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Abstract. Here we perform a detailed comparison between Model results and data show a great consistency for mean
climate model results and climate reconstructions in westerrannual temperatures, indicating increases by ug@id the
Europe and the Mediterranean area for the mid-Piacenziastudy area, and some disparities, in particular in the north-
warm interval ¢a 3 Myr ago) of the Late Pliocene epoch. ern Mediterranean sector, as regards winter and summer tem-
This region is particularly well suited for such a comparison peratures. Similar continental mean annual precipitation and
as several quantitative climate estimates from local pollenrmoisture patterns are predicted by the model, which broadly
records are available. They show evidence for temperaunderestimates the wetter conditions indicated by the data in
tures significantly warmer than today over the whole areanorthwestern Europe. The biogeophysical effects due to the
mean annual precipitation higher in northwestern Europechanges in vegetation simulated by ORCHIDEE are weak,
and equivalent to modern values in its southwestern partboth in terms of the hydrological cycle and of the temper-
To improve our comparison, we have performed high reso-atures, at the regional scale of the European and Mediter-
lution simulations of the mid-Piacenzian climate using the ranean mid-latitudes. In particular, they do not contribute to
LMDz atmospheric general circulation model (AGCM) with improve the model-data comparison. Their main influence
a stretched grid which allows a finer resolution over Eu-concerns seasonal temperatures, with a decrease of the tem-
rope. In a first step, we applied the PRISM2 (Plioceneperatures of the warmest month, and an overall reduction of
Research, Interpretation, and Synoptic Mapping) boundarythe intensity of the continental hydrological cycle.

conditions except that we used modern terrestrial vegeta-
tion. Second, we simulated the vegetation for this period
by forcing the ORCHIDEE (Organizing Carbon and Hy- 1 |ntroduction

drology in Dynamic Ecosystems) dynamic global vegetation

model (DGVM) with the climatic outputs from the AGCM. Past well-documented episodes of significant climate warm-
We then supplied this simulated terrestrial vegetation coveling provide climate change scenarios that can help us to test
as an additional boundary condition in a second AGCM run.the sensitivity of physical models of the climate system and
This gives us the opportunity to investigate the model’s sen+o evaluate the significance of their results in the context of
sitivity to the simulated vegetation changes in a global warm-future climate change prediction. It is necessary to look back
ing context. to the Late Pliocene, within the middle part of the Piacen-
Zian stage, to find the last notable and stable phase of global
warmth, considered as the closest potential analogue of the

Correspondence toA. Jost expected near future climate stadaiisen et 312007). In-
BY (anne.jost@upmc.fr) deed, the warming that occurred between around 3.3 and
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3 million years before present is the most recent interval in2007 Lunt et al, 2008. Following current extensive re-
geological history during which a significantly warmer-than- search efforts to understand climate-vegetation interactions
present global climate was maintained over a period longe{Cosgrove et al2002 and references therein), several of the
than any interglacial stage of the Quaterndbg\ysett etal.  latest studies have considered the climatic impact of the mid-
1996 in an almost similar to present geographic configura-Piacenzian vegetation cover. Even though its influence on
tion (Crowley, 1996. A large number of modelling studies global climate appears to be rather minor, the authors show
(e.g.Chandler et a).1994 Sloan et al.1996 Haywood etal.  that it must be considered on a regional scale at mid to high
20003 Haywood and Valde2004 Jiang et al.2005 sug- latitudes {iang et al. 2009, especially in the regions en-
gests that global average temperatures were approximately @untering the most prominent changes of vegetation, e.g. in
to 3C greater than today, i.e. a level of warming within the the polar and subpolar regionSglzmann et /2009 Lunt
range of projected global temperature increase for the micet al, 2009. It can affect the seasonality of temperatures
to late 21st centuryMeehl et al, 2007). Atmospheric con-  over wide regionsflaywood and Valde009.
centrations of carbon dioxide (estimated to be between 360 Within this framework, our objective is to perform such an
and 400 ppmvKirschner et al.1996 Raymo et al. 1996 analysis of model sensitivity to vegetation changes, through
are also comparable to what could occur during the 21sthe use of a combined data and modelling approach, cen-
century. The mid-Piacenzian, which itself contains episodictred on western Europe and the Mediterranean region as a
climate fluctuations, takes place at the transition from rel-well-documented case study. Indeed, the existence of re-
atively warm stable global climate conditions to the signif- constructions of the mid-Piacenzian climate based on paly-
icant global cooling of the Pleistocene, just before the ini- nological analyses provides a detailed quantification of the
tiation of the Northern Hemisphere major glaciations, ap-main climatic variables of the period and a reliable descrip-
proximately 2.7 million years agd_éroy et al, 1998 Za- tion of the vegetation of this region at time of global warming
chos et al.2007; St. John and KrisselR002. The causes (Fauquette et 811998k 2007). We rely on these terrestrial
of the mid-Piacenzian optimum remain uncertain. A com- paleoclimate archives to examine the performance of the at-
bination of increased levels of greenhouse gases in the amospheric general circulation model LMDz in simulating the
mosphere and an enhanced meridional ocean heat transparmtid-Piacenzian climate, mainly in terms of temperatures and
has been proposed as a leading explanation Ergwley, precipitation. This AGCM uses a stretched grid, which al-
1996 Dowsett et al. 1996 Raymo et al.1996. Potential lows for a finer resolution over Europe. This gives us the
causes such as orographic effects related to an altered elepportunity to refine our comparison between model results
vation of major mountain chain&®{nd and Chandle1997), and climate reconstructions from local pollen data and to in-
ice-albedo feedbacks relationships resulting from a reducedestigate specific regional aspects of the Late Pliocene pa-
extent of high-latitude terrestrial ice sheets and sea-ice coveleoclimate response of western European and Mediterranean
(Haywood and Valde®004 or permanent El Nio-like con-  regions. Moreover, running the climate model at high reso-
ditions (e.gMolnar and Cang2002 have also been invoked. lution allows to improve orographic resolution and represen-
The mid-Piacenzian therefore appears a very interestingation of dynamical and physical processes acting at small
period to study given the predictions of future global warm- scales and hence, to reproduce precipitation pattern with a
ing. Climate modelling can help determining the causesbetter accuracyJpst et al. 2005, especially close to the
of the warming. This period, also referred to as PRISM main orographic features, the Alps and the Pyrenees in our
Time Slab or PRISM Interval, has been selected for detaileccase study. High resolution is more particularly essential
study and is reasonably well-documented through both mafor the description of the Mediterranean climate, which is
rine and terrestrial proxy climate records (edpwsett and  strongly driven by local processes induced by the complex
Cronin, 1992, Poore and Sloagri996 that have allowed the orography of this regionL et al., 2006).
reconstruction of comprehensive global datasets, all of which Our experimental design also accounts for the influence
are suitable for integration into GCMs (PRISMRpwsett  of the mid-Piacenzian vegetation on the climate. Indeed,
et al, 1999 Dowsett 2007. Indeed, many simulations we simulate the vegetation for this period by forcing the
have been performed to investigate the nature and variabilDbGVM ORCHIDEE (Krinner et al, 2005 with the climatic
ity of climate during the mid-Piacenzian, from the exam- outputs from our first AGCM run, which uses a modern vege-
ination of the global response of atmosphere(-ocean) gentation cover. We then supply this simulated vegetation cover-
eral circulation models (A(O)GCMs) (GISS, NCAR GEN- age as an additional boundary condition in a second AGCM
ESIS, UKMO, IAP AGCMs and HadCM3 AOGCM) to such run, as a first step of including the vegetation feedback into
boundary conditionsGhandler et aJ.1994 Sloan et al. an atmospheric-vegetation fully coupled simulation design.
1996 Haywood et al.2000a Haywood and Valdes2004) The numerical experiments are therefore designed to investi-
to the evaluation on regional scale climate chandéay( gate vegetation distributions during the mid-Piacenzian and
wood et al, 2000h 20073, Jiang et al.2005. Various sensi-  to explore in detail the sensitivity of the climate model results
tivity analyses have been performed to explore the potentiato different representations of the land cover. We examine
causes for the Late Pliocene warmth (e-taywood et al. the consistency between the vegetation cover produced by
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the vegetation model and palynological paleodata. We dis- The prescribed boundary conditions for the mid-
cuss the accuracy of the resulting simulated climate for thePiacenzian are applied according to the PRISM2 reconstruc-
mid-Piacenzian by comparing the second experiment to th¢ion (Dowsett et al. 1999 Dowsetf 2007 compiled by the
first one and their fit to the paleoclimatic reconstructions.  United States Geological Survey’s Pliocene Research, Inter-
pretation and Synoptic Mapping group, covering the time-
slab between 3.29 and 2.97 MaBP (geomagnetic polarity
time scale ofBerggren et a.1995. This global synthesis
We employ the high resolution version LMDZ.3.3 of the of the. paleoenvironmental and paleoclimatic cpnditions of
Laboratoire de Mteorologie Dynamique atmospheric model the mlddle part ofothg Plazenuan stage of'the Pliocene epoch
consists of a 2x2° digital data set that derives from a series

(Zhou and Lj 2002 Li and Conil 2003, which is part of of studies conducted at a large number of marine and terres-
the Institut Pierre Simon Laplace (IPSL) atmosphere-ocean- 9

vegetation coupled GCMMarti et al, 2005. We use a trial sites and areas (e.gGronin, 1991 Dowsett et al.1992

stretched grid with a horizontal resolution down to about 19.94 1998 Poore and SIoanL99_a Williams et al, 2003.’
. It is the most complete and detailed global reconstruction of
60 km near the centre of the zoom, centred on Paris. In pre-. : o .
. ) . . climate and environmental conditions for any warm period
vious works, this configuration has been evaluated for the” . . -
. prior to the last thousands of years. A detailed description
present-day climate statddst et al.2005 and has already :
: : .. of the PRISM2 data set and how it was created can be found
been used to explore the Last Glacial Maximum, the Heinrich. ) .
i ! in Dowsett et al(1999; Dowsett(2007). PRISM Time Slab
Events 1 and 4 paleoclimate3oét et al. 2005 Kageyama . . .
: surface conditions involve, with respect to the present con-
et al, 2005 Sepulchre et al2007, respectively). The model figuration (Fig.1)
is formulated in the finite-difference grid with 144 points in g 9.1

longitude, 108 points in latitude and 19 hybrid vertical layers. 1. a +25m sea-level rise leading to slightly modified coast-
The physical parameterizations of this version are described |ines:

in detail inMarti et al.(2005. On the continent, the land sur-

2 Experimental design

face scheme ORCHIDEK(inner et al, 2009 is coupled to 2. a substantial reduction of ice-sheets size and height (by
the atmospheric model. Only the thermodynamic component ~ 50% for Greenland and by 33% for Antarctica) and of
of ORCHIDEE is active in the simulations presented here. sea-ice, the Arctic being seasonally ice free;

First, two numerical experiments have been carried out
the first for the modern period, referred to as CTRL, and
which is the same as idost et al.(2009 in which At-
mospheric Model Intercomparison Project (AMIP) monthly
mean sea surface temperatures (SSTs) and sea ice extent
boundary conditions were prescribethylor et al, 2001),
the second corresponding to PRISM Time Slab conditions. 4. increased SSTs at middle to high latitudes, especially in
The climatological averages were computed from the lastten  the northeastern North Atlantic sector, but unchanged

'’ 3. an altered orography, e.g. a reduced elevation of major
mountain chains, such as the Rockies Mountains and the
Andes Cordillera, related to Late Cenozoic uplift, and in
Greenland and Antarctica, due to removal of continental
ice, and a higher East African Rift System;

years of each 11-year run. SSTs in low latitudes;
All numerical simulations are forced by the present-day . _
orbital configuration. Atmospheric GQand CH, concen- 5. and the presence of warmth- or moisture-loving vegeta-

trations are set to values of 315ppmv and 790 ppbv re-  tion at middle to high latitudes.
spectively, following the experimental design defined in the

mid-Piacenzian climate simulations using atmosphere—onlyh
GCMs (Chandler et a).1994 Sloan et al.1996 Haywood

As stated in the introduction, previous modelling studies
ave emphasized the role of warmer sea surface tempera-
et al, 2000a Jiang et al. 2005 Haywood et al, 2009. tures and reduced_land and_s:_aa ice extent, as specmeo_l by the

) - ) . PRISM2 data set, in determining the mid-Piacenzian climate
Therefore, the impacts arising from the increase in atmo-

spheric CQ (absolute level of around 400 ppmv) occurring (Haywood and Valde2004 Jiang et al.2003. Paleogeo-

during the mid-Piacenzian, as indicated by proxy estimatesqraphlc change has also been invoked as a major contribut-

(Kurschner et a].1996 Raymo et al. 1996, are not taken Ing mechanism to gIo.baI Late Pl!ogene W"?"mmr(d .and
) . : Chandley 1997). In this respect, it is certainly crucial for
into account in this study. However, the 400 ppmv value, ~. ~ ) : ; .

s . ; mid-Piacenzian climate modelling to describe the surface re-
which is used in ocean-atmosphere orvegetatlon-atmospherl%f with accuracy because of significant orographic changes
coupled experiments (e.glaywood and Valde004 2006 y 9 grap ges,

: . . _mainly due to Cenozoic tectonics. In the European and
respectively), is not completely consensual for 3Ma. First ; ; .
. , Mediterranean areas, the Alpine tectonics must be respon-
the error bar is large whatever the proxy us&dirschner

et al, 1996 Raymo et al. 199§. Second the mean value sible for elevation differences. However, the mid-Piacenzian

telfs ofen aer than 400 pomigrscimer et a1ssg (2115 B0y WO T Sl e PR enonseler
Pearson and Palme&00Q Zachos et a).2008. g only 9

raphy derived from present day elevations. Therefore, in the
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Fig. 1. Mid-Piacenzian paleoenvironmental conditions in the Northern Hemisphere, originating from PRI®MEd(t et al. 1999: (a)
mean annual SST anomaRQ) from the present climatdgylor et al, 200J); (b) mid-Piacenzian absolute values of orography (m) and ice
sheet outline in red, as compared¢dpresent.

absence of a realistic and extensive geological reconstruc- As far as the vegetation is concerned, we employ OR-
tion, in particular in the study area, we computed a high res-CHIDEE (Krinner et al, 2005, the land surface compo-
olution mid-Piacenzian topography by adjusting thex2° nent of the IPSL coupled GCM, to simulate the vegetation
PRISM2 set of elevations to the finer grid, given the presentdistribution of the PRISM Interval. ORCHIDEE is a ter-
spatial variability (see Figl). The modern value from the restrial biosphere model that calculates the energy and hy-
high resolution control run over the finer grid is multiplied by drology budgets and simulates the principal processes of the
the ratio between the modern value aggregated to the coarseontinental biosphere influencing the global carbon cycle as
grid and the PRISM2 value. This is done at each fine-gridwell as changes in vegetation distributions. ORCHIDEE
point after the ratio has been first smoothed at low resolutioris composed of the Soil-Vegetation-Atmosphere Transfer
and then simply refined on the high resolution grid. It resultsscheme SECHIBA (S@&matisation des Echanges Hydriques
that our experimental design accounts for the influence of a I'Interface BiospBre-Atmospkre) Qucoudg et al, 1993
better resolved orography, but not for the specific impact ofand of the carbon module STOMATE (Saclay-Toulouse-
regional orographic changes from modern. Orsay Model for the Analysis of Terrestrial Ecosystems),
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which includes the vegetation dynamics part of the LPJ3 Climate reconstruction from pollen data
(Lund-Postdam-Jena) modd@ifch et al, 2003. The reader
is referred toKrinner et al.(2005 for a more detailed de- Terrestrial data, i.e. mainly fossil pollen data but also plant
scription of the ORCHIDEE model and its validation. megafossil records, vertebrate paleontological or paleohy-
ORCHIDEE is designed either to be coupled to a GCM ordrological data, have provided the basis for reconstructing
forced by climatic data. Here it is run in stand-alone mode,the mid-Piacenzian vegetation. Abundant data exist for Eu-
as the fully coupled model was still in development at the rope and the Mediterranean area and many of them were used
time of running the experiments. We therefore opted for anwithin the PRISM2 vegetation reconstructiddowsett et al.
asynchronous coupling of our global vegetation and climatel999 or the new global biome reconstruction for the mid-
models. We use the same vegetation cover as in the contrd?iacenzian based on a combined proxy and modelling ap-
simulation, i.e. modern (including anthropogenic) vegetationproach §alzmann et al2008. The paleobotanical data also
cover in a first experiment, hereafter referred to as PLIO-support several paleoclimatic inferences. Here we compare
modernveg We did not specify PRISM2 vegetation distri- our climate simulation results with climatic estimates based
bution as a starting point because its translation to combinaen pollen data covering the mid-Piacenzian in western Eu-
tions of ecological functioning categories used by the landrope and the Mediterranean region, on a quantitative basis.
surface model may add uncertainty and bias due to a lack The climate was reconstructed from pollen data using the
of coherence between land cover types and plant functionalClimatic Amplitude Method” developed blfauquette et al.
type (PFT) classification. We then simulate the vegetation for(1998ab) to quantify the climate of periods for which no
the mid-Piacenzian period by forcing ORCHIDEE with the modern analogue of the pollen spectra exists. In this method,
climate outputs derived from PLI@wdernvegORCHIDEE  past climate variables are estimated by transposing the cli-
is capable of predicting the geographical vegetation distribusmatic requirements of the maximum number of modern taxa
tion using twelve PFTs and bare soil that can co-exist withinto the fossil data. This approach does not rely on the analy-
one model grid-cell, in response to a set of GCM-derivedsis of entire pollen assemblages, but on the relationship be-
climatic variables. The forcing data for ORCHIDEE are pro- tween the relative pollen abundance of each individual taxa
duced by a weather generator, driven by the monthly anomaand climate. Presence/absence limits, as well as abundance
lies fields between the simulated mid-Piacenzian climate andhresholds, have been defined for 60 taxa from modern pollen
the results of the CTRL simulation, added to a present-dayspectra and the literature. This method takes into account
observed climatologyNew et al, 1999. The newly pre- not only presence/absence criteria but also pollen percent-
dicted mid-Piacenzian vegetation map is then supplied as anges to provide more reliable reconstructions. For example,
additional boundary condition in a second AGCM run, re- low abundances of some subtropical taxa (&lgcrotropis
ferred to as PLIOpaleoveg We have not extended the itera- fallax) are meaningful and should be taken into account as
tive process further as the simulated climate-vegetation equipollen grains of these plants are generally under-represented
librium is usually reached very soon after the first integrationbecause suffering some disadvantages in the transport. Con-
(Claussen1994 and to save calculation time, given the high versely, low abundances of wind-pollinated taxa (€ger-
resolution. We therefore assume that the continuation of theus, Alnuy may reflect long-distance transport of these high
iterative process would not alter significantly the predictedpollen producers by air and water. In this case, very low
vegetation types and distribution. The use of ORCHIDEE pollen percentages are not significant. The most probable
provides a detailed view of mid-Piacenzian vegetation coverclimate for a fossil pollen assemblage is estimated as the cli-
that then can be compared with the palynologic record, dematic interval in which the highest number of taxa can ex-
spite there not being full compatibility between PFTs used byist. The climatic estimate is presented as an interval and as a
the model and the biome typology of pollen data. Compar-“most likely value”, which corresponds to a weighted mean
ing the two mid-Piacenzian climate simulations also allows aaccording to the size of the climatic intervals of all taxa ex-
guantification of the influence of the vegetation on calculatedceeding their presence/absence and/or abundance thresholds.
warming and moisture levels. However, a potential weaknes#\s the precision of the information obtained from a taxon’s
of our vegetation simulation is that we have not allowed for climatic interval is inversely related to the breadth of this in-
changes in stomatal conductance and leaf area index (LAljerval, the weights are greater for taxa with smaller intervals.
that result from a higher atmospheric g&@onsistent with High latitude/altitude taxa were excluded from the recon-
the fact that we have not modified this level in the AGCM struction process. The identification and exclusion of high
simulation either. As shown recently, the hydrological con- latitude/altitude plants are based on numerous palynologi-
sequences of changes in stomatal conductance andeZO  cal studies (e.gSuc et al. 19953b, 1999 showing that the
tilization are not negligibleGedney and Valde200Q Piao  Pliocene vegetation zonation follows a similar latitudinal and
et al, 2007 Alkama, 2007, given their influence on transpi- altitudinal zonation to the one observed in present-day south-
ration. eastern ChinaWang 1961), where most of the taxa that had
disappeared from Europe by the late Neogene may be found.
Therefore, the obtained estimates correspond to the climate
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at low to middle-low altitudeRauquette et gl19983. Also, mean temperatures of the coldest month and 0.5 taC5fér
Pinusand non-identified Pinaceae (due to the poor presermean temperatures of the warmest month (except at Oued
vation of these bisaccate pollen grains) have been excludeGalaa: almost IC lower than today). Mean annual precip-
from the pollen sum of the fossil spectrBaluquette et gl. itation are higher than today in northwestern Europe (most
19983 1999. The pollen grains of these taxa are often over- likely values from 250 to 550 mm/yr higher than today), but
represented in the sediments due to their high production andrier than or equivalent to modern values in the southwest-
overabundance in air and water (fluvial and marine) trans-ern Mediterranean area (maximum 150 mm/yr higher). The
ports Heusser1988 Cambon et a).1997 Beaudouin etal.  distribution of the available moisture anomalies is character-
2007). ized by minor changes (5—-15%) both in northwestern Europe
In this paper, we present reconstructions of five biocli- and North Africa but by a marked increase in southern Eu-
matic variables estimated from the pollen data: the mean anrope (from 30 up to more than 50%), corresponding to high
nual temperatureltny), the temperatures of the coldest and mid-Piacenziam values, close to their maximum (Fig).
of the warmest monthsT{eg and Twarm), the mean annual
precipitation Pann) and the moisture index (i.e. the ratio
of the mean annual actual to potential evapotranspiration4 Simulation results over western Europe and the
E/PE). The climate in western Europe and in the western Mediterranean area and model-data comparison
Mediterranean area is estimated using pollen spectra from the
sites of Susteren 752/7Z4gwijn, 1960, La Londe K Clet 4.1 Two-meter air temperatures
and Huault 1987, Saint-Isidore Zheng 1990, Gar-
raf 1 (Suc and Cravattel982), Tarragona E2Ressais and The examination of the two-meter annual mean air temper-
Cravatte 1989, Rio Maior F16 Diniz, 19843b), Andalu- ature anomaly field (PLI@rodernvegminus CTRL) in the
cia G1 Suc et al. 19953, Habibas 1 fuc et al. 1999 and  study area, i.e. over a sector extending frorfi\Wsto 25° E
Oued Galaagug 1989 (Fig. 2f). Some of these climatic and between 30 and 608l (Fig. 2a), reveals warmer con-
estimates have already been published: mean annual tempetitions compared with the present climate, in response to
atures and precipitation values are giverFmuquette et al. the imposed PRISM2 mid-Piacenzian boundary conditions.
(19983ab, 1999 2007). The model results indicate an annual mean terrestrial tem-
In western Europe, the sites of Susteren, La Londe anderature rise of 1 to“4 on average in western Europe and
Rio Maior show forest vegetation dominated by Taxodiaceaepver the Mediterranean region, as compared with the con-
with Ericaceae and trees of warm mixed foreQuércus  trol simulation. The differences in temperatures appear to
Carya, Pterocarya Acer, Carpinus Fagug. The vegetation be statistically significant over the study area, as confirmed
rich in Ericaceae is characteristic of the moor landscapes oby the use of a Student’s T-test at a 99% confidence level,
the Atlantic coast. thus illustrating the consequences of the forcing delivered by
In the northern Mediterranean region, sites of Garrafwarmer SSTs, a reduced sea-ice cover and the altered orog-
and Saint-Isidore show forest environments dominated byaphy specified in the boundary conditions. Given the prox-
TaxodiaceaeTaxodium/Glyptostrobusr Sequoiadepending  imity of our study area to the North Atlantic, it reveals the
on local environment conditions, respectively swamps andstrong influence on the European climate of the dramatically
slopes), accompanied by subtropical evergreen broadleavesarmer SSTs over the North Atlantic (see Flg), a main
plants such agngelhardia Symplocosind Distylium The  factor determining the mid-Piacenzian climaéafg et al.
presence ofCathaya Tsuga Cedrus Abiesand Piceain 2005. The model-data comparison shows a broad agreement
the pollen data indicates the development of mid- to high-in the general trend of continental warming, even though
altitude conifer forests near the sites. simulated anomalies are 1*2 weaker than the most likely
The site of Tarragona makes the transition from northernvalues from the paleoclimatic reconstructions (Ba).
to southern Mediterranean region. In the southern Mediter- Seasonal temperatures are reproduced with a lower accu-
ranean region (sites of Tarragona, Andalucia, Habibas andacy. The model simulation predicts an homogeneous warm-
Oued Galaa), herbs are prevalent, trees are scarce, canrg during winter months, as indicated by thg|g anomalies
tainly developed on reliefs. This region is characterized bybetween mid-Piacenzian and CTRL, thus generally overesti-
Mediterranean xerophytic ecosystems (matorral composedating the temperature increase around the Mediterranean
by Olea Phillyrea, Pistacia Ceratonig evergreerQuercus basin (Fig.2b). The latitudinal gradient depicted by pollen
Nerium Cistug and southward, by open steppe-like vegeta-data, with decreasing temperatures anomalies from North to
tion dominated by subdesertic plants such.ggeum Neu-  South, is therefore not reproduced (F3). Concerning the
rada, Nitraria, Calligonum Geraniaceae and Agavaceae. = warmest month (Fig2c), the model simulates a more moder-
The climate reconstructed from these pollen data showsate warming for the mid-Piacenzian compared to the coldest
higher temperatures than today for most of the sites (squaresnonth but also with more contrast between western Europe
diamonds, triangles on Fi@). Most likely values are about and the Mediterranean area. Some regions such as Sicily or
2 to 6°C higher for mean annual temperatures, 0@ Tor Tunisia even experience some slight cooling, also shown by
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a) LMDz, Tann, PLIOmodernveg-CTRL b) LMDz, Tcold, PLIOmodernveg-CTRL c) LMDz, Twarm, PLIOmodernveg-CTRL
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Fig. 2. Mid-Piacenzian anomalies from the present climate, Pii@iernvegesults:(a) annual mean surface temperatut€), (b) mean
temperature of the coldest monftQ), (c) mean temperature of the warmest mort@), (d) annual mean total precipitation rate (mm/yr),

(e) moisture index (actual/potential evapotranspiration ratio) (%), as compared with pollen-based climatic reconstrygtioRsngffrom
Fauquette et §l2007. (f) Sites location. Western Europe (squares), northern Mediterranean (diamonds) and southern Mediterranean
(triangles) regions are distinguished (see S#ct.

the data (Oued Galaa). However, the model does not capturhan 900 mm/yr is simulated over the North Atlantic Ocean.
the whole pattern ofyarm reconstructed from pollen data, Enhanced precipitation is also observed over the Mediter-
with greater discrepancies in the northern Mediterranean seaanean Sea: simulated annual mean precipitation anomalies

tor (Fig. 3c). during the mid-Piacenzian is as high-a880 mm/yr, which
represents a 67% increase relative to modern values. Con-
4.2 Hydrological cycle versely, precipitation slightly decreases, by a few percents,

over continental western Europe. A further examination re-
As compared with the present climate in the study areaveals that the precipitation decrease over western Europe is
wetter conditions dominated during the mid-Piacenzian:mainly derived from a large reduction of large-scale precip-
the precipitation anomaly computed by the model for theitation. However, increased convective activity occurs over
mid-Piacenzian conditions (PLI@wodernvegun) is~20%  the continent, especially during summer (F4y.
higher over the study area compared with the CTRL ex- Estimates of mean annual precipitation show far less con-
periment. However, this general pattern hides regional hetsistency between model results and data than for temper-
erogeneities in the distribution of mean annual precipitationatures, although biases remain moderate, i.e. lower than
(Fig. 2d). A general increase in precipitation by up to more 300 mm/yr for the whole domain (Fig3d). The main
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Fig. 3. Mid-Piacenzian anomalies from the present climate, Pii@ernvegesults:(a) annual mean surface temperatut€), (b) mean
temperature of the coldest monftQ)), (c) mean temperature of the warmest mori8), (d) annual mean total precipitation rate (mm/yg)

moisture index (actual/potential evapotranspiration ratio) (%). Models results (x-axis) are compared with pollen-based indicators (y-axis).
At the bottom right of each plot, numbers indicate mean absolute errors from the best estimates, for the whole domain and for each cited
region (western Europe (squares), northern Mediterranean (diamonds) and southern Mediterranean (triangles)). Horizontal bars represer
model standard deviations of interannual variability and vertical bars climatic intervals estimated from fossil pollen assemblages.

discrepancy concerns the latitudinal distribution of the pre-4.3 Mid-Piacenzian vegetation distribution and
cipitation. Indeed, in western Europe and the northern vegetation-induced effects on climate
Mediterranean area, model results underestimate the wetter

conditions depicted by pollen data (except at Saint-Isidore)4.3.1 Mid-Piazencian vegetation as simulated by
Conversely, throughout the southern Mediterranean sector, ORCHIDEE

positive PLIO-CTRL anomalies are indicated by model re-

sults, which only correspond to the reconstructions at one oUine pGvM ORCHIDEE provides insights into the distribu-
of the four southern Mediterranean sites. The precipitation ati;, and character of the mid-Piacenzian vegetation cover

the other 3 sites is actually decreasing by up to 200 mm/yr,¢ 4 consequence of warmer climate. During the mid-

which is not at all reproduced by the model. Piacenzian, Europe is dominated by temperate broad-leaved
Model estimates of hydrological variables such as the(yestern Europe and Mediterranean) or needle-leaved (east-
available moisture show a similar PLICTRL anomalies o Eyrope) evergreen forest, in general combined with a
distribution to that of the mean annual precipitation (g.  |ggser fractional coverage of grassland. Some tropical plant
vs. 2d). Terrestrial areas of northern Europe display & mid-fntional types are predicted along the southern Atlantic
Piacenzian E/PE ratio similar to the modern one in northern, 4 vediterranean coasts, which are absent from this region
Europe, in agreement with the data. The mid-Piacenzian Xfoday. In response to a cooler modern climate, this vege-
periment predicts an increase in available moisture all aroundation cover has been mainly replaced by temperate broad-

the Mediterranean basin that however does not reach thg,, eq deciduous forest in Europe and predominant herba-
high levels indicated by pollen data along the Spanish coasteqs plants in the south, associated with an increased of

(Figs.2e and3e). bare soil in North Africa, as suggested for instance by the
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a) LMDz, Plarge-scale, PLIOmodernveg-CTRL b) LMDz, Pconvective, PLIOmodernveg-CTRL

32

30 T T T T T T T
-15 -10 -5 0 5 10 15 20 25

-600 -450 -300 -150 0 150 300 450 600 750 -600 -450 -300 -150 0 150 300 450 600 750

Fig. 4. (a) Large-scale precipitation ar{l) convective precipitation, in mm/yr. Mid-Piacenzian anomalies from the present climate, PLIO-
modernvegesults.

estimate of Potential Natural Vegetation (PNV) adapted todifferent. The main vegetation differences that may have an
PFTs from theSterling and Ducharn@008 comprehensive  impact on the simulated climatology in the PLjg@adeoveg
data set. experiment include a general expansion of temperate forest

The lack of coherence between the combination of PFTsFover in Europe and the Mediterranean region for the mid-
used by land surface models and land cover classes providediacenzian (predicted fractional coverage of more than 90%
in maps or biomes from pollen data usually hampers the comover 20% of the land, up to 45% for all tree types), whereas
parison of vegetation distributions. The major vegetationthe major part of the present vegetal cover consists of crops,
changes simulated by ORCHIDEE are nonetheless broadlnd a reduced coverage of arid desert in North Africa (by
consistent with other reconstructions of mid-Piacenzian veg20%).
etation Powsett et al. 1999 Favre 2007 Salzmann et al.
2008. Pollen data and vegetation simulations are generally4'

in good agreement, especially concerning the expansion of &s far as the vegetation impact on climate is concerned

warm-temperate forest in Europe, despite few discrepancies,[he main differences in experiment PLi@eovegcompared

For instance, pollen data show for southern Spain and Nom\]/vith the PLIOmodernvegun are shown on Fig. The spa-

Africa an open subdesertic landscape dominated by grasse .
L . . -~ fial average of the mean annual temperature difference over
indicating arid conditions. However, arboreal pollen grains . . .

the region of interest is on the order of a tenth of a degree

are also present, indicating that trees were certainly devel; : X .
: : . . . between the two simulations over continental Europe. The
oping on reliefs. Another noticeable difference is the pres-

ence of tropical PFTs simulated by ORCHIDEE, whereasPLlo'paleoveg.LCTRL Tann anomalies are thus very simi-
. : lar to the previous PLIGnodernveg CTRL one. The ad-

only subtropical plants are recorded in pollen data. Theredition of the paleovegetation produces few statistically sig-

is actually no subtropical PFT categorie in the PFT scheme P 9 b y sl9

from ORCHIDEE, only tropical, temperate or boreal frac- nificant changes in the modelled climate, except over some
areas such as North Africa where an annual mean cooling
Fhat reaches more thar@ is simulated and in a few other

0 X .
30% of boreal broad-leaved trees predicted by ORCHIDEEcases, such as over northwestern Europe (British Isles) and

may be overestimated compared to pollen data, which only .
show the presence of boreal needle-leaved species in eastetrh ¢ Alps that are slightly, up to around &G warmer (not

. sRown). The model’s sensitivity to Late Pliocene land cover
Europe, most probably at altitude. L o .
) ) . characterization is therefore limited in terms of 2-m mean
_As compared to the modern anthropogenic vegetation disy 5| temperature changes over the studied area.
tribution used in the PLIGnodernvegimulation (Fig5), the
ORCHIDEE results for the PRISM Time Slab are even more

3.2 Vegetation-induced effects on climate
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a) grass, modernveg b) trees, modernveg
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Fig. 5. Maximum percentage of herbaceous and arboreal coverage, i.e. the fraction calculated as the combination of grasses and crops and tt
sum of the arboreal PFTs, respectively, in the modern vegetation and simulated by ORCHIDEE for the mid-Piacenziga)apodern
herbaceous fractiorfb) modern arboreal fractiori¢) mid-Piacenzian herbaceous fracti¢d) mid-Piacenzian arboreal fraction.

The vegetation impact on the simulated climate mainly oc- As regards the model-data comparison, the effect of the
curs during the summer season (F8y. Simulated tempera- more realistic vegetation treatment is quite negligible and
tures of the warmest month (Figa) are reduced by € on does not induce any improvement of the simulated mean an-
average on the studied area, cooler by 16 Bver western  nual cycle of 2-m air temperature (Fig. The lack of obser-
Europe and North Africa, and as much &C3over eastern  vations located further inland in areas displaying statistically
Europe, as compared with PLI@edernveg The most sig-  significant differences prevents from evaluating the accuracy
nificant variations are observed over the latter regions. Theyf the summer temperature anomalies trend provided by the
correspond to a reduced summer warming over Europe an@LIO-paleovegexperiment.

coolerTwarm Over North Africa at mid-Piacenzian times, rel-  Examining model diagnostics for the annual precipita-
ative to the present. In winter, the vegetation-induced coolingtion (not shown) indicates average conditions that are rather
is not significative. drier than the PLIOnodernvegpattern, with negative lo-

cal disparities, from 50 te-250 mm/yr, between the two
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a) LMDz, Twarm, PLIOpaleoveg-PLIOmodernveg b) LMDz, P, JJA, PLIOpaleoveg-PLIOmodernveg
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Fig. 6. Anomalies between PLI@aleovegand PLIOmodernveguns: (a) mean temperature of the warmest mot@), (b) summer (JJA:
June, July and August) total precipitation rate (mm/¢g) albedo (%)(d) summer (JJA: June, July and August) evapotranspiration (mm/yr).

runs. Variations in the intensity of precipitation are centredduring which the increase in convective precipitation con-
around the Alps but are rarely statistically significant, excepttributes to a wetter season in the PLpaleovegexperiment,
over parts of northwestern Europe. PLp@leoveg-CTRL as compared to PLI@odernvedFig. 6b).

negative anomalies are more pronounced over northwestern g/PE values computed for PLI@aleovegesults are sim-
Europe than PLIOnodernveg-CTRL whereas the Mediter- jlar to those of PLIOmodernvegver northwestern Europe.
ranean basin records smaller positive anomalies. As a resulgignificant changes in the ratio between the two experiments
the model-data comparison for this variable is even less satisare recorded over the same areas as those regarding annual
factory over western Europe and the northern Mediterraneasprecipitation, i.e. north and west of the Mediterranean Sea.
when a more realistic vegetation is introduced in our LateThey result in a marked decrease, by dowr-26%, in the
Pliocene experiment but slightly improves over the southernayailable moisture in the PLIQaleovegexperiment, com-
Mediterranean region (Fig8and7). The decrease in precip- pared to PLIOmodernveg PLIO-paleoveg-CTRL anoma-
itation rate can be explained by a further decrease in largeties are still positive in most of the Mediterranean area
scale precipitation, throughout the year, except in summerpuyt lower than their PLIGnodernveg-CTRL counterparts
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Fig. 7. Same as for Fig3 but PLIOpaleovegesults.

and exhibit negative values over southeastern Europeularly that of Haywood et al.(20000 for the study area,
The model-data comparison therefore slightly deterioratesand with the quantitative paleoclimatic reconstructidresu-
guette et al.2007). For most sites, the discrepancy is small
given both the interannual variability of the model and the
large and less precise entire climatic intervals surrounding

(Fig. 7).

5 Discussion

the most likely values reconstructed by the pollen indicators

(Fig. 3a).
In this study, we have first investigated the ability of the high  Some biases remain, i.e. underestimatgg, which is not
resolution zoomed version of the LMDz AGCM to repro- unexpected since our experimental design does not encom-
duce the warmer and slightly wetter conditions of the mid- pass all of the forcings that are possible for this epoch, par-
Piacenzian by means of a quantitative model — pollen dataicularly the changing C®levels. But the consequence of
comparison over Europe and the Mediterranean area. Thea ~85ppmv lower value of the atmospheric £€@oncen-
we have considered the relative impact of the reconstructedration should be modest because the dominant part of their
vegetation on the simulated climatic response at the regionagffect is already incorporated in the prescribed SSTs. The
scale. direct physiological impact of higher than today £€on-
centrations on vegetation is not accounted for either in the
paleoclimate reconstructions themselves, which may lead to
significant bias \(u et al, 2007). For the colder period of
the Last Glacial Maximum, a better agreement between sim-
ulated and reconstructed winter cooling over western Europe
and the Mediterranean area has been mainly achieved by ex-
For the mean annual near surface temperature field, the Si"blicitly accounting for the C@ decrease in the new climate
ulated mid-Piacenzian warming relative to the present iSreconstructionsF{amstein et a2007).
broadly consistent with previous modelling studies, partic-

5.1 High resolution climate modelling in a warmer
context

5.1.1 A good agreement for near surface temperatures
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Inconsistencies between simulated and reconstructed seasing a refined-grid numerical mod&alzmann et a(2008
sonal temperatures could reflect the inadequation betweealso identified many discrepancies when comparing precip-
SSTs over the Mediterranean Sea and pollen data that aigation estimates from the HadAM3 GCM and literature for
located along the coast. The increase in summer SSTs beselected regions including the Mediterranean area. The use
tween mid-Piacenzian and CTRL is too low as compared toof a finer resolution model, with a better description of both
the Twarm @anomalies depicted by pollen data over the north-the orography and small scale dynamics, does not help to
ern Mediterranean but too high in winter as compared to theprovide a simulated precipitation field in better agreement
Tcoid @anomalies according to pollen data over the southerrwith the data, as it did for the LGM at the European scale
Mediterranean. As model results are influenced to a larggJost et al.2005. Thus, the fact that the orography of the
extent by the SST forcing (sdéageyama et al(2005 for mid-Piacenzian is not described properly (e.g. the weaker
a similar result in a glacial context), it would be worth test- constraints on the elevation of the Alps and the Pyrenees)
ing the range of this forcing within the PRISM time-slab. may be part of the explanation of this different behaviour. In
Over the Mediterranean Sea, maximum and minimum warm-his respect, the sensitivity to the Alps and Pyrenees elevation
ing SST reconstructions indicate a possiblé°C change  would be worth studying.

(Dowsett et al. 2005. A representation of the SST pat-  One of the factors which could explain the continental pre-
tern consistent with ocean-atmospheric fluxes could also beipitation underestimation over western Europe is the sim-
simulated by a high resolution model of the Mediterraneanulated decrease of large-scale precipitation. In the model,
Sea locally coupled with a global atmosphere model, sucHarge-scale precipitation is defined as the part of the pre-
as the Sea Atmosphere Mediterranean Model (SAMS4t)-(  cipitation related to moisture convergence due to large-scale
mot et al, 2008. Moreover, the introduction of an active atmospheric circulation, as opposed to convective precipita-
Mediterranean Sea significantly amplifies the 21st climatetion, which is related to instable atmospheric vertical profiles.
change response over large parts of Europe, with respedtarge-scale mid-latitude precipitation is therefore largely re-
to its corresponding Atmosphere Regional Climate Model.lated to the development of synoptic scale perturbations over
Indeed, climate change projections based on many globahhe oceans, especially in winter. Total precipitation notably
and regional models agree about a pronounced warming ohcreases over the warm ocean regions of the North Atlantic,
several degrees for the end of the 21st century over theising by more than 30% as compared with the present-day
Mediterranean region, with a maximum in the summer sea-control case as an annual mean. This increase is attributable
son Giorgi and Lionellg 2009. This region might be es- to preponderant moist convective precipitation events, which
pecially vulnerable to future global climate change. The outweigh a diminished large-scale precipitation pattern. In-
greater warmth experienced during the mid-Piacenzian pedeed, the former represents 60% of the total precipitation sig-
riod is comparable to what is projected over the Mediter-nal in the PLIO experiment for only 20% in the CTRL one.
ranean area, although seasonal temperature patterns may diligh levels of evaporation are also simulated for the North
fer. It would therefore be worth examining the influence of Atlantic and are responsible for a large increase in latent heat
an interactive Mediterranean Sea or a fully coupled ocean irfluxes.

the mid-Piacenzian context. These major changes in evaporation and convective pre-
cipitation are positively correlated with the prescribed SSTs,
5.1.2 Aclear discrepancy for hydrological values one of the main factors determining the mid-Piacenzian cli-

mate together with a reduced sea ice exteidng et al.

As regards estimates of precipitation values, the main dis2005. The pattern of greatest warming with increasing lat-
crepancy seems to be the underestimation of continental prdtude was recently confirmed by the re-evaluation of mid-
cipitation in much of northern Europe, whereas the precipi-Piacenzian North Atlantic SST estimates by means of a mul-
tation rate is overestimated over the southern Mediterraneartiproxy analysis Robinson et aJ.2008. The North Atlantic
despite a robust pollen data signal. The presence of an exteiis nonetheless the region that encompasses the greastest
sive wet zone in northwestern and central Europe is moreovetemporal variability within the mid-Piacenzian warm period
suggested by other proxies (small mammals for instarare, (Dowsett et al. 2009, of the order of+-2—3C. Additional
Dam, 20086. In this respect, the latitudinal gradient of precip- experiments including these new SST reconstructions are
itation indicated by pollen data resembles the general trenchecessary to investigate in detail the impact of the SST dis-
that emerges from a review of climate change projections fortribution over the North Atlantic on the European continental
the 21st centuryNleehl et al, 2007). Global warming is  climate. The sensitivity of the European climate to North At-
expected to cause a large decline of precipitation over thédantic SSTs has already been pointed out for a glacial con-
Mediterranean region, except for the northern areas in wintetext by Pinot et al.(1999 from AGCM experiments and by
(Giorgi and Lionellg 2008, following what has already been Kageyama et al(2006 for coupled ocean-atmosphere ex-
observed during the 20th centutyignello et al, 2006). periments. In a mid-Piacenzian ocean-atmosphere coupled

These data-model inconsistencies show a general diffiexperiment Haywood and Valdes2004 Haywood et al.
culty to simulate regional hydrologic processes, even wher2007), total precipitation rates are reduced over the North
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a) LMDz, Humidity transport, PLIOmodernveg-CTRL
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Fig. 8. (a) Humidity transport andb) surface wind vectors (m/s) over North Atlantic. Mean annual mid-Piacenzian anomalies from the
present climate, PLI®rodernvegesults.

Atlantic compared to the fixed SST experiment, particularly According to basic baroclinic theonfgédy 1949, the
in winter, because of lower SSTs predicted by the modelweaker meridional temperature gradient in the North Atlantic
over this region. Indeed, the inclusion of an interactive ocearshould have the effect of decreasing the storminess. How-
would allow a further examination of the potential feedback ever, this is not the case in our PLIO simulations (FHy.
from the oceans, as it is supposed to have a significant influOther factors are therefore playing an important role in mid-
ence on atmospheric dynamics, on ocean-atmosphere fluxdatitude transient eddies. These could develop thanks to more
and hence on total precipitation rates. In particular, it wouldavailable latent heat flux over the warmer oceatsskins
allow a better representation of the possible enhanced meridand Valdes199Q Laingé et al, 2009. Also, the lower Rock-
ional ocean heat transport, which could compensate the simies could modify the connection between the Pacific and
ulated decrease in intensity of the large-scale atmospheriétlantic storm-tracks, favouring more feeding of Atlantic
circulation due to the smaller meridional temperature gradi-storms by Pacific perturbation remnantsift et al, 2008.
ent of the mid-Piacenzian. The role of these different factors could only be evaluated
The resultant reduced ability of the atmosphere to carrythrough dedicated sensitivity experiments (e.g. changing the
moisture evaporated from the ocean over the continentopography only or the SSTs only compared to the pre-
(Fig. 8a), especially during summer, can therefore accountindustrial conditions). The simulated PLIO large-scale pre-
for the fact that the aforesaid additional oceanic humidity cipitation decrease is all the more surprising since stronger
supply is not converted into precipitation over the northwest-storm-track activity should favour this type of precipitation.
ern European continent. A slight weakening of zonal wind It could be, however, that in a case of a warmer ocean such as
speeds, by 1-2m/s over North Atlantic and up to a maxi-in PLIO, the increase in storm-track activity favours convec-
mum of 3m/s, is also simulated over the northwestern Euro+ive precipitation, to the detriment of large-scale precipita-
pean continent (Fig8Bb). This westerly wind pattern is nev- tion. This calls for a more detailed study and additional sen-
ertheless not supported by the data either, as suggested Isjtivity experiments which are out of the scope of the present
the development of Ericaceae moors along the European Atpaper.
lantic coast $uc et al, 1995gh) which would rather point to These results are in contrast with those of other GCMs,
an intensification of the wind strength. which predict weaker storm track€lfandler et a).1994
Sloan et al.1996. As for the simulated precipitation field,
the UKMO AGCM has been able to capture the general
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LMDz, Storms, DJF, PLIOmodernveg-CTRL
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Fig. 9. Storminess (m) in the Northern Hemisphere, defined as the high pressure filtered standard deviation of the 500 hPa geopotential
height (the filter keeps the variability for timescales between 2—7 days). Winter (DJF: December, January and February) mid-Piacenzian
(PLIO-modernvegesults) anomalies from the present climate.

pattern depicted by the data over the study area. Indi¢md, As for convective precipitation, a coherent signal is ob-
wood et al.(2000B’s simulations show an annual zonal av- served between simulated precipitation and temperature over
erage precipitation similar to modern values between aroundhe continent, with increased convective precipitation as
30 and 42 N and higher than today between 42 an@ Hlin compared to present, in particular during the summer season.
particular in western Europe and western Mediterranean, as Blowever, the use of a finer grid numerical model in our ex-
result of an enhancement of the westerly atmospheric trangperiment, by accentuating the land-ocean contrast, can lead
port of heat and moisture. Predicted mid-Piacenzian preto a higher atmospheric water-holding capacity over land
cipitation rates even decrease over the Mediterranean bastan over the ocean, and thus, a reduced relative humidity
as compared with today in their coupled ocean-atmospheréor continental air masses advected from the ocean. It can
experiment KHaywood and Valdes2004 Haywood et al. have the effect of tempering the increase in convective pre-
2007, in response to a northward shift of the Atlantic storm cipitation.

track and the presence of an enhanced Azores high-pressurein addition, the moisture levels indicated by the data are
system, which helps to divert the Atlantic precipitation from generally underestimated by the model, meaning that pre-
the Mediterranean onto northwestern Europe. Similar feadicted recycling of continental water may not be intense
tures of increased anticyclonic circulation associated with aenough. This is of importance since annual variation of
shift in the location of mid-latitude storm tracks could also land precipitation also partly results from local moisture re-
lead to the substantial drying of the Mediterranean regioncycling, despite a greater atmospheric control in the study
that is projected for the near futur&iprgi and Lionellg area. On this point, several issues can be raised.

2008. On the contrary, a slightincrease in precipitation over The relatively low atmospheric GOconcentration we
the Meditarreanean region is simulated by our model in theused in our simulations, as compared with the level com-
PLIO experiment (Fig4b), which can be partly related to a monly used in more recent simulations, hampers the model-
weakening of the Azores high-pressure system as well as tdata comparison. On the one hand, the radiative effect of
warmer Mediterranean SSTs. an increase in atmospheric g@ould produce an intensi-

It is nonetheless difficult to directly compare the climatic fied hydrological cycle, with increasing soil moisture in the
response of all of the different models that have already beemid-latitudes Levis et al, 2000. On the other hand, at-
used to simulate the mid-Piacenzian, since no uniform exmospheric CQ also affects the global hydrological cycle
perimental design was set at the time of performing our ex-through its direct physiological effect on stomatal conduc-
periments. Even the reference climate simulations use a seince and C@ fertilization, which can either have an am-
of boundary conditions from different data bases. The inter-plifying or a dampening impacP{ao et al. 2007 Alkama,
comparison between climate models simulations of the mid-2007). Higher CQ levels imply an increase in transpiration
Piacenzian that will be carried out in the near future accord-due to an increased foliage area but would also probably lead
ing to the same set of boundary conditio@héndler et al.  to a concurrent decline in transpiration by reducing stomatal
2008 Haywood et al.2009 will help to distinguish the ef-  conductance. Of the two the latter response is believed to
fects of the imposed PRISM data sets on the apparent dishe the preponderant factor at least for our modékgma,
agreement in the climatic response of the models from the2007). The net physiological effect of elevated €Goncen-
impacts of any internal model physics or missing mecha-tration on transpiration could therefore be negative and result
nisms. in a weakened hydrological cycle and an increasing aridity.
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Such an additional simulated decrease in soil moisture wouldcale, except during summer, when it contributes to a reduc-
not help to reduce model-data discrepancies but match clition of the seasonality of temperature, asHaywood and
mate change projections over the Mediterranean region foaldes(2006.
the 21st centuryGiorgi and Lionellg 2008. Despite the mean land surface temperature not being very
In this respect, the representation of physical processesensitive to land cover change, our simulation results point
such as ground hydrology may play a non negligible role.out that the mid-Piacenzian forest spread results in a surface
Local soil moisture changes can lead to variations in thecooling in most of western Europe, compared to the PLIO-
regional intensity of the water cycle during the warm sea-modernvegxperiment. When considering alterations in the
son when the convection precipitation regime intensifies. Inland cover, various competitive terms contribute to affect
our experiment, soils are drying out during the summer insurface temperature: the radiative forcing due to change in
response to the warmer ground temperatures. The reprexlbedo and water vapour and non-radiative processes, e.g. the
sentation of subsurface hydrological processes in the curalteration of turbulent exchanges of sensible and latent heat
rent land surface scheme used in the AGCM is indeed rathetKleidon, 2006 Davin et al, 2007). In our model simula-
simple. The introduction of a groundwater component with tions, modifying the vegetated cover by roughly converting
an explicit representation of the water table in the land sur-grasslands to forests has two main opposite effects on tem-
face model would help to produce much wetter soil moistureperature. On the one hand, the general reduction in surface
profiles and more dry-period evapotranspiratidiguez-  albedo results in an increased net surface solar absorption,
Macho et al, 2007, in a better agreement with thedata. ~ which means warming. Anomalies of the annual mean sur-
In addition, it could reinforce the potential for regional recy- face albedo of a few percents are produced by the AGCM
cling of water @nyah et al, 2008. As the orography of the over the study area (Figc). On the other hand, convert-
mid-Piacenzian was relatively flat, shallow water table con-ing grasslands to tree-type vegetation tends to increase the
ditions must have actually occured, leading to significantlyland surface evapotranspiration rates. This effect is espe-
wetter soil through the exchanges of water between the uneially relevant during the summer months in northwestern
saturated soil and the underlying aquifer. Europe, with evapotranspiration anomalies between the two
Lastly, water recycling also varies according to the veg-mid-Piacenzian simulations reaching 250 mm/yr (Féd).
etation characteristics. It is therefore worth taking into ac- The subsequent increase in latent heat fluxes, of the order
count a distribution of vegetation boundary conditions con-of a few tens of W/ during summer, proportional to evap-
sistent with the precipitation rates and more generally, withoration, explains the cooling of the near-surface atmosphere
the mid-Piacenzian climatology. This is the subject of ourover land. The increase in latent heat cooling seems to out-
second experiment. weigh the increase in surface solar radiation heating, mean-
ing that the non-radiative processes dominate the summer cli-
5.2 Evaluating the consequences of vegetation changes mate response.
on the mid-Piacenzian climate The evapotranspiration changes could also result in an in-
crease in low-level cloudiness that would further cool the
In response to the climate forcing of the first PLIO- surface climate since cloud formation tends to limit the so-
modernvegun, ORCHIDEE simulates a potential vegetation lar radiation income. Indeed, it has been shown that cloud
distribution for the mid-Piacenzian which differs all the more feedbacks initiated by evapotranspiration changes may play
from the one used in PLI@odernvegsince this latter cor- a major role in determining the overall climatic impact of
responded to a modern (including anthropogenic) vegetatiotand cover change, in the context of deforestation over trop-
cover. Here we thus carry out a comparison of the impactical regions Bala et al, 2007. However, our simulation re-
of a forest-dominated vegetation against a human-dominategdults do not suggest any increase in low-level cloudiness over
one, in which forests replace crop and pasture areas as wellhe concerned areas nor any significant relationship between
as expanses of bare soil, in the global warming context ofevapotranspiration and clouds changes. Thus, the impact of
the mid-Piacenzian. In this respect, it concurs with a numbeithe cloud response on the energy balance of the climate sys-
of recent studies on the relevance of taking into account théem seems rather limited at such latitudes despite the globally
impact of land use change on surface climate (€lgidon, warmer climate of the mid-Piacenzian as compared with to-
2008 Bala et al, 2007 Davin et al, 2007). day.

5.2.1 Near surface temperatures 5.2.2 Hydrological cycle

Vegetation changes also modify the surface water balance.
Qur simulation results suggest a weakening of the hydrolog-

ical cycle over land in the PLI@aleovegun compared with
the PLIOmodernvegne, except during summer.

The effect of introducing a potential paleovegetation for
the mid-Piacenzian on the simulated surface temperatures
found to be quite limited, ad3iang et al(20095 demonstrated

in their sensitivity study. In our study area, the vegetation
feedback does not even have a strong impact on the regional
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As already observed in the PLI@eodernveg CTRL com-  fication used by the model is not as specific as the biome
parison, the model is still particularly sensitive to large-scaletypology of pollen data.
atmospheric effects in the PLI@aleovegun. The reduction Consequently unrealistic vegetation changes may drive in-
in winter large-scale precipitation is more pronounced in theadequate perturbations in the atmosphere dynamics, which
latter run, which accounts for the deterioration of the model-can therefore not contribute to improve the mid-Piacenzian
data comparison over land. The further weakening of theclimate simulation. It is nonetheless expected that such a
winds, which may be due to increased roughness length bedeterioration of the climate signal is quite negligible as we
cause of vegetation change, affects the large-scale transposhow that the vegetation impact on climate is moderate in
of heat and moisture. Indeed, the two mid-Piacenzian simuthe European and Mediterranean mid-latitudes.
lations show noticeable differences in regional precipitation Furthermore, the climate-vegetation system could be sen-
minus evaporation rates with a marked decrease of the neditive to the initial distribution of vegetationC{aussen
atmospheric moisture convergence over land. It means that994), as several stable states may exist by starting the iter-
biophysical effects of land-cover change are not only felt atative process from different initial condition€owley and
regional scales but may also impact the general atmospheriBaum 1997. In our case, we have not tested whether we
circulation and give rise to remote climate changes throughwvould obtain the same mid-Piacenzian vegetation starting
nonlinear feedback€edney and Valde200Q Chase etal. from a vegetation different from the modern, such as the
200Q Baidya Roy et al.2003. These changes being more PRISM2 vegetation or a PNV estimate, which would have
diffuse, their evaluation is all the more complicated at the lo-at least reintroduced forest rather than grassland to much of
cal scale, where changes in precipitation result from a comEurope.
bined effect of local vegetation changes, as well as in remote We have also assumed that the largest vegetation change
locations, through the atmospheric pathway. This also apis obtained after the first iteration. As the resulting climate
plies to temperatures. change appeared to be quite limited in the study area, i.e. the

Besides, a strengthening of moist convective precipitationclimatology given to ORCHIDEE is not very different from
events, in frequency or intensity, is simulated in the PLIO- the one including changes made by the vegetation itself, sig-
paleovegrun during summer over land and during winter nificant vegetation alteration would probably not occur by
over the ocean, as compared to the Plo@dernvegxper-  extending further the iterative process.
iment. This convective rainfall response is linked to an in-  Our field of analysis of past climate-vegetation character-
tensification of the evapotranspiration, and the associated inistics is also partly limited by the geographic location of our
creasing water vapour content in the atmosphere. Mean arstudy area, because vegetation change appears to have quite
nual precipitation rates therefore increase over the North Atittle influence on climate in the mid-latitude regions, result-
lantic. The enhancement of summer convective rainfall overing in not very significant result$@la et al, 2007). Exami-
land is nonetheless not sufficient to counterbalance the denation of high resolution simulations centred over regions lo-
crease of large-scale precipitation, which occurs over the restated in the low or high latitudes could help to better capture

of the year (Fig6b). past climate-vegetation feedbacks associated to the warmer

climate of the mid-Piacenzian.

5.2.3 Why do vegetation changes not really contribute The incomplete simulation design can also be invoked, as
to a more accurate simulation of the it prevents all of the vegetation effects on climate from being
mid-Piacenzian climate, as compared to effective. Running ORCHIDEE in dynamic mode, allowing
paleodata? climate and vegetation to come into equilibrium, would have

improved the model-data comparison, as showrdagwood

To conclude, our simulations demonstrate a moderate vegetand Valde$2006), although improvements mainly applied in
tion impact on temperature extremes and hydrological cycleropical regions. Furthermore, conversion of vegetation does
over Europe and the Mediterranean area but which does natot only affect the climate system through the surface-energy
improve the model-data comparison of our first run (Fig. budget but also through the carbon cycle. Plant-climate inter-

Regarding our experimental design, the fact that the vegactions are sensitive to atmospheric £S@ncentration. For
etation distribution we use for the PLI@aleovegrun was  instance, water balance depends on vegetation growth con-
produced by a model-driven climate means that biases inherditions that are highly C@dependent. A poor representa-
ent in the GCM simulation (e.g. physics, boundary condi- tion of LAl and stomatal conductance has been shown to dis-
tions, CQ levels) may lead to biases in the predicted vegeta-turb the hydrologic cycleAlkama, 2007). Therefore, it ap-
tion (Cosgrove et al.2002 Crucifix and Hewitt 2005. It is pears possible to improve model-data comparison in future
therefore not unexpected that the vegetation distribution prosimulations. This is actually also true for pollen-based cli-
duced by ORCHIDEE does not completely match the veg-mate reconstructions, which do not include either the vege-
etation reconstructions depicted by the pollen data. For intation dependence on high mid-Piacenzian atmospheric CO
stance, tropical trees may be simulated as a consequence obncentration and are calibrated for pollen originating from
the too warmT,gg Or simply because the vegetation classi- plants growing under modern GQ@evels. Also, as landscape
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This paper presents the results of a high resolution modThis paper is a contribution to the “Environments and Ecosystems

elling experiment of the mid-Piacenzian climate, focusing onPynamic of the Eurasian Neogene” (EEDEN) project of the Euro-

western Europe and the areas surrounding the Mediterraned}§a" Science Foundation and to the ECLIPSE 11 INSU programme:

Sea. Our motivation was twofold: (1) to evaluate the simu- 2uantification de Fimpact des forages climatiques/anthropiques

lated climatologies by comparing them to paleoclimatic re- pasgs et _futu_rs sur les circulations dans le baSS|_n _de Paris”, in
. oo P ) partnership with ANDRA, EDF, GDF and IRSN. This is an ISEM

constructions from_pollen _records from individual Iocatlon_s contribution no. 2009-103.

and (2) to assess in detail the effects of altered vegetation

boundary conditions, in the context of a climate warmer thangdited by: V. Brovkin

today.

We find that the AGCM results are consistent with the evi-
dence of increased temperatures provided by the data. Sim
lation results further indicate that continental moisture levels
were quite different from today. However, the poor compar-
ison of model versus data as regards the annual precipite
tion field or the E/PE pattern raises the issue of the accuracy
of the imposed boundary conditions data sets for the mid-The publication of this article is financed by CNRS-INSU.
Piacenzian, the representation of the internal physics of the
model and the pollen interpretation.
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