set-up described in this section serves abhe pre-industrial control experiment uses GENESIS mod-

the basis for both pre-industrial and Pliocene experimentsern input files in combination with the general PlioMIP set-
Experiment-specific definitions and modifications are thenup described above.
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Fig. 1. Equilibration time for scenarios using the atmospheric component of the coupled GENESIS v3. GCM. Surface temperature (2-m)
(°K) for pre-industrial (black) and Pliocene scenario (dark red) for Experiment 1 for year 1 to 50 of the integration. Results presented herein
are averaged over the last 30 years of each integration.

PlioMIP guidelines direct modeling groups to use their cycles of leaf area index (phenology) for each biome up-
own land-sea mask and topography for the pre-industrial exdated daily (see alsbapola et al. 2008. Following Hay-
periment. We use the topography field from the US Navywood et al. (2010, we compare vegetation of the pre-
FNOC global elevation set of 10 min resolutiokirfeman industrial scenario to observations in order to ensure that
1985 and areally average it to the model’s ®2° grid the re-classification leads to meaningful biome patterns be-
for the AGCM topography field (Fig2). The land-ice fore applying the transfer scheme to the Pliocene. We find
sheet-ocean mask for the surface models is based on thbat pre-industrial patterns compare favorably to indepen-
same data, except ice sheet areas are superimposed usidgnt pollen-based patternBréntice and Jolly200Q Har-
the I x 1° Global Hydrographic Dataset &fogley(1997). rison et al, 2002, Bigelow et al, 2003, reconstructions of
The resulting mask differentiates between land, ice sheetpotential natural vegetatiorR@mankutty and Folgy1999
and ocean. In both pre-industrial and Pliocene experimentsind modeling studies, e.g\ohlfahrt et al.(2004 for mod-
the Central American Seaway is prescribed to be closedern day (not shown). We re-classify the mega-biomes of
while the Bering Strait, Drake Passage, Tasman GatewayBAS BIOME4 modern and PRISM3D vegetatiodgrrison
Gibraltar Strait and Indonesian Gateway are open (Big. and Prentice2003 into the 12 biome types ddorman and
although the ocean gateways have little impact on simulaSellers(1989 following the key presented in Table 1, and
tions using prescribed SSTs. A comparison of GENESIS andransfer them to the GCM surface grid. Tundra and dry tun-
PlioMIP pre-industrial topographies shows generally smalldra in Harrison and Prentic€2003 are not distinguished
differences. Larger deviations exist in high mountain rangesn the final classification. Figuré presents the global, re-
due to single-grid-cell discrepancies between the datasetslassified vegetation distribution that serves as the basis for
(Fig. 2). the pre-industrial experiment. The re-classified global vege-

tation distribution adequately reproduces the original modern
Vegetation distributions are prescribed baseddmnman  yegetation map oborman and Seller&1989.

and Sellers(1989, with physical attributes and seasonal
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Fig. 2. Boundary conditions. Absolute global topography (m)(@rpre-industrial (Topgre genesid: and(b) mid-Pliocene (Topgio genesis
experiments. Mid-Pliocene final topography is calculated using an anomaly approach (see text). Elevation differéogestimeenb—a),
and(d) between PRISM pre-industrial (Top@ prism) and GENESIS pre-preindustrial (ToR@genesid datasets.

For the pre-industrial experiment, monthly sea-surfacepoints for all other adapted input files for the Pliocene exper-
temperatures (SST) and sea-ice extents are prescribed usiimgent (see below).
the Shea et al(199]) global dataset. This monthly clima- |n order to compare differences due to the physics of the
tology is linearly interpolated in time between the dataset'sGCMs themselves, rather than differences in their modern

mid-month values. FigurBd shows the difference betv\{eQn boundary conditions, we use the anomaly approach as de-
modern GENESIS SSTs and PRISM data sets. Deviationgcribed inHaywood et al(2010 to create the Pliocene to-

are generally less thaft0.5°C and are not statistically dif-  pography map on a°2 2° grid.
ferent, as inferred from a Student t-test.

Global maps of soil texture for the 6 GENESIS soil lay- Topyjio genesis=
ers are derived from the dataseMiébb et al(1993, which o _ _
combines a 1x 1° global map of soil types with UNESCO (TOPiio prsm = TOPpreprism) -+ TOPpregenesis @)
texture information versus depth. Soil textures are left un-
changed in modern experiments.

As mentioned above, atmospheric greenhouse gas leve
are set to preferred PlioMIP values, with carbon dioxide vol-
umetric mixing ratio at the pre-industrial level of 280 ppm.

For grid-cells where a potential mismatch between
liocene and pre-industrial topography exists, the absolute
RISM3D Pliocene topography (Toge.prism) is used. Fig-

ure2 shows pre-industrial and Pliocene topographies and dif-
ferences between them. Significant elevation differences be-
) . ] tween reconstructed Pliocene and pre-industrial experiments
2.2.3 Pliocene atmosphere-only PlioMIP experiment exist in areas where ice-sheet reconstructions deviate from
modern, namely South and West Greenland, West Antarc-
For the mid-Pliocene experiment we use preferred PRISM3Djca, and the Aurora and Wilkes sector on East Antarctica.
data files for the land-ice-sea mask, topography, ice sheetiote that ice shelves in Pliocene Antarctica are not modelled
configuration, vegetation distribution, sea surface temperain ice sheet simulations providing the basis for the PRISM3D
tures, and sea ice distribution, and convert them to the GENdistribution of Pliocene ice (sedill et al., 2007, so there is
ESIS input format. no extensive marine-based ice sheet on West Antarctica. The
The preferred PlioMIP land fraction mask is first used to Pliocene Rocky Mountains/Colorado Plateau and Andes con-
generate a modified GENESIS GCM surface mask input file tain regions that are notably higher, with topographic anoma-
which then serves to distinguish land, ocean and ice-shedtes of +900—-1200 m compared to the pre-industrial (B)g.

Geosci. Model Dev., 5, 7385, 2012 www.geosci-model-dev.net/5/73/2012/
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Fig. 3. Boundary conditions. Land-ice-ocean mask (@) pre-industrial, andb) Pliocene scenarioqc) Grid-cell specific deviations of
land and ocean between Pliocene and pre-industrial masks, with land (blue) and ocean (red) cells present in Pliocene scenario and absent
pre-industrial. Note that pre-industrial mask is adapated to Pliocene mask for anomaly calculation (see text).

Table 1. Vegetation megabiomes bfarrison and Prentic€003 (HP2003) reclassified intborman and Seller6l989 biomes (DS89).

HP2003 Classification DS89 Classification
0 sea
1 tropical forest 1 Broadleaf-evergreen trees
2 warm-temperate forest 12 Broeadleaf-deciduous trees with winter wheat
3 savanna and dry woodland 6 Broeadleaf trees with groundcover
4 grassland and dry shrubland 8 Broeadleaf shrubs with groundcover
5 desert 11 No vegetation; bare soll
6 temperate forest 3 Broadleaf and needleaf trees
7 boreal forest 4 Needleleaf-evergreen trees
8 tundra 10 Dwarf trees and shrubs with groundcover
9 drytundra 10 Dwarf trees and shrubs with groundcover
28 landice 20 Perennial ice

River routes follow modern topography except where in- The same anomaly method as above is used for Pliocene
appropriate due to changes in the Pliocene land/sea mas&STs, using reconstructed PRISM3D and modern ocean tem-
where rivers are routed to the nearest ocean grid box. perature fields@owsett et al.2010 and modern GENESIS

Unlike PlioMIP’s input data filesflaywood et al.2019, ~ SST fields Ghea et a).199], see above).
ice-sheet and vegetation distributions are represented in SERST i nesic=
arate input files within GENESIS. There is no a priori ice P9
sheet input file for the GENESIS GCM, and PRISM3D ice (SSTpiio.prism = SSTpreprism) + SSTpregenesis )
locations are incorporated into the GENESIS surface mask The modern SST map is projected directly onto the same
input file. Additionally, ice sheets are assigned in the land-Pliocene (land-sea) grid, making differences between sim-
sea mask where we translate PRISM3D ice sheet locationslations easy to determine. Reconstructed sea ice cover is
into the adapted surface mask input file (see Bjg. then superposed onto the gridded SSTs. Figurempares

www.geosci-model-dev.net/5/73/2012/ Geosci. Model Dev., 5,83-2012
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Fig. 4. Boundary conditions. Re-classified mega-biome distributidbarman and Sellerd 989 for (a) pre-industrial, angb) mid-Pliocene
vegetation input files.

absolute pre-industrial and Pliocene SSTs. In tropicalAntarctica are covered by tundra, whereas coastal broadleaf
and low latitudes, mid-Pliocene SSTs are generally withintrees (South) and needleleaf-evergreen trees (West) dominate
A < 1°C of pre-industrial values (except for the Eastern Pa-Greenland.

cific). High-latitude anomalies range up to X2 with largest Prescribed distributions of soil texture in both modern and
differences in the North Atlantic. Pliocene simulations use the preferred PlioMIP soil texture
data set, based on modern soil types. Soil textures, defined
by fractional percentages of sand, silt and clay, are defined
for each of the 6-levels in the LSX soil model and adapted
fers considerably from the pre-industrial pattern at all lati- to the Pliocene land-surface grid. Potential mismatches are

tudes (Fig4). In the Pliocene, broadleaf-evergreen trees eX_corrected for those grid cells where no information was given

pand from equatorial regions into low latitudes of both hemi- by creating values from the nearest available neighbors.

spheres. In low to mid-latitudes, Pliocene deserts are reduced

in area, replaced mainly by broadleaf shrubs. In mid lati-3 Mid-Pliocene climatology from GENESIS GCM v3

tudes, broadleaf and needleleaf trees increase in area at the

expense of needleleaf-evergreen trees. High latitude northBasic climatological parameters are analyzed to describe the
ern hemispheric tundra is pushed northward by needleleafgeneral mid-Pliocene climatology simulated by the GENE-
evergreen trees, significantly reducing the total areal exSIS v3 GCM in response to forcings and boundary condi-
tent of Pliocene tundra. In the Pliocene, ice-free areas otions described above. Results of surface air temperatures,

As mentioned above, BAS BIOME4 Pliocene vegetation
types are re-classified @orman and Seller€L989 biomes
(Table 1). The resulting Pliocene biome distribution dif-
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Fig. 5. Boundary conditions. Absolute annual global sea surface temperat@gsof (a) pre-industrial (SSfregenesid: and(b) mid-
Pliocene (SS{jio.genesid €xperiments. Mid-Pliocene final SSTs are calculated using an anomaly approach (see text). Differences in annual
SSTs ¢C) (c) between(b-a), and(d) between GENESIS pre-preindustrial (Slgenesid and PRISM pre-industrial dataset (Ssdprism)-

precipitation rates and surface energy balance, for land andorthern hemispheric winter (2°€) than summer (1.9C,

ocean, annually and seasonally are discussed relative to thEable 2). Prescribed elevation changes in the Pliocene Andes

pre-industrial climate. and Rocky Mountains/Colorado Plateau (see Pjgcause
expected (lapse-rate) temperature differences.

In most regions and seasons, modeled Pliocene surface air Taple 2 summarizes winter, summer and annual global av-
temperatures are warmer than modern (Fggand8) inre-  erages for net upward energy fluxes at the top of the atmo-
sponse to increased Pliocene sea surface temperatures, shere and surface. The net upward radiation (emitted in-
duced ice sheets and altered vegetation distribution. Zonajared minus absorbed solar) at the top of the atmosphere
mean positive anomalies increase frofft2in the tropics, 0 s |ess in all seasons of the Pliocene scenario compared to
13°C at around 70-80N, as a result of ice albedo and ice preindustrial, with maximum difference ef2 W m=2 in bo-
height feedbacks. Zonal mean warming at high latitudes isea| summer. The total global net surface energy et
dominated by the effects of ice-sheet elevation changes opw n2) is calculated from all surfaces as follows.

Greenland and Antarctica, and albedo feedbacks where re-

constructions of grounded ice and sea ice deviate betweef,o= —SW+LW + S+ Ln, ()
Pliocene and pre-industrial scenarios (see B)g.We cal-

culate albedo from surface fluxes and find maximum differ- where Ly and S are upward latent and sensible heat
ences £0.5) over southern Greenland, Arctic Ocean, Westfluxes, and LW and SW are the net upward longwave and
Antarctica, and the Southern Ocean (Fi§). Reductions in  downward shortwave radiative fluxes at the surface. Global
albedo significantly impact sensible and latent heat fluxesFsnet differences between Pliocene and pre-industrial are
from land/ocean into the atmosphere (not shown). Albedo—1.3W n?2 in winter and—2.2 W nt2 in summer with an
changes over the fixed East Antarctic Ice Sheet are not sigannual anomaly of-1.3 W n2 with respect to the control
nificant. In high northern latitudes, the largest warming oc- simulation.

curs in the North Atlantic, and is seasonally greatest in win- Global and annual mean precipitation increases by 5-10 %
ter when sea-ice reduction and contrasting air and oceain the Pliocene compared to pre-industrial, with little differ-
temperatures have their maximum effect. The mean anence between winter and summer (Table 2). Significant posi-
nual global temperature for the Pliocene is 1'%5com-  tive anomalies occur over some tropical land regions and also
pared to 13.8C for pre-industrial, with greater warming in in higher latitudes, with maximum increases over the North

www.geosci-model-dev.net/5/73/2012/ Geosci. Model Dev., 5,83-2012
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Fig. 6. Latitudinally averaged surface temperatur&S)(for (a) land and ocear{p) land only, andc) ocean only grid cells for pre-industrial
(black) and mid-Pliocene (green) experimengd) Differences in zonal mean surface temperatuf€) petween mid-Pliocene and pre-
industrial scenarios for land (solid red) and ocean (dashed orange).

Table 2. Boreal summer (JJA), winter (DJF) and annual (ANN) global climatological means of net upward energy flux for top-of-atmosphere
(TOA) and surface (W rﬁz), surface temperaturé@) and precipitation rate (mntd) for pre-industrial (PRE), mid-Pliocene (PLIO), and
differences between scenarios (PLIO-PRE). Note that a known long-standing spurious net energy~srkWin2 in the GENESIS
atmospheric model (due to inexact treatment of water-vapor specific heat in the spectral dynamics) should be taken into consideration when
comparing all top-of-atmosphere upward fluxes.

TOA Energy Surface Energy Temperature Precipitation
JJA. DJF ANN JJA° DJF ANN JJA° DJF ANN JJA DJF ANN
PRE 11.3 -6.1 2.2 16.1 -2.8 5.4 151 115 133 33 3.0 3.2
PLIO 93 -79 0.5 139 -41 4.1 170 138 155 34 32 3.3
APLIO-PRE -2 -18 -17 -22 -13 -13 19 23 22 02 02 0.2
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Fig. 7. Differences in albedo between mid-Pliocene and pre-industrial scenarios as calculated from upward and downward radiative fluxes
for (a) northern, andb) southern high latitudes.

Atlantic (2.5-4 mm d1, Fig.9). Significant negative anoma- shown), noticeably affect atmospheric processes, with the
lies dominate low latitudes, in particular in the Atlantic, In- potential of affecting the seasonality and magnitude of the
dian Ocean and West Pacific. Boreal winter precipitation dif- EI Nifio/Southern Oscillation (ENSO) phenomenon and re-
ferences in the North Atlantic follow the pattern of positive defining the mean location of the ITCZ and hence the tropical
SST anomalies (Figh). Large positive and negative differ- precipitation patterns (monsoonal behavior). These climate
ences in the tropics and in low latitudes during boreal sum-drivers and their regional to global dynamics need further
mers result from altered positions of the Intertropical Conver-quantification through multi-model comparisons (PlioMIP
gence Zone (ITCZ). As a result, drier-than-modern regionsintercomparison phase).
over the Atlantic, West Pacific, and Caribbean contrast with The spatial anomalies in temperature, surface energy bal-
wetter-than-modern regions in the East Pacific and land areaance and precipitation point to the importance of inter-
in Africa, India and South East Asia, significantly affecting nal feedbacks in determining global climate. In particular,
monsoonal behavior and magnitude. changes in vegetation distribution, sea ice extent and SSTs
co-determine heat and moisture budgets and their transfer be-
tween the surface and atmosphere. The importance of veg-
4 Discussion etation feedback has been highlighted in studies of Quater-
nary glacial cyclesGlaussen2009 and references therein)
The modeled mid-Pliocene climate differs significantly from and recently for the Pliocen&@enig et al, 2011). Given the
pre-industrial. Difference patterns correlate spatially with magnitude of this feedback, further investigations using in-
regions of altered boundary conditions. Polar amplifica-teractive climate-vegetation models could improve the under-
tion of warming is pronounced, forced mainly by prescribed standing of climate-biosphere interactions in a warmer than
Pliocene sea ice retreat, high-latitude SST warming, and remodern world.
ductions in Greenland and Antarctic ice sheet extents. Re- The PRISM3 multi-proxy reconstruction of mid-Pliocene
gional temperatures are impacted by prescribed changes i8STs is based on an extensive global network of available
local topography, particularly in mountainous areas. Fur-data Dowsett et al. 2010. Nevertheless, sea-ice proxies
thermore, we find that boundary conditions impact climateare limited to particular regions, increasing the uncertainties
beyond local and regional scales, through their direct ef-in reconstructed mid-Pliocene sea ice extent and thickness.
fects on the dynamics of the atmosphere. For instance, abiven the importance of sea-ice feedbacks in the climate sys-
mid and high latitudes, the North Atlantic/ Arctic Oscillation tem, future investigations should target sea-ice reconstruc-
(NAO/AO) pattern is affected by a smaller Pliocene Green-tions to improve model performance in simulating Pliocene
land Ice Sheet and the combined feedbacks associated withigh latitude climates.
SSTs and sea ice in the Arctic (not shown). At low lati- The GENESIS GCM results for the Pliocene reveal a high
tudes, changes in SST patterns, such as the decrease in tegree of polar amplification (Figé and8). The mod-
Pacific zonal equatorial SST gradient in the Pliocene (noteled Pliocene warming is significantly higher over regions
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Fig. 8. Pliocene minus pre-industrial differences in model surface air temperatures’@)rta) Annual,(b, c) December-January-February,
(d, €)June-July-August.
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Fig. 9. Pliocene minus pre-industrial differences in model precipitation rates (i d(a) Annual, (b) December-January-February,
(c) June-July-August. Significant differences (stippled) are inferred by a Student t-test.

of deglaciated Greenland and West and East Antarctica icéorcings to reduce uncertainties associated with model de-
sheets. A few modeling studies have addressed Greerpendencies and biases, a Pliocene ice-sheet model intercom-
land and Antarctic ice sheet variability in both the mid- parison project (PLISMIP) has been initiated and is cur-
to late Pliocene, however the exact ice sheet extents antently underway [olan et al, 20119. PLISMIP follows
locations continue to be debateHil{ et al., 2007 Lunt the PlioMIP framework, and deploys a hierarchy of stand-
et al, 2008 Pollard and DeCont®009 Dolan et al, 2011a alone and coupled climate and ice sheet models and a set
Koenig et al, 2011). To better constrain the response of of Pliocene high-latitude boundary conditions to better con-
the cryosphere to mid-Pliocene boundary conditions andstrain reconstructions of Pliocene ice sheets.
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5 Conclusions Dorman, J. L. and Sellers, P. J.: A global climatology of albedo,
roughness length and stomatal resistance for atmospheric gen-
In conclusion, PlioMIP provides a framework in which a  eral circulation models as represented by the Simple Biosphere
data-driven model intercomparison can lead to a better un- Model, J. Appl. Meteorol., 28, 833-855, 1989.
derstanding of climate dynamics in a warmer time, when iceDowsett, H. J., Thompson, R., Barron, J., Cronin, T., Fleming,
sheets and sea ice cover were reduced, SSTs were warmer,F-, Ishman, S., Poore, R., Willard, D., and Holtz, T. R.: Joint
and vegetation had adapted to the changed climate. Fu- |r?vest|gat|0ns of the Mld.dle Pliocene climate I: PRISM paleoen-
ture modeling should attempt to disentangle forcing factors vironmental reconstructions, Glob. Planet. Change, 9, 169-195,

and quantify the contributions of internal feedbadke€nig D0\1/v959et H., Robinson, M., Haywood, A., Salzmann, U., Hill, D

?_t al, 2_01])‘, Along with prgxy recons.t-ructio.ns, these activ- Sohl, L., Chandler, M., Williams, M., Foley, K., and Stoll, D.:
ities will guide the analysis of specific regional aspects of = 1he pRISM3D palecenvironmental reconstruction, Stratigraphy,
mid-Pliocene warmth. As an initial step, this paper describes 7, 123-139, 2010.
the implementation strategy of mid-Pliocene boundary con-Harrison, S. P. and Prentice, C. I.: Climate and ,C&@ntrols
ditions into the GENESIS GCM with relevance to ongoing on global vegetation distribution at the last glacial maximum:
data and modeling analyses within the PlioMIP framework analysis based on palaesovegetation data, biome modelling and
and beyond. palaeoclimate simulations, Global Change Biol., 9, 983-1004,
doi:10.1046/j.1365-2486.2003.006402003.
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