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Abstract. In this study, we use a sophisticated high- 1 Introduction
resolution atmosphere-ocean coupled climate model, EC-
Earth, to investigate the effect of Mid-Holocene orbital forc- Monsoon systems play a key role in the climate of the trop-
ing on summer monsoons on both hemispheres. During thécs and subtropics. Generated by the asymmetric heating
Mid-Holocene (6 ka), there was more summer insolation onof continents and oceans, they are characterised by seasonal
the Northern Hemisphere than today, which intensified thereversals in atmospheric circulation and associated precip-
meridional temperature and pressure gradients. Over Nortlitation (Hastenrath1991 Webster 1987a Webster et al.
Africa, monsoonal precipitation is intensified through in- 19989. The strength of monsoons varies on inter-seasonal
creased landward monsoon winds and moisture advection &® inter-decadal timescales, through interactions with differ-
well as decreased moisture convergence over the oceans ardt components of the climate system (egebster 1987h
more convergence over land compared to the pre-industriabhukla 1987. Even larger changes occur on time scales of
simulation. Precipitation also extends further north as the(tens of) thousands of years, when variations in the Earth's
ITCZ shifts northward in response to the stronger polewardorbit induce fluctuations in the distribution of incoming so-
gradient of insolation. This increase and poleward extent idar radiation on EarthBerger 1978. On these orbital time
stronger than in most previous ocean-atmosphere GCM simscales, monsoons are primarily controlled by precession,
ulations. In north-westernmost Africa, precipitation extendswhich modifies the seasonality of insolation and, thereby,
up to 3% N. Over tropical Africa, internal feedbacks com- changes the asymmetric heating of continents and oceans
pletely overcome the direct warming effect of increased in-(Ruddiman 2007).
solation. We also find a weakened African Easterly Jet. Over During the Mid-Holocene, 6000 yr ago (6 ka), the Earth’s
Asia, monsoonal precipitation during the Mid-Holocene is orbit was different than today. Compared to the present-day
increased as well, but the response is different than oveprbital configuration, the Mid-Holocene was characterised
North-Africa. There is more convection over land at the ex- by relatively strong insolation during boreal summer and
pense of convection over the ocean, but precipitation doegutumn, and relatively weak insolation during austral sum-
not extend further northward, monsoon winds over the oceamner and autumn (see Se@2). There is ample evidence
are weaker and the surrounding ocean does not provide mofgom paleodata that the enhanced seasonal cycle of inso-
moisture. On the Southern Hemisphere, summer insolatiofation on the Northern Hemisphere coincided with intensi-
and the poleward insolation gradient were weaker during théied monsoonal summer precipitation, while the reduced sea-
Mid-Holocene, resulting in a reduced South American mon-sonal cycle on the Southern Hemisphere corresponded to
soon through decreased monsoon winds and less convectiofyeaker monsoons. Pollen- and plant macrofossil-based re-
as well as an equatorward shift in the ITCZ. This study cor-constructions of the 6ka vegetation distribution in North-
roborates the findings of paleodata research as well as previafrica show that steppe extended up to°RBin the Sa-
ous model studies, while giving a more detailed account ofhara, compared to roughly 18l today, and that lake levels
Mid-Holocene monsoons. were higher than they are today (eSireet-Perrott and Per-
rot, 1993 Jolly et al, 1998 Kohfeld and Harrison2000),
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indicating increased monsoonal precipitation. Similar pale-fail to reproduce Joussaume et all999, even if ocean and
odata from Asia show that the Indian and East-Asian sum-vegetation feedbacks are includ&tdconnot et a).20073.
mer monsoons were enhanced as Wélinkler and Wang  Besides coarse resolution, this discrepancy could also be
1993 Yu and Harrison1996 Yu et al, 1998. For the South-  attributed to models’ sensitivity to the parameterization of
ern Hemisphere, less paleodata are available, but it has beerouds, atmospheric dynamics, the hydrological cycle and
shown from pollen-based biome reconstructions and lakdand-surface interactions. Several studies have shown that
levels that over South America moisture levels were lowermonsoons are better resolved when the resolution, and conse-
at 6 ka Markgraf 1993 Baker et al.200L Marchant etal.  quently the representation of topography, is increaSge(-
2009. ber et al, 1994 Zhou and Lj 2002 Kobayashi and Sugi
The relation between monsoon strength and orbitally-2004 Gao et al. 2006, while results remain susceptible to
forced changes in insolation was already investigated in somehanges in model’s parameterizatidral et al, 1997 Mas-
of the earliest paleoclimate model studies (Kgtzbach and son and Joussaumé&997 Bonfils et al, 2001, Vamborg
Otto-Bliesner 1982 Kutzbach and Guetted986. These etal, 2011).
atmosphere-only experiments mostly focused on the North- To re-examine the monsoonal response to Mid-Holocene
ern Hemisphere, showing that monsoons were enhanced duerbital forcing using a state-of-the-art modelling tool, we
ing the Early- and Mid-Holocene in response to relatively present results of a Mid-Holocene experiment with the EC-
strong summer insolation. By adding ocean models and/oEarth climate modelHazeleger et al.201Q 2011). EC-
dynamic vegetation models, several complex feedbacks thaEarth is an atmosphere-ocean coupled model with a high
play a role in the climate’s response to the initial orbital resolution (T159) compared with PMIP2 and PMIP3 mod-
forcing have been identified (e.gutzbach et a].1996 Liu els. EC-Earth has sophisticated parameterizations of small-
etal, 2004 Zhao et al.2005 Ohgaito and Abe-Ouch2007 scale atmospheric, hydrological and surface processes which
Marzin and Braconno2009h Dallmeyer et al.201Q Zhao  have been tested extensively in operational weather fore-
and Harrison2011). Many of these modelling studies have casts. We believe that the high resolution and reliable,
been performed within the framework of PMIP, the Paleocli- sophisticated parameterizations will yield a more detailed
mate Modelling Intercomparison Projedolissaume et al.  representation of monsoons and related circulation systems
1999 Braconnot et a).2000. In the first phase of PMIP, at- such as the Inter Tropical Convergence Zone (ITCZ). We
mospheric general circulation models (GCMs) were used taare particularly interested in the spatial distribution of Mid-
simulate Mid-Holocene climate, applying 6 ka orbital forcing Holocene monsoonal precipitation and the atmospheric dy-
and pre-industrial greenhouse gas concentrations while keepramics that explain these precipitation patterns. Many stud-
ing all other boundary conditions (sea surface temperatureses have described changes in precipitation (summarised in
ice sheets, vegetation and land surface properties) constaniu et al, 2004 Braconnot et a) 20073, but only few studies
at present-day values. Phase 2 of PMIP included dynamitave looked into the atmospheric dynamics that cause these
ocean models, and for some models interactive vegetation ashanges Texier et al, 2000 Su and Neelin2005 Patricola
well (Braconnot et a).2007ab). The EC-Earth experiments and Cook2007 Marzin and Braconng20093.
discussed in this study are a contribution to the third phase, This paper is organised as follows: Se2t.describes
PMIP3, in which improved and higher-resolution models arethe EC-Earth model and the experimental set-up. Changes
used to further investigate the effect of Mid-Holocene orbital in monsoonal precipitation and the associated atmospheric
forcing and internal climate feedbacks. dynamics (temperature and pressure gradients, wind fields,
The earlier model studies mentioned above have showmnoisture advection and vertical velocity) are examined in
that on the Northern Hemisphere (NH) the increased sumSect.3. We focus on three monsoon regions: North-Africa,
mer insolation during the Mid-Holocene enhances the ther-Asja (India and South-East Asia) and South-America. Sec-
mal low over the continents, which strengthens the land-seaion 4 provides a discussion of the EC-Earth Mid-Holocene
pressure gradients, thereby reinforcing monsoon winds anéxperiment and a comparison to previous modelling results
bringing more moisture landward. This results in an intensi-and paleodata studies. A conclusion is given in Sct.
fied monsoon circulation and, over North-Africa, a poleward
shift in precipitation. The opposite occurs on the Southern
Hemisphere (SH), resulting in weaker monsoons. 2 Model and experiment set-up
Although the mechanisms of monsoon intensifica-
tion/weakening are generally agreed upon, several questiors.1 The model: EC-Earth and pre-industrial results
remain. Some of these questions concern the spatial pattern
of climate response to the orbital forcing, as paleoclimateEC-Earth is a fully coupled ocean-atmosphere GCM (Global
models generally have a coarse resolution and paleodat@limate Model). It is used for exploratory studies of feed-
is sparse. Another important question is what mechanisnbacks in the climate system as well as for future climate
causes the northward extension of precipitation over Northprojections as part of CMIP3Hazeleger et al201Q 2011).
Africa, which is evident from paleodata, but which models The atmospheric part is based on the Integrated Forecasting
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Fig. 1. JAS precipitation (mmday') from the EC-Earth pre- 00 T T T
industrial experiment (colour) and the CPC Merged Analyses of
Precipitation dataset (contouiie and Arkin, 1997). Fig. 2. Precipitation over India and the Himalaya (mm day

70° E:95° E, 5° N:40° N land only). The thick black solid line is for

the EC-Earth pre-industrial experiment, the thick black dashed line
System (IFS), cycle 31R1, of the European Centre foris for CMAP (Xie and Arkin 1997). The other lines are for PMIP2
Medium-range Weather Forecast (ECMWF). It runs at T1590cean-atmosphere models (pre-industrial). The colours and sym-
horizontal resolution (roughly 1.125 1.125%) with 62 ver-  bols are the same asBraconnot et al20073; see their Fig. 10 for
tical levels. IFS has a new convection scherBedhtold a legend and their Table 2 for model characteristics and references.
et al, 2009 and the new land surface scheme H-TESSEL,TWOI Tzoo%eg thGaIt;Sre inglulti:e? here greh”&L”d_g?e?"TCzogggt

o et al. ; mode reen das midt et al.

which includes surfgce runofBgalsamo et aJ.20.09. The _and CSIRO (red dashe@,ordonget 21,2000,
ocean component is the NEMO model, version 2, which
runs at a horizontal resolution of nominally With 42 verti-
cal levels and incorporates the sea-ice model LIM2adeg
2008 Sterl et al, 2011). The ocean/ice and atmosphere
are coupled through the OASIS3 coupléfalcke 2006.
The resolution of the ocean in EC-Earth is comparable to
PMIP2 and PMIP3 models, but the resolution of the atmo- ws
spheric component is higher than all PMIP2 models (at most
2.8° x 2.8, Braconnot et 8] 20073 and is amongst the high-

AE

Present, 1950

(0]

est of PMIP3 models (only two of which run at a comparable : = (2’-30‘11'45‘7624 sS
resolution, seéttp://pmip3.Isce.ipsl.j = 282.04

Hazeleger et al(2010 demonstrate that EC-Earth per-
forms well compared to CMIP3 models (see their Fig. 2).
The model also captures inter-annual variability very well,
as shown by the spatial and temporal variability of the mod-
elled El Nifio Southern Oscillation (sedazeleger et al.
201Q Fig. 3). More importantly, monsoons are represented
well in EC-Earth, both temporally and spatially. Figute
shows that EC-Earth captures the spatial pattern of July-
August-September precipitation over Africa and Asia very
well. Furthermore, a comparison between EC-Earth, CMAP
and PMIP2 models, presented in FRy.illustrates that the

temporal patterns of monsoon precipitation is also resolvedF_ 3.p t and Mid-Hol bit. WS and SS int d
well in EC-Earth. Ig. o. Fresent an Id-Rolocene orpit. an are winter an

summer solstice, VE and AE are vernal and autumnal equinox, e is
eccentricity,e is obliquity andw is the longitude of perihelion, de-

Mid-Holocene, 6ka

AE @

e = 0.018682
E = 24.105
= 180.87

2.2 Experimental set-up: insolation forcing and fined as the angle between the vernal equinox and perihelion, mea-
boundary conditions sured counterclockwise (figure drawn affeussaume and Bracon-
not, 1997.

Here we study two time-slice experiments performed with
EC-Earth: a pre-industrial and a Mid-Holocene experiment,
both at the T159L62 resolution (in the atmosphere). We use
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the boundary conditions as prescribed by PMIP, stp:
/lpmip3.Isce.ipsl.fr/ This means that CMIP5 pre-industrial
boundary conditions are applied for the pre-industrial (PI) 0
experiment, including greenhouse gas concentrations fromy
1850 (CQ 284.5ppmv, CH 791.6 ppbv, NO 275.7 ppbv). -
For the Mid-Holocene (MH) experiment the greenhouse gas., 20+
concentrations were set to pre-industrial values slightly dif-
ferent from those of 1850 (CO280 ppmv, CH 650 ppbv,
N20O 270 ppbv), but the resulting difference in radiative forc-
ing is negligible compared to the orbitally induced changes  _4 | -
in insolation. During the Mid-Holocene, the tilt of the Earth
(obliquity) was larger and the orbit was slightly more eccen-
tric than at present. The difference in MH and Pl insolation, — -so % !/
however, is mostly due to precession. The position closest to Y 2o 30 40 50 B0 1o B0 oo 100 10 120
the Sun (perihelion) was reached around the time of the au- Months
tumnal equinox, instead of near the winter solstice at present
(Fig. 3). This causes a larger seasonal cycle of insolation orfig. 4. Insolation difference Mid-Holocene (MH) minus Pre-
the Northern Hemisphere and a smaller seasonal cycle on tHgdustrial (P1) in WnT?, calculated using the equations@érger
Southern Hemisphere, shown in Fg. (1978.

The initial conditions were taken from EC-Earth’s
CMIP5 pre-industrial experiment, which was run for 730 yr
(Hazeleger et 31.2011). The Pl and MH experiments dis- and pressure gradients, wind fields, moisture advection and
cussed here were both performed with version 2.2, includingvertical motion. Sectior8.1 focuses on the North-African
the equations oBerger(1979. monsoon, SecB.2 on the Indian and East-Asian monsoons

The EC-Earth model is computationally very expensive @nd the South American monsoon is assessed in S&tt.
because of its complexity and high resolution. The PI andFor North Africa and Asia we focus on the months July-
MH time-slice experiments were run for 50yr, of which August-September (JAS), when insolation changes over the
the last 40yr are used. This is sufficiently long for atmo- NH tropics are largest. In these three months the precipi-
spheric, ocean surface and land processes that are of interddfion increase is largest as well, but for Asia the absolute
to monsoon dynamics to equilibrate to the changed insolaPrecipitation amounts are highest in June-July-August. For
tion; trends in surface air temperature, sea surface tempeSouth America, we focus on JFM, when the SH insolation
ature, the surface heat flux, the top-of-atmosphere net fluglecrease is largest, as is the precipitation decrease, while ab-
and precipitation are shown in Fi§. Also, we calculated ~Solute precipitation amounts are highestin DJF. In the figures
the g|0ba||y a\/eraged tendency term of surface air tempera\l\/ith colour scales the MH minus PI difference is ShOWn, with
'l:ure7 dT/dt, which is near-zero (on the order ofj_?]( yr_l) the PI Climatology giVen in Contours, unless stated otherwise.
and shows no trend in the pre-industrial and Mid-Holocene
experiments (not shown). 3.1 The North-African monsoon

The EC-Earth model does not (yet) include dynamic veg-
etation. Vegetation in the MH experiment is the same asburing the Mid-Holocene, precipitation over North-Africa
in the PI experiment, hence vegetation feedbacks are nofas higher than during the pre-industrial, with the largest in-
included in this study. We set the date of vernal equinoxCrease occurring in late summer (Féa,), centred around 10—
to 21 March and use the present_day Ca|endar, which introlSo N (Flg 6b) Pl’ecipitation over the equatorial Atlantic is
duces some errors, mainly in Mid-Holocene autumn insola-reduced, while over land precipitation is not only increased,
tion, because we do not take into account changes in season@yit also extended further poleward.
length and the dates of equinoxes and solstices, induced by To investigate the cause of the precipitation changes, we
precessionJoussaume and Braconn®997). However, all ~ first examine the changes in surface air temperature, pres-
PMIP experiments use the present-day calendar with the versure and wind. The increased summer insolation generally

nal equinox as a reference date in order to facilitate moderesults in higher temperatures in the atmosphere and at the
intercomparison. surface. Over a large part of North Africa, however, feed-

backs from monsoon intensification cause surface air temper-
atures to decrease (Figa). Increased cloud cover reduces

3 Results the surface downward shortwave radiation by 24 Wm
(averaged over 20N:40° E, 5° N:25° N, land only). The

In this section, we describe how the change in insolation afsurface latent heat flux to the atmosphere is enhanced by

fects summer monsoonal precipitation through temperaturd3W m 2, so increased evaporation over this area also acts

tude
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o
o
|
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Fig. 5. Trends in the pre-industrial (black) and Mid-Holocene (red) experimdajsurface air temperaturéy) sea surface temperature,
(c) sum of the surface sensible and latent surface heat(liret TOA flux (top of atmosphere net short- and longwave)(@hdrecipitation.

(a), (b), (c) and(e) are 40 S:4C N zonal and annual averagée) is over land only, andd) shows a global annual average. The trend over
the last 40 years has been drawn in all figures for both experiments.

to cool the surface. These changes in the surface heat bud-he changes in the surface energy fluxes (summarised in
get are only partly balanced by an increase in surface downTable 1) are of the same order of magnitude as the insola-
ward longwave radiation (13Wnd), a decreased sensible tion forcing (Fig.4) and more than offset the direct effect
heat flux (11 W m2) and a decreased surface upward short-of increased insolation, indicating the importance of internal
wave radiation (6 Wm?). This leaves a deficit of 7W n? feedbacks in the monsoonal response to insolation changes.
(—24—-13+13+ 11+ 6) which explains the surface cooling. Another feedback mechanism operates on the sea surface
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7.0

pressure gradient are strongly modified by the temperature
and precipitation changes and are, therefore, not a passive
response to the increased insolation, but involve the feed-
- backs that lower the surface air temperature over monsoonal
B North Africa. The enhancement of the meridional pressure
gradient intensifies the southerly and south-westerly mon-
L soon winds over the Gulf of Guinea and the equatorial At-
r lantic, and monsoon winds over the continent extend fur-
ther north (Fig.7c and 7d). At 15-20 N, the northerly

L trade winds over the Atlantic are more eastward (i.e., land-
B ward), and the northerly winds over the coast at 20880
are weaker in the MH. This is related to the reduced surface
pressure at 25N, 15° W (Fig. 7b), which creates a cyclonic
pattern in the wind difference field (Figd). The pressure
reduction in the north-eastern Sahara, at 20-M\80esults in
weaker northerly winds over this area.

The next question is where the moisture originates that is
necessary to sustain the increased precipitation over North
Africa. The precipitation decrease over the equatorial At-
lantic (Fig. 6b) and the stronger landward winds over this
area (Fig.7d) strongly suggest that the equatorial Atlantic
is the source for increased precipitation over North Africa.
This is further supported by changes in evaporation over
the ocean, shown in Figga. South of 1ON-15 N, en-
hanced south-westerly winds lead to more evaporation over
the ocean, cooling the ocean surface. This wind-evaporation-
SST feedback, in addition to the precipitation decrease over
the equatorial Atlantic, makes more moisture available for

—| 10W:40E, 5N:20N, land only
6.0 -| Mid—Holocene: red
— Pre—Industrial: black

5.0 7 Difference: blue

Precipitation mm/day
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o o o
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T
° o - =
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1
L s
o

i
z.n

o
T T T
Lo T
Foow PN
n 2

N transport to the continent. Over land, evaporation is in-
10°s T T T T fAitati H
WOW 30°W 20°W 10°W 0°  10°F 20°F 30°F 40°F 50°F F:reaseq north of TA, where the MH precipitation increase
LONGITUDE is relatively large because there is virtually no precipitation
(b) JAS precipitation over North-Africa, mm/day in the PI (Fig.6b). Between 5N and 15 N, where the

_ o relative precipitation increase (not shown) is smaller than
Fig. 6. (a) Precipitation (mm day") for PI (black), MH (red) and  north of 15 N, evaporation is decreased in association with
difference MH-PI (blue) throughout the year. The dashed blue linesjger temperatures in the MH. The small and partly negative

are differences in the PMIP2 models: the thick dashed blue ”nechanges in evaporation over North Africa indicate that local
is the average of 12 PMIP2 models (see Hi§.for references).

The thin dashed blue lines are individual PMIP2 model results with re‘l’ycl“r;.g Car}”ofx‘)f‘g‘ trflfrecﬁp'tago.” 't';]crel\j‘aebf‘ ds.;mp'e
the largest and smallest changes for North-Africa in J&$The ~ caculation o QP — AE)/AP, whereA is the MH-PI dif-

spatial pattern of precipitation differences in JAS. Colours indicateference' shows Fhf"‘t fpr 2W:400 E, 5 '_\1:250 N (Iand only) .
MH-PI differences, contours are absolute Pl values. 77 % of the precipitation increase during JAS is due to mois-

ture advection from outside this area. Given the wind pattern,

the moisture needed to sustain the increased precipitation
temperatures. These remain relatively cool during summenpver the continent must, therefore, come from the Atlantic
south of 18N, not only because of the delayed responseOcean. Moisture advection (defined here @sthe mass-
of the ocean due to its large heat capacity, but also becausgeighted vertical integral of the product of specific humid-
stronger surface monsoon winds act to cool the ocean surfadgy ¢ and the horizontal wind vectar, based on 12-hourly
through increased evaporative cooling and upwelling (notmodel output) is shown in Figb (MH-PI difference). There
shown). This wind-evaporation-SST feedback further en-is more moisture advection towards the continent between
hances the ocean-land temperature gradientZbap et al, 10° N and 20 N, south of 10 N increased landward moisture
2005. advection occurs in the lower atmosphere (not shown). This

Changes in surface pressure are more uniform (F.  is in agreement with the stronger landward surface winds

Increased insolation results in lower surface pressure ovefFig. 7d) and enhanced evaporation in the tropical North At-
nearly all of North Africa, especially over the northern Sa- lantic (Fig. 8a). The moisture transport from the east of
hara, where the surface air temperature increase is largesiie Azores High into the north-westernmost part of Africa
and thermal lows arise (Figa and b). These changes in the is reduced (Fig.8b), despite intensified northerly surface
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winds over the ocean. At the coast, surface winds becomdTCZ shifts poleward when the insolation forcing is positive
more offshore (Fig7d). Over land, southerly winds near (Joussaume et all999 Braconnot et a.2007a Marzin and
0°W-10 W, 20° N are enhanced and moisture advection Braconnot 20093. Figure8c shows vertical motion aver-
from the south is increased up t0°30. The precipitation aged over 40W:40° E, which indicates the location of the
increase in western Africa north of 28 could, therefore, ITCZ. Upward motion is weaker over the southern half of
be linked to monsoonal precipitation, instead of increasedhe pre-industrial ITCZ, and stronger in the northern half,
moisture advection from the subtropical Atlantic. Local re- demonstrating that the ITCZ was located more poleward dur-
cycling is also an important factor here, because moisture ading the Mid-Holocene. The weakening and northward shift
vection accounts for only 33 % of the precipitation increaseon the southern half of the ITCZ occurs mostly over the
over 15 W:0° E, 25° N:35° N (land only). Both the moisture ocean, while the stronger upward motion and northward shift
advection and local recycling lead to enhanced moisture conen the northern side occurs mostly over land. This spa-
vergence (indicated by net precipitation, P-E) over this aredial pattern is analogous to the changes in vertical motion
(Fig. 8b). In line with the results presented so far, moisture (not shown), with reduced upward motion and moisture con-
convergence over the equatorial Atlantic decreased duringgergence over the ocean and increased upward motion and
the Mid-Holocene, in favour of increased moisture conver-moisture convergence over land (see Big). The decrease
gence over land. in convection centred at 15-2081, 925 hPa is caused by the
These changes in moisture advection and convergencaorthward shift of the convection maximum located here dur-

are linked to changes in the circulation patterns over Northing the PI (contours in FigBc).
Africa. Other model studies have already indicated that the
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give the MH-PI difference, contours indicate the PI climatology, and height is given in pressure coordinates, 500 hPa is approximately 5 km.

Over the desert north of the monsoonal area, the down3.2 The Indian and East-Asian monsoons
ward velocity that characterises this area as the subsidence
zone of the Hadley circulation over North Africa is reduced The model results demonstrate that monsoonal precipitation
in the MH as the ITCZ shifts northward (Figc). This in Asia was also enhanced as a result of the increased insola-
results in a weakened Saharan High, a high pressure areéon during July, August and September in the Mid-Holocene
in the upper levels (not shown) overlaying the surface low(Fig. 9a and b). The precipitation increase is largest just
(Fig. 7b). Outflow on the southern side of this pressure ridgesouth of the Himalayas, where precipitation maxima also oc-
is forced westward through the Coriolis force, forming the cur in the pre-industrial experiment (contour lines in Pig).
African Easterly Jet (AEJCook 1999. In the EC-Earth  The intensified Asian monsoon did not move further north-
pre-industrial experiment this jet is situated at approximatelyward, as it did over North-Africa. Precipitation increases
700 hPa, 10-15N. The weakening of the Saharan High dur- over land are balanced by precipitation decreases over most
ing the Mid-Holocene yields a weaker AEJ (Figd) and,  of the Indian Ocean and the South Chinese Sea @big.
hence, weaker outflow of air from North Africa to the At- Changes in surface air temperature over India and South-
lantic at this altitude. Together with increased surface westergast Asia are small (less than 0@, Fig.10a), because the
lies this enhances the moisture content over Northern Africadirect warming effect of insolation is offset by increased

Clim. Past, 8, 723740, 2012 www.clim-past.net/8/723/2012/
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7.0 e over 10-20N (Fig. 10b), which weakens the meridional
o [, O fong ey i pressure gradient between the equator arfd\1T his pres-

sure increase is connected to an intensified high pressure sys-
- tem over the west Pacific (not shown) and contributes to the
i northward flow along the coasts of eastern India and Vietham
(Zhao et al.2005.
- The increase of the monsoon winds over the Asian coasts
i is a plausible explanation for the increased precipitation over
India and South-East Asia. However, the surrounding oceans
- do not supply more water during the Mid-Holocene; evapo-
B ration is decreased over most of the ocean (Eiz). Be-
= tween the equator and 10-°1S this can be related to de-
-1.0 ———— creased wind speeds. Over the areas close to the continent
where winds are increased, other feedbacks dominate. Over
the Arabian Sea, stronger winds cool the surface through in-
creased upwelling, while over the Bay of Bengal increased
river runoff freshens the surface waters and reduces the
mixed layer depth (not shown), which reduces evaporation.
The only ocean region that provides more moisture to the
monsoon flow into Asia is the Indian Ocean south of the
equator, where wind speeds and evaporation are increased
(Fig. 11a). Over land, in the region where precipitation in-
creases are largest, evaporation changes are mostly negative
(Fig.11a). Also, calculatingfA P — AE)/AP for 70:100 E,
10:35 N (land-only) reveals that 99 % of the precipitation in-
crease is due to moisture advection, local recycling does not
- play arole.
The increased evaporation in the southern Indian Ocean
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Therefore, the redistribution of precipitation from ocean to
land (Fig.9b) must play an important role. This is in agree-

Fig. 9. (a) Precipitation (mm day?) for PI (black), MH (red) and ment with c;hanges in the vertical mOt_'o,n (_F'glb): In-
difference MH-PI (blue) throughout the year. The dashed blue linesS"€2S€d moisture convergence and precipitation over the con-
are differences in the PMIP2 models: the thick dashed blue lingtinent is linked to larger upward motions. Over most of the
is the average of 12 PMIP2 models (see Fif.for references). ~0cean upward motion is weakened, which is in agreement
The thin dashed blue lines are individual PMIP2 model results withwith the higher surface pressure seen in Higo, resulting
the largest and smallest changes for Asia in J&$.The spatial  in less precipitation. The western equatorial Indian Ocean
pattern of precipitation differences in JAS. Colours indicate MH-PI receives more precipitation in the MH because of the weak-
differences, contours are absolute Pl values. ened monsoon southerlies (Fitoc and d) and increased
convection.

(b) JAS precipitation over Asia, mm/day

cloudiness. Similar to North Africa, the SSRD is lower and 3.3 The South-American monsoon

the STRD is increased, but the changes are relatively small

(see Tablel). Further north, over central Asia, temperatures The Southern Hemisphere received less insolation during the
do increase as a result of increased insolation. This reduceldlid-Holocene summer (see Fid). The change in insola-
the surface pressure north of°20 (Fig. 10b), reinforcing  tion in the tropics and subtropics during summer is of the
the meridional pressure gradient north o 80 As a re-  order 20W nT2 on both hemispheres. On the SH, the in-
sult, the monsoon winds into Asia over the Arabian Sea, thesolation decrease is partly offset towards the South Pole by
Bay of Bengal and the South China Sea (Hifc and d) are  increased obliquity, which acts to increase summer insola-
stronger in the Mid-Holocene. Over land, northerly winds tion on both hemispheres. Therefore, the summer insolation
are stronger in the monsoonal areas, but they do not penegradient from equator to pole is weaker on the SH during the
trate further northward because they are hindered by the HiMid-Holocene, while on the NH it is stronger.

malayas, which are represented well by the model because The decreased insolation during the SH summer weak-
of its high resolution. Winds south of 15l are weaker dur-  ens the South-American monsoon. Figd&a shows a de-

ing the MH, associated with the increase of surface pressurerease in precipitation in December—April, especially in a
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Table 1. PI, MH and difference values of the surface energy budget terms (i) precipitation and evaporation (in mm da), over land

points only, for North Africa (20W:40° E, 5° N:25° N, JAS), Asia (60 E:120° E, 10° N:30° N, JAS) and South America (40V:80° W,

10° S:40° S, JFM). SSRD is surface shortwave radiation downward, STRD is surface thermal (longwave) radiation downward, SLHF is
surface latent heat flux, SSHF is surface sensible heat flux, SSRU is surface shortwave radiation upward, STRU is surface thermal (longwave
radiation upward. Positive values of the energy budget terms indicate a flux from the atmosphere towards the surface.

North Africa Asia South America

PI MH  MH-PI PI MH MH-PI PI MH  MH-PI
SSRD 252.7 228.6 —-24.1 191.2 188.3 —-2.9 225.7 221.2 —-45
STRD 369.6 382.3 12.7 382.2 386.2 4.0 362.2 356.4-5.8
SLHF —52.2 —-65.3 -13.1 —86.2 —86.2 0.0 -90.4 —86.5 3.9
SSHF —48.1 -37.1 11.0 —27.2 —26.3 0.9 —41.9 —40.9 1.0
SSRU -66.6 —60.4 6.2 -31.3 -30.7 0.6 -33.8 333 0.5
STRU —4545 —447.2 7.3 —427.0 —-428.0 -1.0 —420.1 -416.0 41
Precip 3.02 4.98 1.96 5.69 6.50 0.81 5.62 5.17-0.45
Evap 1.80 2.26 0.46 2.98 2.98 0.0 3.23 3.08-0.15
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Fig. 10. MH-PI difference in JAS surface air temperaturéa), °C — and sea-level pressuregb), hPa; contours are Pl values, colours
indicate differences between MH and Rt) Shows the PI surface wind field (black) and the MH surface wind field (red), unit length is
7.5ms 1 (d) gives the difference between the MH and Pl wind field, unit length is 1.6 s

Clim. Past, 8, 723%40, 2012 www.clim-past.net/8/723/2012/



J. H. C. Bosmans et al.: Monsoonal response to mid-holocene orbital forcing in a high resolution GCM 733

40°N

B Mid—Holocene: red -

Pre—Industrial: black

Difference: blue

80W:10W, 40S:10S, land only

N

o
o

z
|

LATITUDE
1

Precipitation mm/day

T T
I
& »
-

50°E  60°E  70°E  80°E 90°E 100°E 110°E 120°E 130°E
LONGITUDE

(a) Evaporation, mm/day (colours) and wind speed,
m/s (contours), both are MH-PI differences

25

LATITUDE
)

LATITUDE

LONGITUDE

SOE 60°E 7O°E BO°E O0° 100°E 110°F 120°F 130°C (b) JEM precipitation over South America, mm/day

. . Fig. 12. (a)Precipitation (mm dayl) for PI (black), MH (red) and
(b) Vertical velacity (omega) at 500 hPa, T0Pals difference MH-PI (blue) throughout the year. The dashed blue lines
are differences in the PMIP2 models: the thick dashed blue line is

Fig. 11. MH-PI JAS differences in(a) evaporation (colours, the average of 12 PMIP2 models (see Higfor references). The
mmday™1) and wind speed (contours, m¥), (b) vertical veloc-  thin dashed blue lines are individual PMIP2 model results with the

ity at 500 hPa in 102Pas ! (negative values indicating upward largest and smallest changes for South-America in J@Y.The

motion), contours are Pl values. 500 hPa is approximately 5km. SPatial pattern of precipitation differences in JFM. Colours indicate
MH-PI differences, contours are absolute Pl values. Note that the

colour scales are different than for the figures in S&&tsand3.2

northwest-southeast band over the continent (B9, JFM).
Over the Atlantic, precipitation is decreased just north of theThe South Atlantic Subtropical High (SASH, centred around
equator, while the Atlantic between 0 and®is wetter. 35° S, B W) is slightly stronger and located closer to the con-
The precipitation decrease over the South-American continent (Fig.13b), intensifying the easterlies at 28 and the
tinent is consistent with decreased surface air temperaturesesterlies at 40S.
(Fig. 13a), as a direct consequence of decreased insolation. The result of reduced landward winds is a lower trans-
Tablel shows that SSRD is decreased, as well as STRD beport of moisture to the continent. The weaker surface pres-
cause of reduced cloudiness. Decreased temperatures agare in the MH over most of the continent decreases con-
associated with a pressure increase over most of the consection in a northwest-southeast band over South-America
tinent (Fig.13b). The north-easterly monsoon winds are (Fig. 14a), lowering precipitation amounts. Evaporation over
weaker due to the smaller land-sea pressure contrastig. land is reduced in the MH as well (not shown) due to lower
and d). A clockwise pattern is present in the wind differencesurface air temperatures and less precipitation. However,
field around 18 S, 3% W (Fig. 13d), where pressure changes the decreased moisture transport to the continent plays a
are negligible (Figl13b), further weakening the monsoons larger role; AP — AE)/AP is —70% over 80 W:40° W,
winds around 19S and slightly increasing them at 28. 35°S:5°S.
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Fig. 13. MH-PI difference in JFM surface air temperaturda), °C — and sea-level pressureg(s), hPa; contours are Pl values, colours
indicate differences between MH and Rt) Shows the PI surface wind field (black) and the MH surface wind field (red), unit length is
5.0ms 1, (d) gives the difference between the MH and PI wind field, unit length is 0.7 mEhese are JFM averages; note that the scales
of the colour bars and vectors are not the same as in Figsd9.

Over the ocean, the precipitation increase betwee® 0 4 Discussion
and 20 S (Fig. 12b) is due to increased upward motion
(Fig. 14a) as well as the reduced moisture transport to theln this study, we investigated the response of monsoons on
continent, |eaving more moisture to precipitate out over theboth hemispheres to changes in the insolation distribution in
ocean. Just north of the equator, precipitation is decreased i1e Mid-Holocene with respect to pre-industrial climate, us-
response to reduced convection near the coast and increasét¥ the EC-Earth model, a high resolution model based on a
downward motion further away from the coast (F]_ga) weather forecast model. The North-African and Asian mon-
These changes over the ocean can be related to a change§Aons were stronger during the Mid-Holocene in response
the ITCZ. Figurel4b shows changes in the MH vertical mo- t0 increased summer insolation, while the South-American
tions with respect to the PI, averaged ovet W010° W. The ~ monsoon was weaker due to decreased summer insolation.
northern part of the convective cell at 5219 is intensified These results corroborate the findings of earlier modelling
in the lower atmosphere while the downward velocities northexperiments, most of them summarised.io et al. (2004;
of that, around 0-5S, are weaker. The DJF average of ver- Zhao et al.(2003; Braconnot et al(20073; Wang et al.
tical motion (not shown) demonstrates a northward shift of (2010 andZhao and Harriso2011).
the ITCZ in the whole atmospheric column, which indicates
that the Mid-Holocene ITCZ was located more equatorward
during the SH summer. This is in agreement with the weaker
poleward gradient of insolation (Fid).
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dipole pattern further enhances the meridional temperature
and pressure gradients, shifting the ITCZ northward, as has
3 also been reported B¥hao et al(2009 andZhao and Har-

, rison (2011, who state the dipole is further south, around
& 5-1C N. The northward shift of the ITCZ, which can be in-
ferred from changes in precipitation and vertical velocity, is

0 supported byLiu et al. (2009; Zhao et al.(2005; Bracon-

not et al.(2007gb) andMarzin and Braconnda20093. The
precipitation increase over the continent is also related to a
s weakening of the African Easterly Jet (AEJexier et al.

N (2000 and Patricola and Cook2007) also find a decrease

LATITUDE
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30°S

- . in or disappearance of the AEJ, but only when vegetation
40°5 L L A R S B S B feedbacks are included. An atmosphere-ocean experiment
75°W 65°W 55°wW 45°W 35°W 25°W 15°W . . . . . .

LoNGITUDE without dynamic vegetation ifiexier et al.(2000 results in

an increased AEJ located further north, as opposed to the
the EC-Earth experiments in which the AEJ weakens and re-
: ‘ ‘ mains at the same location.

A notable difference with previous studies is the precip-
itation increase over north-westernmost Africa. Only two
PMIP2 ocean-atmosphere models show a precipitation in-
crease in this region as well (GISSchmidt et al.2006and
UBRIS-HadCM3,Gordon et al.2000. EC-Earth, GISS and
UBRIS all show an increase in southerly winds into north-
westernmost North Africa, which in EC-Earth is related to a
pressure reduction at 28l, 10° W. Southerly moisture ad-
vection @ into this area is increased, while north-westerly
moisture advection from the Atlantic is decreased. This sug-
gests that the precipitation increase over north-westernmost
T z Africa is monsoonal and is not related to the subtropical

LATITUDE Atlantic. However, we cannot exclude that short-lived de-
pressions from the Atlantic had an influence on precipitation
over this part of Africa, because these disappear in the aver-
ages. Further investigation into the influence of these depres-
Fig. 14. MH-PI JFM difference in(a) vertical velocity at  sions is beyond the scope of this study. The high resolution
500hPa in 102 Pas™, and(b) vertical velocities averaged over and, consequently, the accurate representation of topography
70° W:10° W. Negative values indicate upward motion. Contours could p|ay a role in the precipitation increase over north-
are P1 JFM values. westernmost Africa as well: in mid- and eastern North Africa

the MH precipitation does not extend north of the Tibesti and
Ahaggar mountains.
4.1 The North African monsoon The increase and northward shift in precipitation over
North Africa in EC-Earth is larger than in most PMIP2
Over North-Africa, we see an intensified meridional temper- ocean-atmosphere models, as shown in FBgsind15. Fig-
ature and pressure gradient during the Mid-Holocene sumure 6a shows that the summer precipitation increase over
mer which allows for a stronger moisture advection from monsoonal North Africa is larger than in any PMIP2 model.
the tropical Atlantic to the continent. Moisture advection The northward shift towards the Sahara is also relatively
plays a larger role than local recycling (in agreement withlarge compared to PMIP2 models (Fith). This could in-
Zhao et al, 2005 Marzin and Braconng®20093. The pres-  dicate that a higher resolution and sophisticated parameter-
sure gradient is reinforced by internal feedbacks over tropicalzations play a role in reproducing the precipitation pattern
Africa which decrease surface air temperatures and dampefor the Mid-Holocene. However, to determine the exact roles
the pressure response. The lower temperatures over tropéf resolution and parameterization, further sensitivity exper-
cal North Africa are also present in PMIP2 resulBsgcon-  iments are needed. For EC-Earth this is currently not pos-
not et al, 20073. Over the Atlantic, a dipole pattern in sible, as no other resolutions or versions similar to the one
SSTs exists, with lower SSTs south oMb due to stronger used here are currently available.
winds and increased evaporation and higher SSTs north of
15° N due to weaker winds and decreased evaporation. This
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Despite the relatively large northward shift in precipita-
tion in EC-Earth, this shift is not large enough to sustain the  “0o 20W:30E, land only
plant types that are known to have occurred during the Mid-
Holocene Joussaume et atl999 Braconnot et a).20073.
This could be related to the lack of vegetation feedbacks in >
this study, as both the vegetation cover and albedo is kept€
at pre-industrial values in both simulations. Vegetation is
thought to have a positive feedback on the orbitally induced
monsoonal precipitation increase over North Africa through
the warming effect of a lowered albedBdnfils et al, 2007),
an increased sensible heat flux due to increased roughness
length and an increased latent heat flux due to increased evap- , |
otranspiration Texier et al, 200Q Levis et al, 2004. The 0
surface warming and increased moisture recycling increase Lotitude

convection and the landward moisture flux. However, there_. T,
L . . _Fig. 15. Annual mean precipitation difference MH-PI over North
are also studies indicating a negative feedback of Vegetat'o[&frica (20° W:30° E, land only). The thick black line is for EC-

on (annual) preC'P'tatlon du”ng,the Mid-Holocene, when Earth, coloured lines are for PMIP2 ocean-atmosphere models. The
bare soil evaporation was more important and albedo feedzqours and symbols are the same aBimconnot et al(2007a,
backs played a smaller role due to wetter conditioMarfg  Fig. 10. See their Table 2 for model characteristics and references.
et al, 2008 Notaro et al. 2008. Another mechanism that Two additional models that are included here are: GISS modelE
could play a role is the ventilation mechanism (inflow of low (green dasheschmidt et al.2006 and CSIRO (red dasheGor-
moist static energy airSu and Neelin2005 Hales et al. don et al, 2000.
2009. Further research with dynamic vegetation models
and/or sensitivity experiments is necessary to investigate the
role of vegetation feedbacks, soil changes, albedo changgs more detailed than in previous studieallmeyer et al.
and the ventilation effect, as well as the interaction betweer(2010 also show a precipitation increase on the southern rim
these effects. Given that the resolution and parameterizationsf the Himalayas.
in EC-Earth are good enough to resolve the orography over In EC-Earth, precipitation increase over continental Asia
North-Africa (including the Atlas, Tibesti, Ahaggar and East is mostly related to a redistribution of precipitation between
African mountains) and to capture the present-day precipitaocean and land, as well as the increased moisture transport
tion patterns well (Figl), we think that the lack of precipita- from the southern equatorial Indian Ocean (corroborated by
tion over the Sahara in the Mid-Holocene in EC-Earth is notHastenrath1991 Clemens et al.1991;, Marzin and Bracon-
so much related to insufficient resolution or the accuracy ofnot, 20093. Local recycling over land does not play a role,
parameterizations, but to the lack of interactive vegetation. which is opposite to the findings dflarzin and Braconnot
(20093 andDallmeyer et al(2010. Evaporation over the
4.2 The Asian monsoons ocean is lower during the MH due to increased upwelling
over the Arabian Sea and increased runoff in the Bay of Ben-
Over Asia, monsoonal precipitation is enhanced as well ingal (also described iMarzin and Braconng20093, as well
response to increased summer insolation. Fi@arshows as reduced wind speeds between the equator and 10815
that the the amount of precipitation increase in summer oveiThese reduced winds are related to increased surface pres-
continental Asia is very similar to the increases in PMIP2 sure at 10-20N, linked to an intensified north-western Pa-
models, especially in August and September. In EC-Earthcific subtropical HighZhao et al.2005. Stronger winds oc-
the largest precipitation increases are along the southern riraur close to the continent over the Arabian Sea, Bay of Ben-
of the Himalayas, northern India and southern China. Theregal, South China Sea and the southern tropical Indian Ocean.
is little change over northern China and the South-East AsiarThis pattern of MH winds is generally agreed upon amongst
peninsula. These precipitation changes are broadly in agreenodels, but the exact pattern and magnitude of winds varies
ment with PMIP2 studieBraconnot et a).2007a Zhao and  (Texier etal,200Q Liu et al,, 2004 Zhao et al.2005 Marzin
Harrison 2011) but patterns vary amongst modedlsu et al., and Braconnq®2009ab; Wang et al.201Q Dallmeyer et al.
2004 Zhao et al.2005 Braconnot et a).2007a Marzinand  2010. The weakened southerly winds in the western Indian
Braconnot 20093 Wang et al. 2010. A notable difference Ocean and the associated increased moisture convergence
between EC-Earth and most PMIP2 models is that the largestver this area is consistent with previous PMIP resBis{
precipitation changes are located exactly on the southern rinconnot et al. 2007a Zhao and Harrison2011). The only
of the Himalayas, which are represented well at the T159L620cean area providing more evaporation is the southern trop-
resolution. Models at lower resolutions also represent thdcal Indian Ocean, where wind speeds are increadsad.
Himalayas well, but the precipitation pattern in EC-Earth et al. (20049 suggest another ocean feedback that reduces
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the precipitation increase over Asia: increased MH SSTsespecially in south-west China near the Himalayas. One dis-
over the western tropical North Pacific lead to increased conerepancy is that EC-Earth fails to reproduce the precipitation
vergence and precipitation, competing with convergence andéhcrease over north-western China.

precipitation increases over the Asian continent. This feed- In South America, lake levels were lower during the Mid-

back does not occur in the EC-Earth experiments. Holocene Baker et al. 2002, Sifeddine et al.2001, Turcq
et al, 2002 and studies of pollen and ocean cores show a
4.3 The South American monsoon general drying and imply a more northerly location of the

ITCZ (Mayle et al, 2000 Haug et al, 2001 Behling 2002.
Over South America, surface air temperatures are lower and’hese paleodata studies do not clearly indicate wetter con-
surface pressure is higher during the Mid-Holocene as a diditions in north-east Brazil, which does occur in the EC-
rect response to the reduced summer insolation. SummeEarth Mid-Holocene experiment as well as in other models
monsoonal precipitation is decreased and the magnitude ofValdes 200Q Kitoh and Murakami2002 Liu et al., 2004
this decrease is very similar to that in previous PMIP2 mod-Dias De Melo and Mareng@008.
els (Fig.12a). The precipitation decrease occurs over most Note that these comparisons are based on changes in the
of the continent, with the exception of the north-eastern tipmodel's summer precipitation, whereas most paleodata re-
of the continent, as a result of weakened monsoon winds andonstructions indicate changes in annual precipitation. How-
reduced convection. This is consistent with previous modelever, in the monsoon areas discussed here, precipitation
studies Yaldes 2000 Kitoh and Murakami2002 Liu et al,, barely changes in winter (see Fi@a, 9a, 12a) so the sum-
2004 Dias De Melo and Mareng@008. The precipitation  mer precipitation changes are a good indication of changes
increase over the north-eastern coast could be a sign of morin the annual precipitation.
soon retreat, as well as a shift in the ITCZ, because upward
motion between the equator and°B)over the Atlantic is
stronger as the ITCZ shifts northward in response to a weak?
ened poleward insolation gradient. The South Atlantic Sub-

tropical High is located slightly closer to the continent, which . ; . .
o s . odata and climate modelling. The roles of vegetation, soil
is in agreement witlbias De Melo and Mareng(009 in . N A

) . . moisture, albedo, evapotranspiration, the ventilation effect
their DJF average. Although previous model studies agree on

-~ —and their combined effect need to be investigated further
the general pattern of the MH monsoon over South America, . ) .
) . ."(Kutzbach et a|.1996 Bonfils et al, 2001, Levis et al, 2004
more research is required because only two of the studie

. . u and Neelin2005 Patricola and Cogk2007, Braconnot
mentioned here are coupled ocean-atmosphere magdels (
. X ) et al, 20073 Dallmeyer et al.201Q Vamborg et al.2011),
toh and Murakami2002 Liu et al., 2004, both using a rela- ally h-Afri h Is fail
tively low resolution especially for North-Africa where models ail to reproduge
’ the northward extend of the monsoon. A higher resolution
and sophisticated model parameterization can also help to
close the gap between paleodata and models, as indicated
. . by the relatively large northward extend of the North African
Our results are not only in general agreement with other : ) .
. ; A .~ monsoon in EC-Earth. With this model we have not only
modelling studies, but also with paleodata. The exception

is the lack of precipitation increase over the Sahara, butcontrlbuted to PMIP and confirmed its previous conclusions,

L . we have also obtained an unprecedentedly detailed picture of
this is a shortcoming of all ocean-atmosphere modgia- Mid-Holocene monsoon dvnamics and precioitation
connot et al. 20079. Reconstructions of vegetation pat- y precip '

terns (e.gJolly et al, 1998 Wu et al, 2007 Bartlein et al,  acknowledgementsThe authors would like to thank Dabang Jiang,
2017 and lake levels (e.gru and Harrison1996 Kohfeld  an anonymous reviewer, and editor Hans Renssen for their con-
and Harrison2000 show that North Africa, northern India  structive remarks on how to improve this article. The authors would
and South-East Asia were wetter during the Mid-Holocene.also like to thank Pascale Braconnot at the Laboratoire des Sciences
An overview of these reconstructions is givenLiiu et al. du Climate et de I'Environnement (LSCE) for fruitful discussions,
(2004. Reconstructions of precipitation in southern India and W. J. van de Berg and A. Voldoire for their help with the

tions of temperature and precipitation are available, a sumlime was provided by the Royal Netherlands Meteorological Insti-

: . _ tute (KNMI) and the European Centre for Medium-range Weather
mary can be found itVang et aI.(gOlQ, along \.Nlth the av Forecast (ECMWF). We thank all PMIP-contributors and LSCE
erage results of PMIP2 over China. There is some spreag

or gathering and archiving all PMIP-output. The PMIP2/MOTIF
amongst modelsZhao et al, 2005 Braconnot et 8).2007a Data Archive is supported by CEA, CNRS the EU project MOTIF

Marzin and BraconnpP009a Hsu et al, 2010 Wang etal. 5 the Programme National d’Etude de la Dynamique du Climat
2010, but EC-Earth generally agrees with PMIP2 models (PNEDC), sedittp:/pmip3.Isce.ips!.frandhttp:/motif.Isce.ipsl.fr/

as well as with paleodata. Temperature is higher, esperor this study, we used the version 11/01/2010 of the database.
cially towards northern China, and precipitation is increased,This paper is a contribution to PMIP3. CMAP precipitation data

Conclusions

Further research is necessary to close the gap between pale-

4.4 EC-Earth vs. paleodata
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