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Abstract

This study investigates the atmospheric circulation ingrant climate simulations with a cou-
pled atmosphere-ocean General Circulation Model (GCMjHermid-Holocene (MH) period
7 ka BP-4.5 ka BP driven with combinations of orbital, soladl greenhouse gas forcings. The
focus is on southern South America. Statistical downsgatiodels are derived from observa-
tional data and applied to the simulations to estimate pitation in south-eastern Patagonia
during the MH. These estimates are compared with lake |estehates for Laguna Potrok Aike
(LPA) from sediments. Relative to pre-industrial condigqi.e. 1550-1850), which show ex-
traordinarily high lake levels, the proxy based reconsadtake levels during the MH are lower.
The downscaled simulated circulation differences indi¢dagher LPA precipitation during the
MH from March to August, higher annual means, and reducedigitation from September
to February. Thus the reconstructed lower LPA lake levetsraat be explained solely by the
simulated precipitation changes. Possible reasons fedikcrepancy are discussed. Based on
proxy data from southern South America hypotheses havebakso proposed on the latitudinal
position of the Southern Hemispheric Westerlies (SHWs)adreement with some of these
hypotheses our simulations show an increased seasonaldayttie latitudinal position of the
SHWs during the MH, which can be explained by the orbital iftgc The simulations also
show stronger SHWSs over southern Patagonia during austraher and weaker SHWSs during
winter. The downscaling model associates weaker SHWs wifeased precipitation in the
LPA region. However, this relationship is only moderate] #rerefore the downscaling model
does not support the assumption of a strong link between r8es and precipitation over

south-eastern Patagonia, which is the basis of many praggdhypotheses about the SHWSs.



1 Introduction

In the Southern Hemisphere (SH) high latitudes only very éemtinental climate proxy data
exist due to the large oceanic areas, and southern Southi¢emeithe only non-ice covered
continent extending into the high mid latitude SH. Proxyadfiom South America have the
potential to allow reconstructions of the past SH climateluding its main atmospheric circu-
lation feature, the Southern Hemispheric Westerlies (SHWs

Different hypotheses on the latitudinal position and sjterof the SHWs over southern South
America during the mid-Holocene have been formulated irss\studies. Lamy et al. (2001)
analysed iron contents from a marine sediment core from thike&h continental slope (ap-
prox. 4T S; 7# W) and reconstructed less humid conditions between 7.7 &ataral ka BP
than in the late Holocene. As the SHWSs transport moisturegsievn Chile, the authors con-
clude that during the mid-Holocene the SHWs were locatedrmoee poleward position than
in the late Holocene. After 4.0 cal ka BP conditions are retmicted to be more humid in con-
junction with a more northerly position of the SHWSs. Holoegrecipitation in Central Chile
(33 S; 7 W) has been reconstructed by Jenny et al. (2003) from proky using a water
balance model. Low precipitation was found for the earlyddehe, followed by pronounced
wet conditions during the mid-Holocene, which were attidlolito a poleward deflection of the
SHWs due to a strengthened Pacific subtropical high pressliren the mid-Holocene. Our
analysis will concentrate on the SHWSs over South Americahanges may differ regionally
(cf. Wardle 2003).

Hypotheses about atmospheric circulation that are deffiwed proxy data are usually based

on assumptions or conceptual models on the links betwedare-scale atmospheric circula-
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tion and precipitation, and between precipitation and lakeditions. With our study we want
to contribute to an objective formulation of the former libk describing the relation between
the monthly mean circulation over southern South Ameriah @ecipitation in south-eastern
Patagonia using statistical downscaling models fitted veitient climate observations. We also
investigate whether mid-Holocene SHWs conditions estah&itom proxy data can be found
in transient simulations with a coupled atmosphere-oceame@l Circulation Model (GCM)
for the period 7 ka BP—4.5 ka BP, which are driven either bytakbor by orbital, solar and
greenhouse gas forcing. In addition, we use the statistmahscaling models to estimate pre-
cipitation in south-eastern Patagonia from the simulatienmd compare the estimates with lake
level reconstructions for Laguna Potrok Aike from sedimsefithis is further motivated by the
fact that a link between the SHWSs and precipitation can beegl from known links between
the Southern Hemisphere Annular Mode (SAM), which deseriie strength of the SHWS,
and precipitation over the Southern Hemisphere (Jones adoh&vin 2003), for example over
Australia (Meneghini et al. 2006), over southeastern Séutierica (Silvestri and Vera 2003),

and over western South Africa (Reason and Rouault 2005).

The estimation of local or regional precipitation from c@resolution GCM simulations by
means of a statistical downscaling model addresses a fusrtahproblem encountered when
comparing climate simulations and proxy data. Proxy dgiacally include signals of the local-

or regional-scale climate. On these scales GCM simulatiansot be directly used for several
reasons. Firstly, the low model resolution and the resglfinor representation of mountain

ranges (e.g. the Andes) lead to unrealistically simulatedoscale circulation features for a



given synoptic-scale atmospheric state. Secondly, even fyiven synoptic- and mesoscale
atmospheric state, precipitation is often not realislycsilmulated by coarse resolution GCMs,
as was shown in reanalysis-based studies in which the fist gpe is small (e.g. Janowiak
et al. 1998; Widmann and Bretherton 2000). The second erperis due to the fact that real-
world precipitation involves processes on spatial scalesimsmaller than the model resolution,
which are taken into account in the models through parasaions. These parametrisations
are far from perfect and can cause large errors on the gimt-poale. Sub-grid-point-scale
variability of the true precipitation, which usually is ¢gr over complex topography and which
can not be simulated, additionally contributes to the sd@ror type.

One approach for estimating local or regional precipitaimm GCM simulations is to use
Perfect-Prog(nosis) statistical downscaling (e.g. van@tet al. 1993; Matulla et al. 2002). It
is based on statistical models that use large-scale atragspredictors to estimate the small
scale predictands. These statistical models are derigedgresent-day empirical data and thus
describe real-world relationships. As a consequence oedst® use predictors that are real-
istically simulated by the numerical model, hence the naeréeet-Prog. Numerical weather
prediction often uses an alternative approach, the sed€&flodel Output Statistics (MOS),
which attempts to correct systematic models errors and eamdhly skilful. Unfortunately
MOS-models are difficult to fit for the GCMs used in paleo-shiations (cf. Widmann et al.
2003), and therefore we will use a Perfect-Prog downscatingel to estimate precipitation in
south-eastern Patagonia from the large-scale circulationr mid-Holocene simulations.

It should be noted that statistical downscaling alwaysmgsi.the stability of the statistical rela-

tionships through time. The validity of this assumptioneésydifficult to assess, and our results



should be seen as a first step towards providing simulatas®d mid-Holocene precipitation
estimates for south-eastern Patagonia, and as a test wipetiogpitation estimates based on
this assumption lead to an agreement between downscatedtelsimulations and lake level
proxies.

Coarse-resolution climate simulations can also be cordpaith large-scale climate features
estimated from local proxy data by means of some type of ‘alpsg’. The aforementioned
proxy-based hypotheses on mid-Holocene circulation amengkes for the (implicit) use of up-
scaling relationships that are derived from meteoroldgicasiderations, while many tempera-
ture and circulation reconstructions for the late-Holacare objective statistical relationships,
which have been derived in the instrumental period (cf. Metnal. 1999; Jones and Widmann
2003; Luterbacher et al. 2004). Although our study does mpti@tly formulate upscaling
models, the backward interpretations of our downscalingefsprovide one type of several
mathematically plausible upscaling models and can be coedpa the upscaling relationships

implicitly used for the proxy-based circulation studies.

Simulations of the mid-Holocene climate have also been ected by other groups. Quasi-
equilibrium simulations with atmospheric GCMs for 6 ka BRwprescribed constant orbital
and solar forcing, SSTs and greenhouse gas concentraagasken performed for instance in
the framework of the Paleoclimate Model Intercomparisandt (PMIP) (e.g. Masson et al.
1999; Bonfils et al. 2004). Brown et al. (2006) analysed theldaode, frequency and phase of
ENSO in quasi-equilibrium GCM simulations for the mid-Hoéme and compared them with

coral records. To our knowledge our simulation is the firahsient standard simulation for



the mid-Holocene with an atmosphere-ocean GCM. Earliastesat GCM simulations that in-
clude the mid-Holocene have so far been performed with acateld orbital forcing (Lorenz and
Lohmann 2004; Hall et al. 2005), which reduces the numbectofedly simulated timesteps for
a given period and focusses on the atmospheric responsef(tteeHall et al. 2005 use a slab
ocean). Mikolajewicz et al. (2003) undertook 1000 year Igogsi-equilibrium simulations for
6 ka BP with a coupled atmosphere-ocean general circulatmetel and compared the results
with uncoupled simulations. The authors point to the imguace of the coupling because of
an intensification of the climate signal in the monsoon systed a warming of high northern
latitudes. A number of Holocene simulations have also beened out with models of inter-
mediate complexity (e.g. Ganopolski et al. 1998; Claussea.e1999; Weber et al. 2004;
Renssen et al. 2005). However, none of these simulationbdes analysed with a focus on
southern South America.

One aim of our study is to investigate the strength of the Eted SHWSs to orbital forcing. We
are not aware of earlier model studies of this question tiatg on the mid-Holocene. However,
there are several publications that analyse the SHWs ir-ggasdibrium GCM simulations for
the Last Glacial Maximum (LGM). For instance Wyrwoll et aR0Q0) find a latitudinal ex-
tension, intensification and poleward movement of the zoredn SHWs over South America
during the LGM southern winter relative to modern condisipwhich is attributed to reduced
temperatures and increased sea ice cover around Antafdtarale (2003) finds similar simu-
lated LGM SHWSs and compares them with proxy-based SHWs stagstions from southern
Australia. A systematic statistical analysis of the namheemispheric circulation response to

orbital forcing and of the dynamical mechanisms has beedwded by Hall et al. (2005). The



authors used a GCM simulation with accelerated forcingherlast 165 ka and found a strong
response of the northern annular mode during northern wihkeis, all of these studies suggest

a noticeable circulation response to orbital forcing.

A problem investigating the SHWs is their somewhat unclegmdion. This holds true for
both proxy and modelling studies. For example in model-thasedies Wardle (2003) consid-
ers the statistics of anticyclone system density and stiniognfer the position of the SHWs,
whereas Wyrwoll et al. (2000) consider a number of measuresding zonal mean zonal
winds, the eady growth rate parameter and high-pass transigly heat flux. In this paper
we define the SHWs in terms of the location and strength of xbateopical, maximum zonal
winds over South America along 7W at the 850 hPa level. We want however to acknowledge
that changes of the SHWs over South America can not direetlyssigned to the entire SH. A

more thorough discussion of this issue is given in Secti@n 5.

The paper is structured as follows: The next section intteduhe proxy site in south-eastern
Patagonia and climatic hypothesis based on the proxy ddtatiregion. Section 3 describes
the climate model, the experimental setup and the data seisse for the statistical down-
scaling. Section 4 contains the downscaling procedureedtian 5 the model results will be
presented including a discussion of possible driving meisimas of the zonal winds during the

mid-Holocene. Results are summarised and discussed inrséct



2 Proxy data and related hypotheses in south-eastern Patag-

onia
The regional focus of the following analysis is the Lagun&r®loAike (LPA; 52 S, 70 W)
which is located in the Pali Aike volcanic field in south-emetPatagonia. Here information
contained in the sediment cores of the crater lake LPA has&eaysed with respect to changes
of lake levels. The lake level changes at LPA are mainly adiei by the interplay of regional
precipitation and evaporation. This is due to the smalllmaent area (200 k) of the lake.
A surface runoff into the crater lake only occurs episodyctirough a few canyons during the
snow-smelt in spring. Westerly winds are prevailing dura@§o of the time (Haberzettl et al.
2005). Instrumental observational meteorological datZPat are only available for the last six
years. According to these data yearly mean precipitatioges between 150 and 300 mm. The
mean temperature is about 3@ (unpublished data, G. Oliva, pers. comm.). Longer records

of monthly precipitation are available from Rio Gallegogpait, 90 km east of the LPA.

Changes of the lake level at LPA are reflected by the sedimeptaxy indicators total in-
organic carbon content (TIC) and the oxygen isotopic contiposof lacustrine carbonates
(6'80carb). A reduction of the lake’s water volume as a responsenegative hydrological
balance leads to an increasing concentration of dissobétks This in turn causes the precipi-
tation of lake internal carbonate (TIC) if a certain thrdshis passed. When the lake level falls
below the threshold when all the carbonate has been praigdit TIC can no longer be used

as a proxy. Therefore precipitation of TIC reacts non-liheto changes in the hydrological



balance. A reduction of the lake volume leads also to higH&pcarb values in the precipitated
carbonates due to evaporative heavy isotope enrichmehedéke water (e.g. Li et al. 1997).
The observed wide range of isotope values clearly indidetetemperature-dependent isotope
fractionation (e.g. Teranes et al. 1999) played a minor. role

The average values of both proxies during the mid-Holoceamn®g (4.5 to 7.0 ka BP) clearly
indicate lake levels that have been lower than during theratestrial period, i.e. 1550-1850
(Fig. 1). It should be noted that the pre-industrial perié8d-1850 was exceptional in terms
of a lake level high stand at LPA that is unprecedented in tieeesHolocene. The reason for
the lower lake levels during the mid-Holocene is a negatiy@rdlogical balance, for which
potential causes are reduced precipitation, higher eatipar, higher air temperatures or higher
wind speeds, or a combination thereof.

A short sediment core from LPA has been studied by Habere#l. (2005) in terms of cli-
matically induced lake level changes during the last twdami&. Here TIC also was used as a
proxy for lake level changes. Lake levels were also recanstd to have been lower during the
late middle Ages and the 20th century compared to the LitBeNge. A similar climatic course
during the last millennium was reconstructed from a multiqy study of sediment cores from
Laguna Azul about 60 km WSW of LPA (Mayr et al. 2005).

Paleoclimate studies in the vicinity of LPA have also beetiantaken by Markgraf et al. (2003)
for Lago Cardiel, 330 km to the north of LPA. For the mid-Hatoe around 6 ka BP lake levels
are reconstructed to have been generally lower but withategefluctuations. These fluctu-
ations are not evident at LPA. This might point to latitudiddferences in the hydrological

climate within a few hundred kilometres.



Concerning the driving mechanisms of the lake level vatatiat Lago Cardiel, Markgraf et al.
(2003) argue that a shift within the position of the storrolisacontrols the moisture transport
into south-eastern Patagonia. The more northerly posafitime SHWs stormtracks to the north
of 50° S during the early Holocene they suggest allows Antarctid onts to advect mois-
ture from the South Atlantic in the East into southern Patégo During the late Holocene
the stormtracks shifted seasonally with an overall morddraeral, i.e. a south-north oriented
behaviour. These shifts in the position resulted in lessrantke variable moisture due to the
season-dependent position of the stormtracks. This resoftrms the hypotheses of a former
study carried out by Markgraf (1993) based on palynologieabrds in southern Patagonia.
Here it is concluded that the modern situation with a promedrseasonal shift in the position
of SHWSs has not been established before 4.5 ka BP. In a ma@sttrpaper, Gilli et al. (2005b)
propose increased activity of the SHWSs during the mid-Hetec The authors draw their con-
clusions also on sedimentological and petrophysical amabf cores form Lago Cardiel. Itis
hypothesised that the strengthening is possibly causedh lnycaease in the temperature gra-
dient as a result of enhanced influence and/or southwardatiogrof the southeast Pacific
anticyclone and a larger Antarctic sea-ice extent.

For the mid-Holocene, especially after 6 ka BP, pollen artingent records in south-eastern
Patagonia are interpreted by Schabitz (1999) and Mantaii €005) as indications for higher
seasonal variations in the latitudinal positions of the SH¥@mpared to the present. This
hypothesis is also based on the assumption that the hydralagignal in the proxy data is
mainly controlled by the easterly advection of humid air sessfrom the south Atlantic into

south-eastern Patagonia.



The previously introduced studies formulate qualitatigstamptions on the links between the
large-scale atmospheric circulation (SHWSs) and the logdidiogical climate in south-eastern
Patagonia. The aims of the paper in this respect are i) toratashe the mechanisms linking the
local hydrological regime in terms of precipitation in sugtastern Patagonia with the large-
scale atmospheric circulation and ii) to investigate ongtrength of these relationships (cf.

section 4).

3 Model description and Experimental Setup

The model we use for the transient simulations of the midekl@he is the coupled atmosphere-
ocean general circulation model ECHO-G (Legutke and Vo€9119It consists of the atmo-
spheric part ECHAM4 (Roeckner et al. 1996) and the oceamtdHf@PE-G (Wolff et al. 1997).
Both sub-models have been developed at the Max Planckutestif Meteorology in Hamburg.
The atmospheric model has a horizontal resolution of T3pr@p 3.75 lat x 3.7% lon) and
19 vertical levels. The ocean model HOPE-G has an effectvedntal resolution of approx-
imately 2.8 lat x 2.8 lon with 20 vertical levels, five of them between 200 and 10.HRahe
tropical regions a grid refinement is employed with decregasneridional grid-point distance.
This increased resolution reaches a value of @isthe equator and should allow for a more
realistic representation of ENSO events. The climate misdadjusted for freshwater and heat
fluxes in order to avoid climate drift. The flux adjustment,ig¥hhas to be calculated from
observational data, is held constant in time and has no aopda. Since the flux-adjustment
is derived from observational data and not sufficient infation is available to estimate it for

other time periods. Therefore it is the same in all simutaicAlthough Brown et al. (2006) use
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a non-flux adjusted model in their time-slice experimerdstie mid-Holocene to our knowl-
edge no multi-centennial simulations with non flux-coreecAOGCMs have been carried out
until now. Long transient simulations without flux correaticould however help to assess the
influence of the flux correction on time scales of centuriesthivt these non-flux corrected
simulations one can only speculate on the potential effects in terms of oceanic sea ice or
atmosphere-ocean heat exchanges in high latitudes andiocegions influenced by the EI-

Niflo Southern Oscillation.

The present experimental setup includes two forced simonisfor the mid-Holocene. Both
have been initialised at the end of a 500 year spin-down ab(guasi-equilibrium) run with
constant (orbital, solar and greenhouse gas) forcing foa BR The reference experiment is
a 300 year long control simulation with constant pre-indakforcing (hereafter denoted as
'CONPRE)).

The first experiment, in the following denoted as 'ORB’ (Qal), is carried out using only
variations in the orbital forcing between 7 ka BP and 4.5 kaBé&rger and Loutre 1991). The
solar constant has been set to a value of 1365 Wamd the greenhouse gas concentrations to
280 ppm (CQ), 700 ppb (CH) and 265 ppb (MO), respectively.

Figure 2 shows the differences in insolation due to orbiatihg between different times of
the mid-Holocene (7 ka BP, 6 ka BP, and 5 ka BP) and the presgntalues. The SH shows
a negative insolation anomaly during summer (DJF) in thellditudes and tropics extending
into the high latitudes. In winter (JJA) the differencespaositive over the tropics. In the course

of the mid-Holocene the amplitude of the insolation diffezes decreases.
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The second experiment, in the following denoted as 'ORB&®Bb({tal, Solar and Greenhouse-
gas), is carried out using additional variable solar anémgneuse gas forcing. The solar forcing
was estimated by scaling production estimated ¢fC (cf. Solanki et al. (2004)) such that the
difference between present-day and Maunder Minimum salarity is 0.3% (Crowley 2000)
(Fig. 3, upper panel). This value is well within the range iffiedent solar reconstructions (Bard
et al. 2000).

The greenhouse gas concentrations are deduced from giett@pAntarctic ice cores and have
been provided by Fluckiger et al. (2002) (Fig. 3, lower parieue to the high uncertainty in-
volved in the reconstruction of the volcanic activity dyyithe time of the mid-Holocene, this
forcing was not included into this experiment. All expermtehave been carried out with fixed

prescribed (pre-industrial) vegetation.

The ECHO-G model has been used with constant stratosphesiedistribution. A number

of papers have addressed the importance of the interadigtmseen ozone and the incoming
solar radiation. For example, Frohlich and Lean (2004festiaat the variations in the solar
output are most pronounced in the short wavelengths cdintydhe creation and destruction
of stratospheric ozone. However, for a proper simulatioozmine dynamics a higher resolved
stratosphere would be necessary. Therefore Lean et al.5(200pose to extend the upper
boundary of GCMs even above the stratosphere and usingaibeotsolved rather than total

irradiance variations. For the time of the mid-Holocenecsadly resolved information on solar

irradiance is however not available.

The absorption of shortwave radiation by stratospherimezaso has implications on tropo-
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spheric temperatures and circulation. Rind et al. (2004¢kmle that stratospheric temperature
changes related to stratospheric ozone dynamics lead tgadiveephase of the AO during the
Maunder Minimum. Thompson et al. (2005) analyzed stratespfroposphere coupling in the
Southern Hemisphere and found that changes in the strasiolar vortex precede anoma-
lies in the SH annular mode (SAM), which in turn lead to chanigesurface temperatures over
large parts of Antarctica. Because of the lack of a dynanozahe module in ECHO-G the
ozone-related effects on tropospheric temperatures aadlation can not be captured by our
model simulations.

Sea ice cover is interactively calculated with a sea ice hdde mid-Holocene sea ice initial
conditions have been prescribed. Instead, we assume ttiag)diobe 500 year spin-down simu-
lation the sea ice has adapted to mid-Holocene conditionk@aBP. The importance of oceanic
sea ice for the synoptic variability in the circum-Antacategions has been highlighted by sev-
eral authors (e.g. Carleton 1983; Simmonds and Wu 1993;id¢atind Simmonds 1995). For
example, Simmonds and Wu (1993) find in their sensitivitglgtwith a GCM more cyclones
in the sea ice-free Weddell and Ross Seas. The changes ogeyesis are however mainly
restricted to a latitudinal band centered over the Antauadast. We will not provide a detailed
analysis of the oceanic sea ice variability here, since ooug is much further to the north.
It will also be shown later in the paper that most of the changmcerning the SHWs in the

mid-Holocene are linked to changes in the upper troposphere

The present-day atmospheric data that will be used for ttabkshment of relationships be-

tween circulation and precipitation at LPA are provided bg Climate Diagnostics Center
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(CDC). Toinvestigate the large scale atmospheric cirmnate use the NCEP/NCAR-reanalysis
data (Kistler et al. 2001). These data were obtained usirtgta-ef-the-art analysis/forecast
system to perform data assimilation using past data fron8 184he present. The spatial res-
olution is 2.5 lat x 2.5 lon. It has been interpolated on the ECHO-G grid with 3.1&& x
3.75 lon. The large scale atmospheric fields have been extrastetd region 90 W-40° W
and 35 S—70 S. The precipitation data stem from the VASCLIMO projecttfue period 1951—
2000 (Beck et al. 2004). The precipitation data have beelitgohecked and were interpolated
onto different grid resolutions. Here the 0drid has been used for analysis. The precipitation
for the downscaling will be taken for the grid point corresdimg to LPA. Additionally, station
data from the World Meteorological Organisation (htts8dicar.edu/datasets/ds570.0/) have
been used to calculate the relation between a simple cironlandex and precipitation at Rio

Gallegos.

4 Downscaling of the large-scale circulation

In order to investigate the links between the large-scatikition and local precipitation we
use a two-step strategy: In the first step we show that a ctiondzetween local precipitation
and circulation is already evident using a simple circolaindex. In the second step we set up
a statistical downscaling scheme including regressionaisathat we then apply to the simu-

lated large-scale circulation of the mid-Holocene.

Since the reanalysis data can deviate from observatiote| especially prior to the mid-1970s,

we use in a first step instrumental station data to test whetleéculation-precipitation con-
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nection is evident. A sea level pressure (SLP)-index haa bakulated and correlated with
precipitation in south-eastern Patagonia. The statioteyiag this index are Argentine Island
at 65.30 S; 64.30 W and Puerto Madryn at 43.3(®; 65.40 W. For precipitation we use
monthly observations from the Rio Gallegos internatiomgdat. Fig. 4 shows the location of
the stations together with the location of the city of Rio légbs and LPA.

The SLP index will be called South American Zonal Index (SAZhd it has been defined
as the normalised monthly pressure difference betweend®Madryn and Argentine Island.
High SAZI values indicate a pronounced westerly circulatimegative indices a reduced west-
erly circulation. The zero line indicates the mean westl#dy. Since the data at Argentine
Island only extend from 1958 to 1982 the analysis is basetiigriitne interval.

The histogram of monthly precipitation at Rio Gallegos (sbbwn) reveals that the data are
not normally distributed. Therefore the data have beerntdagsformed prior to the analysis.
Fig. 5 shows the evolution of the SAZI pressure index togethth the log-transformed pre-
cipitation time series at Rio Gallegos for DJF and JJA, retpaly. The linear correlation
coefficient between the two time series is -0.41 (DJF) ansb-QJJA). Thus, a positive index
is related to negative precipitation anomalies and vicsaieDynamically, this implies that a
reduction in the intensity of the westerly winds is ass@datith positive precipitation anoma-
lies at Rio Gallegos.

As already mentioned in the introduction, the climate medelse has a quite coarse resolution
and therefore the simulated local-scale variables, sughexspitation, cannot directly be used
over the complex terrain of southern South America. Usimgatginal climate model precip-

itation output would lead to false conclusions about theneation between precipitation and

15



the large-scale circulation. To obtain more reliable rssthle large-scale simulated fields have
to be downscaled. Afterwards the results for the local staihebe expected to be more reliable
since e.g. the lee-effect of the Andes mountains that is rtapofor the climate in south-eastern
Patagonia is included implicitly in the downscaling modetause the models were calibrated
with observational data. The following section introduttes downscaling methodology that
will be applied to the model simulations in the next sections

For the large-scale atmospheric data set the NCEP/NCARikgss data will be used (Kistler
et al. 2001). The correlation between the NCEP-SAZI and thtos-based SAZI is about
r~+0.8 for JJA. During DJF the correlation is lower arourd0.6. This point might be of spe-
cific importance when estimating the performance of the dmaling models, since the NCEP
data show discrepancies to the observational record (ftindudiscussion refer e.g. to Sim-
monds and Keay 2000, and Bromwich and Fogt 2004). Unforéiypadue to the shortness of
the observational pressure data ending in 1982, we cantnoiaés whether the correlations be-
tween the station-based SAZI and the NCEP SAZI improve irptred between 1981-2000.
Furthermore the NCEP-data show trends in the leading SLE-RGich are most pronounced
during DJF (cf. Thompson et al. 2000). As it is not a prioriacléhat these trends are related
to precipitation trends, we take a prudent approach fomeding the regression coefficients
that link the SLP PCs to VASCLIMO precipitation, and detraadddata prior to determining
the downscaling model. This ensures that the regressidfiaiests are not influenced by the
trends. The final downscaled precipitation for the mid-Helwe is obtained by applying this
downscaling model to predictors that have not been dettenBler comparison we have also

fitted downscaling models without detrending and obtaineular results for the downscaled
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precipitation. From the VASCLIMO gridded precipitationtdaset (Beck et al. 2004) we se-
lected the grid point that is closest to LPA. An advantagenefWASCLIMO data set is that it

comprises another ten years of quality-controlled data.

For downscaling we use principal component regression jPi@Rhich standard multiple lin-
ear regression (MLR) is applied to a subset of the leadingcpal components (PCs) of the
predictor field (cf. Luterbacher et al. 2002). We have tes¢eeral combinations of large-
scale predictor fields (SLP, geopotential height, zonalraeddional wind, relative humidity)
and have obtained the best results for the model validasorguSLP and 500 hPa zonal wind
(U500) as large-scale predictors.

Using PCR, the predictor PCs can either be calculated sepafar the two fields, or the prin-
cipal component analysis (PCA) can be performed for the doation of the two fields (after
the fields have been subjected to an overall scaling thatensdentical total variance in the
two components). The model performs best with predictor ffi@s separate PCAs. However,
in this model setup the leading PCs of SLP and U500 are hightetated (~+0.8). Due to
this co-linearity the regression models are not robust badégression coefficients cannot be
physically interpreted. The physical plausibility of thegression models is, however, of spe-
cific importance, since we want to apply the statisticaltreteships in a climate supposedly
different from present-day conditions. Therefore we degitb use only the leading PCs of the
SLP-field as predictors in our final model. Since the PCs amgéne regression models are not
correlated, the regression coefficients are independerasia consequence the final regression

weights for the SLP fields, which will be shown below, are algonamically consistent.
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Our multiple regression model can be written as

APREC),(t) = ap + Z ay et (1) + €(t) (1)

whereAPREC),,(t) are the log-transformed precipitation anomaligsare the regression co-

efficients ancjocSLP b

are the predictor PCsy is zero in our case since we use precipitation
anomalies. The index k runs from 1 to the number of predidfoM/e use the leading 5 PCs of
the SLP fields that explain approx. 90% of the total variarRetaining this number of EOFs
does not violate the North et al. (1982)-test, i.e. with alestion we do not truncate pairs or

multiplets of degenerated EOFR«t) are the residuals that can not linearly be explained by th

regression model. We formulate the models separately fmyeseason on a monthly basis.

The skill of the downscaling model has been assessed thicrogk-validation. Here we use a
modified leave-one-out method (cf. Michaelson 1997) in Whie estimate precipitation for

one month based on a statistical model that is fitted usingaiiths with the exception of a

5 month window centred around the month to be estimated. Wleelenore than one month
out to account for the weak temporal autocorrelation in tieeligtor PCs. This technique does
however not completely solve the memory problem, but in reases the autocorrelation falls
to values below 0.1 after two months. Furthermore, applyivig procedure, the month to be
predicted is always separated by one year from the montlusfasealibration.

All estimated months are finally concatenated and then comdpa the true precipitation. As

skill measures we use the Pearson correlation betweenageirand the true precipitation, the

root mean square errors (RMSE) and the reduction of error éRE Cook et al. 1994 ). The
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RE compares the RMSE of the downscaling model with the RMSEmuf-knowledge estimate,
which is here chosen to be the climatological mean. The rahB& values is betweenoo and

1. Values of 1 indicate perfect reconstruction, values agdiindicate that the reconstructions
are as good as the climatological mean and negative valda&sate reconstructions worse than
using the climatological mean. All three skill measuresstrewn in Table 1, along with the
correlation for the fitting period with all months betweerb1%nd 2000 included. The corre-
lations are based on the log-transformed precipitationamadtatistically significant at the 1%
level for all seasons in the calibration and validation eriThe RE values and the RMSE are
estimated on the basis of the absolute precipitation vatuee verification period.

In general the performance of the models is quite low witthbgl correlations in the vali-
dation period in JJA. The latter can possibly be explainedhigymore vigourous circulation
during southern hemispheric winter over southern Southi#gaén the model and the stronger
connection between the large-scale circulation and pitatign. The downscaling model for
summer (DJF) shows very unsatisfactorily results for thHedaéion period, since only 6% of
the variance in the validation period can be explained. @asan for the weak performance of
the models might be related to processes controlling pitatipn that act on the sub-monthly
timescale, e.g. in terms of short-lived circulation andesaihat are not captured in the monthly
mean large-scale circulation fields. However, it could dledhat precipitation is influenced by
processes independent to the atmospheric circulation geigmoisture content, SSTs in the
South Atlantic). A further reason might pertain to the qtyatif the NCEP/NCAR reanalysis
data in the time prior to 1979. The cross-validation basetherperiod 1979-2000 does, how-

ever, not lead to an improvement of the model skill. Furtheemt should be noted that the
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skill measures refer to the performance of the models atanteial time scales. Therefore the
guestion arises to what extent these skill measures ar alalb for the decadal or centennial

variability.

The precipitation estimates in Eq. 1 are expressed as lowmabinations of the PCs, because
this is how the statistical model is originally formulate&ince the PCs are defined as the
orthogonal projection of the anomaly field onto the EOFs,abmated precipitation can be
expressed equivalently as a weighted mean of the origimdlogil data. The weight patterns
are given by the sum of the EOFs weighted with the MLR regogssoefficients:; 2. This
representation of the downscaling model is well suitedrieestigating the physical plausibility
of the statistical downscaling model. When too many PCs seel in our downscaling model
the weight patterns appear meteorologically implausibles is due to the fact that the higher
EOFs are multipole patterns which often do not represenauhycally consistent large-scale
circulation anomalies, or which capture circulation tel@gections that are misleading when
applied in the downscaling context. Although includingheg PCs may slightly improve the
fitting and validation statistics of the downscaling modet emphasise physical plausibility
when selecting the final model, as this increases the chaatéhe downscaling model can be
applied in a meaningful way during the mid-Holocene. We thss only a few leading PCs
which are mostly connected with physically plausible EORswever, the leading EOFs can
still include circulation teleconnections, which needbédaken into account when interpreting
the weight patterns over regions that are far away from tlgeiha Potrok Aike region.

The SLP regression weight patterns are shown in Fig. 6. Taeye interpreted analogously to
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circulation anomalies, because SLP anomalies that havatialsgtructure similar to the weight
pattern will lead to positive precipitation estimates, aidilarly shaped circulation anomalies
with the opposite sign will lead to negative precipitatioromalies.

For DJF, the SLP pattern (Fig. 6, left panel) shows negatinaralies over the Pacific off the
western coast of Chile in conjunction with a latitudinal daxf positive anomalies around 68.
The JJA pattern (Fig. 6, right panel) is similar to DJF. Hoerethe center of the negative pole
is located over the Atlantic ocean and the positive anommalie centred south of South Amer-
ica. Hence both circulation patterns show a blocking-ltkecture reducing the strength of the
westerly circulation over southern Patagonia. The negatihomalies south of the Antarctic
Peninsula are possibly an artefact of the downscaling mddesum up, positive precipitation
anomalies at LPA are associated with weaker westerly winds/&ce versa. These are evident
in the blocking-like SLP weight patterns for both DJF and.JOese results are also consistent

with results obtained from the analysis of the SAZI and ppitation at Rio Gallegos.

5 Model Results
5.1 Precipitation at LPA during the mid-Holocene

To investigate precipitation at LPA during the mid-Holoeea downscaling of the simulated
large-scale circulation is carried out using the resultsioled in the previous section. As al-
ready mentioned in the introduction, an a priori shortcayrof this approach is the assump-
tion that circulation-precipitation connections haverbeenstant over time back to the mid-
Holocene. In this respect Villalba et al. (1998) concludesdd on the analysis of tree-ring data

in northern Patagonia, that the influence of high-latitudeutation on precipitation appears to
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be more significant during the twentieth century comparquegious times. However, we have
made the assumption that the dynamical links between atmeospcirculation and precipita-
tion at LPA have been similar during the mid-Holocene. Femthore, as discussed in the last
section, we only included a few physical meaningful preati€in the statistical model in order

to reduce the uncertainty related to the robustness of éinsfier functions.

The regression coefficients from the MLR analysis for thequet951-2000 have been used to
downscale the large-scale atmospheric SLP fields. The atediPCs have been used as predic-
tors. They have been calculated by projecting the ECHO-Gnaifies onto the NCEP/NCAR
SLP EOFs. The anomalies were obtained by subtracting thetdiogical mean of the pre-
industrial control simulation from the ORB and ORBSG sintigla. Thus, the resulting precip-
itation time series show differences with respect to theipdestrial climate. It should be noted
here that the downscaled precipitation changes are retetigdo circulation changes and not
changes caused by background thermal changes due to iosalhtnges. However, as will be
shown in the next section some of the thermal changes cayserbital forcing are included
implicitly through internal climate feedbacks.

Figures 7 and 8 show the estimated precipitation at LPA foB@Rd ORBSG for DJF and
JJA, respectively, obtained by downscaling the simulatege-scale SLP. The zero line refers
to the pre-industrial mean. The time series have been smdetith a 30 year Hamming win-
dow. Additionally the confidence intervals are given. Thesge estimated on the basis of
the standard deviations of the observed precipitationluads (=standard errors). Since a filter

has been applied on the estimated precipitation time sehegeduction of variance has been
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taken into account by dividing the respective twofold stdcerrors (corresponding to the 95%
confidence intervals) by/n, with n being the length of the filter window. The use ¢h is
justified, because seasonal precipitation at interanmuaktales shows autocorrelations close
to zero.

For DJF (upper panels of Figs. 7 and 8) the ORB simulation shavglight, albeit non-
significant, reduction in precipitation. The ORBSG simuaatadditionally shows a slight neg-
ative trend that is not evident in the ORB simulation. Thefo@nce intervals show a quite
wide range due to the weak performance of the downscalinghiodJF.

During JJA (middle panels of Figs. 7 and 8) both mid-Holocsimeulations show in general
increased precipitation with respect to the pre-induistoatrol simulation. Furthermore a pos-
itive trend is evident in both simulations.

The annual situation (lower panels of Figs. 7 and 8) showb#liincreased precipitation. Here
the ORB simulation shows a positive trend possibly indugeithb increase in JJA precipitation,
whereas the opposite trends in DJF and JJA in the ORBSG dionuleancel each other out.
(The annual precipitation anomalies are calculated orslmdsill four seasons; MAM and SON
have not been shown). To investigate mean precipitationgds Table 2 shows the differences
with respect to the pre-industrial control simulation tige with the significance of the differ-
ences for the different seasons and the annual mean. Theaést of the significance is also
based on uncertainties related to the observed twofoldiatdrerrors of the regression models.
Accordingly, during DJF and SON mean precipitation is lotem in CONPRE, whereas dur-
ing MAM and JJA it is significantly higher. On an annual bakis éstimated mean precipitation

is also slightly, albeit statistically non-significantcneased. It is important to note that the sign
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of the differences remains unchanged for all seasonspeotive of the additional solar and
greenhouse-gas forcing included in ORBSG.

Based on our analysis that considers precipitation to bentgjer driver of lake level changes
at LPA, the model results are inconsistent with the reswsetd on the proxy data that indicate
lower lake levels compared to the pre-industrial periodQt8850 (cf. Section 2). As previ-
ously discussed, lake level changes are the result of tegplaty between precipitation (P) and
evaporation (E). In the semi-arid climate of south-easRatagonia it is important to take also
into account changes of P-E to compare results with the stagted lake levels on a consistent
basis. However, since it is not possible to downscale tlggetacale circulation on evaporation
as no observational data are available, the model resuitsot@apture the full range of lake
level changes. Therefore it is possible that the changesnight result in P-E being consistent
with the reconstructed lake levels.

Furthermore also a change in the thermal background cleaistats might have a profound
influence on evaporation and precipitation and hence on ke changes. These thermal
changes are not captured by our downscaling method, sineemerature-sensitive predictors
enter into the regression models. Apart from those physszaons another explanation for the
deviations between the model and the proxy data pertairgetiatge uncertainties involved in
the statistical downscaling procedure (cf. confidencervale in Figs. 7 and 8). Additionally,
also uncertainties associated with the proxy data have takie® into account. Therefore, these

sources of uncertainty complicate the reconstruction @fdbal hydrological regime at LPA.
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5.2 Circulation changes over South America during the mid-Hblocene

As local precipitation at LPA is estimated by downscalingegional-scale SLP, in this sec-
tion we investigate firstly how the regional mean SLP difteesveen the mid-Holocene (ORB
simulation) and the pre-industrial climate (CONPRE sirtial@, and secondly how these dif-
ferences change through time, by analysing the SLP trends.

The mean differences for SLP between ORB and CONPRE are sind#g. 9. The DJF-SLP
pattern (Fig. 9, upper left) shows reduced pressure souii’db. According to the regression
weight pattern (Fig. 6) this results in reduced precipitatat LPA in ORB, as is seen in the
downscaled precipitation time series (Figure 7). Thisltesalso consistent with the modelled
ORB-SAZI (not shown), which shows an increased pressuigmaduring the mid-Holocene,
favouring reduced precipitation at LPA.

During JJA the situation is different. The mean SLP (Fig.&er right) shows increased pres-
sure southwest of southern South America with maximummdiffees around 6@, resulting in
reduced pressure gradients, as is also evident from thelled@AZI of the ORB simulation.
This pattern is also consistent with the estimated increggeecipitation at LPA. It is important
to note that these circulation changes are also evidengimehitropospheric layers, e.g. for the
zonal winds at the 850 hPa level. This level will be used inriBgt section for the analysis
of changes in the position of the SHWs in the model simulatidrherefore it is already noted
here that there exists a close relation between changes BLR field and changes in the zonal
winds at the 850 hPa level.

The lower panel of Fig. 9 shows the linear trends of the SLEdieDnly statistically significant
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values at the 5% level are given. The significance has beanatstl on the basis of a linear
regression analysis. The DJF-SLP pattern (Fig. 9, lowé) $fiows a negative trend south of
60° S, which could be expected to result in a precipitation desze However the downscaled
precipitation time series shows no indication of such adrérhus, the trend south of 6@ is
possibly too weak or remote to exert an influence on the pitatipgn at LPA. In JJA the pattern
is again quite different, with negative SLP trends in thelmoest of the domain between3S
and 40 S and positive trends between°58 and 70 S with maximum values around S0V
and 65 S (Fig. 9, lower right). This results in increased precipita in the course of the

mid-Holocene during JJA, as is seen in the precipitatior ts@ries of Fig. 7.

5.3 Simulated position of the southern hemispheric zonal wids along

0W

The previous section considered the regional pressuregellaand their relationship to pre-
cipitation changes over southern South America. This @ectind section 5.4, consider the
larger-scale circulation changes in the context of the SHW ¢t is changes in these that proxy
studies such e.g. of Markgraf (1993) and Schabitz (1999¢ llaawn their conclusions. Note

that this paper mainly focuses on the SHWs over South Amesic@hanges in the westerlies
may differ in other regions (Wyrwoll et al. 2000). As alreadgntioned in the introduction we

want to annotate that the regional diagnosis of the SHWs $gath America do not necessar-
ily reflect conditions over the entire SH. In Section 5.4. Wwerefore also consider horizontally

zonal winds over the SH.
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To investigate possible changes in the position of the satedlzonal winds over southern South
America we analyse the location and strength of the simdilist@ximum zonal wind velocities
(MZWs) along 70 W over the SH, at different tropospheric levels (200, 500 5@ hPa). A
number of diagnostics of the SHWSs could be used (e.g. Wyretadll. 2000). We chose this
relatively simple index because more complex analysisyste the scope of this paper.

In the following we restrict the definition of the SHWSs to th&08hPa level. This is motivated
by the fact that we wanted i) to exclude wind influencing peses related to surface conditions
and ii) to distinguish the extratropical westerlies in tbe/ér troposphere from the southern jet
streams in the upper troposphere. Therefore we expectinabnal winds at the 850 hPa level
reflect best changes related to the extratropical wessedie which the aforementioned proxy
hypotheses are drawn.

The evolution in the MZWs at the different tropospheric Iayis given in Figure 10. In DJF
the simulated MZWs show a more poleward position comparé¢ae@re-industrial simulation
at all levels. The latitudinal differences are mostly pronced at the 200 hPa level (Figure 10,
left panel). In both simulations the decadal to centenraailability dominates the millennial-
scale variability and no clear long-term trends can be detexd except for the 850 hPa level
for ORBSG. Here the poleward deflection does not occur b&@%) BP. During JJA (Fig. 10,
right panel) the MZWs in the ORB and ORBSG simulation showeregquatorward positions
compared to CONPRE at all levels. However, a poleward tremides200 hPa level is evident
only in the ORBSG simulation.

The results for the mean position and intensity of the MZWs sarmmarised in Table 3 for

the CONPRE, ORB and ORBSG simulations. During DJF a sigmfipaleward deflection
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is evident at all levels, except for the 850 hPa level in theBSR simulation, because of the
more equatorward position until 6250 BP (cf. Fig. 10). Theemsity of the MZWs is also

significantly increased with the exception of the 200 hPallstitowing reduced intensities. In
contrast to DJF during JJA all levels show a significantly enequatorward position together
with mostly significantly increased MZWs. Thus it can be daded that the model simulation

indicates intensified seasonal variations in the positr@hthe intensity of the SHWSs during the
mid-Holocene. The following section will investigate thertical and hemispheric-scale extent

of these changes.

5.4 \ertical and hemispheric analysis of southern hemisphig zonal winds

To investigate the changes in zonal winds identified in $acdsi.3, in this section we consider
the vertical circulation along along 70V and the hemispheric circulation at different levels.
Before looking at the differences in the mean flow betweemtlteHolocene and pre-industrial
simulation, we first consider the mean flow in the CONPRE satioh.

The simulated mean zonal flow along®AY¥ is shown in the upper panel of Fig. 11 for the
pre-industrial simulation for DJF (left panel) and JJA fiiganel). The model reproduces well
the known double jet structure in JJA (the low latitude sojpical jet (STJ) and the high latitude
polar frontal jet (PFJ)) and the single jet structure (PRIDPJF (cf. Trenberth 1987; Hurrell
et al. 1998). The middle and lower panels show also that theehewmrrectly captures the larger
latitudinal extension of the zonal winds in austral winteart in austral summer (Hurrell et al.

1998). However the model does not capture the fact that b2@WhPa in some areas of the
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SH the westerlies are stronger in summer than in winter @egh 1982; Hurrell et al. 1998),
although over southern Patagonia at arourfd%@igher winds are evident in this season.
The upper panel of Fig. 12 shows differences of the zonal svindthe ORB simulation for
6 ka BP-5.7 ka BP and the pre-industrial control simulatar¥JF (left panel) and JJA (right
panel). During DJF a tripole pattern with increased zonaldsibetween0S and 10 S in the
upper troposphere and between &and 60 S in the whole troposphere is evident. Winds are
markedly reduced mainly in the upper troposphere betwees Hnd 40 S. Thus, during DJF
the PFJ moves southwards, together with a southward moverhtre westerlies, resulting in
an increase in westerly winds (cf. also Fig. 9 upper right)isTpattern is also evident in the
middle and lower left panel of Fig. 12, which clearly showatttihe pattern also applies to other
longitudes over the SH. At the 850 hPa level the differenndbke extratropical SHWs are not
as pronounced, but still are discernible.

The JJA pattern is markedly different to DJF. It shows a taggattern but with maximum
negative wind anomalies at 200 hPa centred arodr&l&nd 50 S and positive wind anomalies
around 30 S. The STJ has intensified and become more focused in theneeggaween 20S
and 40 S. Itis the movementin this jet that is shown in the chang@sarimum wind speed at
the 200 hPa level. The PFJ, however, is more strongly linkexitface westerlies (Nakamura
and Shimpo 2004). The STJ strengthening is greatest ovéabiéic and South America, and

is weaker over the Atlantic and Indian Oceans, and furthethraver the Australian sector.
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5.5 Links between zonal winds and meridional temperature gadients

Westerly flow in the SH is thought to dominantly be maintaibgdeedback between transient
eddies and the zonal flow (Lorenz and Hartmann 2001). Thecemfrthe eddy activity is re-
lated to instability associated with the lower troposph&gmperature gradient of mid-latitudes.
More recent analysis suggests also an oscillatory feedbaivkeen medium frequency eddies
and the zonal flow (Rashid and Simmonds 2004). Thus the ateiof the simulated merid-
ional temperature gradient, which is investigated in teiion, may be expected to be related

to changes in the zonal winds.

The upper panels of Fig. 13 show the differences of the tnoipexsc temperature gradients
along 70 W between ORB (6 ka BP-5.7 ka BP) and CONPRE for DJF and JJecésely. In
DJF the temperature gradients are increased over the soyghes of South America between
40 S and 60 S in the middle atmosphere up to a level of 200 hPa and decreasethe central
parts between 20S and 38 S. This pattern is evident over most of the SH. The increased |
latitude temperature gradients may be related to the dtvengng of the STJ, which is driven
by differential heating between the tropics and the sulitsofi.orenz and Hartmann 2001),
although the SH STJ has also been found to be related to thétyaof the Asian summer
monsoon (cf. Nakamura and Shimpo 2004 and referencesterei

During JJA temperature gradients are increased over thietparts of South America between
15° S and 38 S extending into the upper troposphere, but reduced ovesdhthern parts

between 45S and 70 S. The lower right panel of Fig. 13 showing the situation fog entire

30



SH is also consistent with the profile along® . Hence the STJ strengthens, whereas the PFJ
and the surface westerlies weaken due to reduced tempegaadients.

The changes of the temperature gradients could possiblydaieed by changes in the orbital
forcing, since the only difference between the ORB and CORBiRulation are the differences
in the orbital configuration. Thus, due to the increased &xgjtta-pole insolation gradient in JJA
there is an increased low latitude meridional temperattadignt. However, it is also possible
that the increased heating over North America has strengthéhe STJ over South America
(Yang and Webster 1990). The reduced temperature gradiéeow datitudes in DJF may also
be related to the reduced insolation gradient in this season

To sum up, insolation differences due to changes in theairoitcing exert an influence on the
intensity and position of the zonal winds via changes in thenal temperature gradients. In
the region of southern Patagonia, however, the situatioouster-intuitive since here the zonal
westerly winds are increased during DJF and reduced dudfagAh interesting result concern-
ing the differences in the wind velocities is the therefooa-uniform sign of the response with
respect to latitude. Due to the latitudinal movement of thieet winds some regions experience
reduced wind velocities, whereas others show increasettitiels. This point emphasises the
need for regional resolved analysis in order to detect tfierdnt effects of changes caused by
the external forcing on the atmospheric circulation.

Concerning the influence of the solar activity on the zonaldsidifferences between periods
of increased and reduced solar activity have been analjReslilts suggest that changes in the
solar activity also modify the intensity and position of #t@nal winds. However, the amplitude

of the differences is markedly weaker compared to changksed by the orbital forcing.
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6 Discussion and Conclusions

This study investigated the hydrological regime in soudktern Patagonia during the mid-
Holocene. Information from both proxy data and from trans@mulations with the general

circulation model ECHO-G were analysed. To close the gawdzt the large-scale climate
variability represented by the simulation and the localesclimate signal in the proxy data a
statistical downscaling was applied to estimate predipitain south-eastern Patagonia. The
climate simulations also allowed comprehensive analyseraospheric circulation changes,

in particular with respect to the SHWs.

For the mid-Holocene a number of proxy studies formulategabliyeses on potential changes
of the SHWSs over South America (cf. Markgraf 1993; Schab@89; Lamy et al. 2001; Jenny
et al. 2003; Markgraf et al. 2003; Mancini et al. 2005; Gilliad. 2005a; Gilli et al. 2005b).
These hypotheses were usually derived in a two step protessfirst step proxy indicators
from sediment cores, for instance total inorganic carbd@)Ti) or pollen data (ii) were used
to reconstruct the paleoenvironmental state in terms of lakels (i) or the distribution of
paleovegetation (ii). Based on these reconstructionsantes on the large-scale circulation
in terms of the SHWs were made in a second step. This secopdsste general based on
gualitative conceptual models on the link between the lengironmental state and large-scale
winds. The lack of sufficient instrumental meteorologi@dards and the potential differences
between modern and past climate make it in general diffioudietrive these relationships from
an empirical basis. Therefore it is often implicitly assuhtleat variations in the proxy record

can be explained to a large extent by changes in the westanigsw As a consequence of
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the limited empirical knowledge there is for instance noeagnent on whether precipitation
changes are related to changes in the position or in thesityeof the SHWSs or to both. It
should be noted that the answer can depend on the season Hradlocation.

We therefore followed a quantitative approach to investighe characteristics and also the
strength of the circulation-precipitation relationshipsiouth-eastern Patagonia. In the observa-
tional data we found a negative correlation between thagtheof the near-surface winds and
precipitation in south-eastern Patagonia. The strengthiefelationship is in most cases only
moderate on a monthly basis. Correlations are highest inwhAre the strength of the west-
erly winds explains approx. 25% of the precipitation vaitigh Thus, in general our results
confirm the dynamical processes that have already beenajivaly proposed by Markgraf
(1993) and Markgraf et al. (2003). However, the fact that aenfd only a moderately strong
circulation-precipitation link does not support the hypegis of a pronounced link between
zonal winds and precipitation in south-eastern Patagbiaiais often assumed in the context of
proxy-reconstructions.

Despite its limited strength we used this link to establististical downscaling models and
applied them to estimate precipitation in south-eastetagéaia from circulation differences
between transient climate simulations of the mid-Holocama equilibrium simulation for the
pre-industrial period. When selecting the downscaling ehoeimphasis was given on physical
plausibility since it was used in a climate presumably défe from the climate of the fitting
period.

The precipitation in the mid-Holocene estimated with dosatisig models calibrated in the sec-

ond half of the 20th century is higher during March to Augusd éower during September to
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February compared to the pre-industrial period. The redli@# precipitation estimates are
due to increased near-surface westerly winds, the inaded®® precipitation is the result of
reduced westerly winds. Precipitation is also slightly@ased on an annual basis. The differ-
ences of the estimated precipitation are similar in botrQREB and ORBSG simulation. This
implies that the additional solar and greenhouse gas @ici®ORBSG does not substantially
affect the mean precipitation differences. In the courdb®imid-Holocene there are, however,
distinct differences between the ORB and ORBSG simulati@eeadal time scales.

Under the assumption of precipitation-driven lake levelsRA, the higher annual precipitation
estimates obtained from the downscaled simulations appeansistent with the lower lake
level reconstructions during the mid-Holocene at LPA coregdo pre-industrial conditions.
Assuming that the simulated circulation response to thé@adrtmrcing and the reconstructed
lake levels are realistic, this leaves different posdibai

- Lake level changes are the result of a combination of pitatipn variability and wind- or
temperature-driven evaporation variability, and as a equence our precipitation estimates
can not fully explain lake level changes at LPA during the#dmlocene.

- The mid-Holocene precipitation in the LPA region may noelaplicable by differences in the
circulation. This would be consistent with the fact that to@nection between monthly mean
circulation and precipitation is only moderate. The staiéd description for the circulation-
precipitation link could possibly be improved by formutagidownscaling models on a daily
rather than monthly basis, in order to account for synogtile processes. However, this anal-
ysis would be strongly restricted by the short observatiem@ence on a daily basis.

- The link between mean circulation and precipitation mapdde such that it can not be well
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captured by a linear statistical model.
- The relationship between precipitation and circulatiwhjch was derived from recent data

and assumed to be constant through time may have changed.

As already mentioned, changes in the paleoenvironment @& used to derive hypotheses
on the position of the SHWSs over South America. Schabit®9)&nd Mancini et al. (2005)
suggested an increased seasonality of the SHWSs at 6 ka BRacedt modern conditions. In
contrast, Markgraf (1993) and Markgraf et al. (2003) codellithat modern conditions with
a pronounced seasonality were not established before 4BRk&illi et al. (2005b) propose
an increased strength of the SHWSs during the mid-Holocenehi$ respect our simulations
indicate a stronger seasonal variability of the SHWs thhawg the whole mid-Holocene from
7 ka BP until 4.5 ka BP compared to preindustrial conditicarsd thus do not support the
hypothesis formulated in Markgraf (1993) and Markgraf et(2D03). The hypothesis of Gilli
et al. (2005a) is only partly consistent with our simulai®ince stronger SHWSs are only
evident during DJF and SON (not shown), whereas during JAA/BXM (not shown) the SHWs
are reduced. This result points towards the importance agael differences in the strength
and position of the SHWSs during the mid-Holocene compargatéeindustrial conditions.

We have also investigated the vertical structure and hdrargppattern of the zonal winds. It
was shown that the ECHO-G model is able to reproduce the bestiares of the southern cir-
culation, including the subtropical and polar front jeesims (cf. Lorenz and Hartmann 2001;
Hurrell et al. 1998). The simulated large-scale respon#igecditmospheric circulation to orbital

forcing is consistent with former studies that find similasponses (cf. Wyrwoll et al. 2000;
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Hall et al. 2005). The basic patterns of orbitally inducedraies in atmospheric circulation for
the mid-Holocene are characterised by an narrowing andsifteation of the southern subtrop-
ical jet during JJA and an extension and reduction in thensitg of the jet during DJF. Since
our analysis focused on changes of the SHWs over southeth 8merica these results cannot
directly be translated on the entire SH. The analysis foretiére SH does however indicate
that the basic structure holds true, especially during INBJA, the changes in the SHWSs are
also longitude dependent, as found also by Wardle (2003h&oLGM.

Regarding the driving mechanisms, the circulation respaas possibly be explained through
changes in the tropospheric meridional temperature gngsleaused by the orbital forcing. Re-
gions with increased zonal winds are related to regions wnitreased meridional temperature
gradients. The poleward located regions are however cesised by different conditions. In
JJA, for example, the increased zonal winds and meridi@maperature gradients in the sub-
tropical jet are associated with reduced zonal winds ovethewn South America and reduced
gradients in the polar frontal jet. As a consequence thetxgiical westerlies over southern
Patagonia are weaker during the mid-Holocene despite aimterese upper tropospheric south-
ern jet stream. This demonstrates the latitude-dependspbnse of the atmospheric circula-

tion to changes in the orbital forcing and emphasises the fuga regionally resolved analysis.
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Figure 1: Proxies of Laguna Potrok Aike sediments related to lakellgariations. Oxygen
isotope composition of endogenic carbonaté¥@carb, upper panel) and concentration of total
inorganic carbonates (TIC, lower panel) during the prassidal reference period (CONPRE;
AD 1550-1850) and the middle Holocene (MIDHOL,; 7.0-4.5 kia B®) are given as box and

whisker plots.
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Figure 3: upper panel: Solar activity during the mid-Holocene basegroduction estimates
of A 'C (Solanki et al., 2004). The curve has been scaled to anaitisoldifference between
present-day and the Maunder-Minimum of 0.3% . Lower panete@house gas concentrations
derived from Antarctic ice cores (cf. Fluckiger et al., 2D0These forcing time series have only

been used for ORBSG. Note that the time axes runs from rigeftto
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Figure 5: South American Zonal Index multiplied by -1 (SAZI, for defion see text) and
standardised log-transformed precipitation anomali€d@iGallegos, south-eastern Patagonia
during DJF (upper panel) and JJA (lower panel). Time sernesarrelated with r=-0.41 (DJF)

and r=-0.56 (JJA).
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Figure 6: SLP regression weight patterns. left panel: DJF; righghahJA. Note the blocking-

like structure that involves a reduction in the intensityle southern extratropical westerlies.
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Figure 7: Estimated precipitation time series for the ORB simulafar the region of the LPA

for DJF (upper panel), JJA (middle panel) and YEAR (lowergdanTime series have been
smoothed with a 30 year Hamming window. The dashed linesateliupper and lower 95%
confidence intervals. The zero line indicates the mean gbthendustrial simulation. Note the
high uncertainty in the reconstruction indicated by theficamce intervals, especially during

DJF. Note that the time axes runs from right to left.
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Figure 9: upper panel: SLP difference between ORB and CONPRE for Bxff and JJA
(right); Black lines indicate statistical significance het5% level for negative (dashed) and
positive (solid) differences according to a 2-sidetgst. Note the reduced westerly flow over
Patagonia during JJA and the increased westerly flow duribig @wer panel: SLP trend in
ORB for DJF (left) and JJA (right). Note the positive SLP tten the JJA pattern extending

into southern Patagonia.
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Latitude of maximum zonal wind at 200 hPa along 70° W - DJF

Latitude of maximum zonal wind at 200 hPa along 70° W - JJA
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Figure 10: Latitude of maximum zonal winds (MZWs) along 7@ for DJF (left panel) and
JJA (right panel) at the 200 hPa (upper panel), the 500 hPad{enpanel) and the 850 hPa
level (lower panel). Time series have been smoothed with yea® Hamming window. Note

the more poleward position of the MZWs during DJF and the negueatorward position of the
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MZW:s during JJA. Note that the time axes runs from right tt lef
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Mean zonal winds along 70 °W CONPRE - DJF
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Figure 11: Mean zonal wind velocities along 70V (upper panel) and for the Southern Hemi-

sphere at the 200 hPa (middle panel) and 850 hPa level (losrexlpin CONPRE. Note the

[m/sec]

different position of the maximum zonal winds during DJF ddé4, respectively.
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Difference zonal wind along 70° W ORB 6k-5.7k ~ CONPRE - DJF Difference zonal wind along 70 °W ORB 6k-5.7k - CONPRE - JJA
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Figure 12 upper panel: Differences of zonal winds along ¥ between ORB (6 ka—5.7ka BP) and

CONPRE; middle and lower panel: Differences of zonal wiratstifie Southern Hemisphere at the 200

hPa (middle panel) and 850 hPa level (lower panel); left pdhd; right panel: JJA; Black lines indicate

statistical significance at the 5% level for negative (dd¥lamd positive (solid) differences according to
60

a 2-sidedt test. Note the narrowing and intensification of the southermuring JJA during the mid-

Holocene compared to pre-industrial conditions.



Difference meridional temperature gradients along 70° W ORB 6k-5.7k - CONPRE - DJF Difference meridional temperature gradients along 70° W ORB 6k-5.7k - CONPRE - JJA
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Figure 13: upper panel: Differences of meridional temperature gnaigi along 70W between
ORB (6 ka—5.7 ka BP) and CONPRE; lower panel: Differences efidional temperature
gradients at the 500 hPa level for the Southern Hemispheiftepdnel: DJF; right panel: JJA;
Black lines indicate statistical significance at the 5% ld¢ge negative (dashed) and positive
(solid) differences according to a 2-sidetest. Note that regions with increased gradients are

related to stronger winds and vice versa.
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Season rfitting all | r crossval| R.E. crossval RMSE crossva
DJF +0.37 +0.26 +0.06 16.0
MAM | +0.40 +0.35 +0.12 16.4
JJA +0.49 +0.44 +0.19 17.2
SON | +0.42 +0.34 +0.11 14.8

Table 1: Skill measures for the multiple linear regression modsksdufor the downscaling of
the large-scale circulation. 1st col: Pearson correlatioefficients for whole fitting period,;
2nd col: same as 1st except for the cross-validation pe8iaticol: Reduction in error; 4th col:
root mean square error [mm/mon]. Note that the performahtieeomodel is best in JJA. All
correlations are statistically significant at the 1% level
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Season Mean VASCLIMO | ORB-CONPRE| ORBSG-CONPRE
DJF 32.93 -1.17 (-3.55) | —0.46 (-1.40)
MAM | 34.28 +1.99* (+5.81) | +3.13* (+9.13)
JJA 29.70 +2.10* (+7.07) | +2.28* (+7.68)
SON | 24.97 -1.66* (—6.64) | —1.53* (-6.13)

\ YEAR \ 30.47 \ +0.31 (+1.02) \ +0.85 (+2.79) \

Table 2 first column: Mean precipitation [mm/mon] at LPA (VASCLIMQOsecond and
third column: Differences [mm/mon] for the estimated ppéeition at LPA between the mid-
Holocene simulations ORB and ORBSG and the pre-industmallation CONPRE. The values
in parentheses denote the relative differences in % witheego the mean of VASCLIMO at
LPA in the period 1951-2000. The asterisk denotes stadlstignificance at the 5% level. The
significance test is based on the observed twofold standercsef the regression models.
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CONPRE ORB ORBSG

DJF
200 hPa| 42.22 B5.38] | 44.09 (-1.87%) B5.04 (-:0.34)] | 43.74 (-1.52%) B4.85 (-0.53%)]
500 hPa| 44.01 [[9.09] | 45.15 (-1.14*) [l0.83 (+0.74*)] | 44.82 (-0.81%) [19.75 (+0.66")]
850 hPa| 48.89 [[1.12] | 49.3 (-0.41)* [[1.84 (+0.72*)] | 48.96 (-0.07) [L1.62 (+0.5%)]

JIA
200 hPa| 30.44 B8.70] | 29.54 (+0.9%) B1.12 (+2.42%)] | 29.8 (+0.64) §10.25 (+ 1.55%)]
500 hPa] 38.26 [19.65] | 36.21 (+2.05*) [19.89 (+0.24)] | 36.69 (+1.57*) [L9.86 (+0.21%)]
850 hPa| 44.16 [L0.04] | 43.24 (+0.92)* P.63 (-0.41*)] | 43.17 (+0.99)* P.67 (-0.37%)]

Table 3: Mean position {S) [andintensity (m/sec)] of maximum zonal winds along°7/. The
difference to CONPRE is given in parentheses. Concerniagdsition '+’ indicates a more
equatorward position; -’ indicates a more poleward posiin the mid-Holocene; The asterisk
indicates values significantly different at the 5% level.
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