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Abstract. Interpreting stable oxygen isotop&'f0) records  in speleothem calcité*®0 to available measurements. We
from stalagmites is still one of the complex tasks in show that the general European changes are simulated well.
speleothem research. Here, we present a novel model-basétbwever, local discrepancies are found, and might be ex-
approach, where we force a model describing the processgsained either by a too low model resolution, complex local
and modifications 0880 from rain water to speleothem soil-atmosphere interactions affecting evapotranspiration or
calcite (Oxygen isotope Drip water and Stalagmite Modelby cave specific factors such as non-equilibrium fractiona-
— ODSM) with the results of a state-of-the-art atmospheriction processes.
general circulation model enhanced by explicit isotope di- The mid-Holocene experiment pronounces the potential of
agnostics (ECHAMS5-wiso). The approach is neither climatethe presented approach to analy$80 variations on a spa-
nor cave-specific and allows an integrated assessment of th@lly large (regional to global) scale. Modelled as well as
influence of different varying climate variables, e.g. temper-measured Europea®O values of stalagmite samples sug-
ature and precipitation amount, on the isotopic compositiongest the presence of a strong, positive mode of the North At-
of drip water and speleothem calcite. lantic Oscillation at 6 ka before present, which is supported

First, we apply and evaluate this new approach undelby the respective modelled climate parameters.
present-day climate conditions using observational data from
seven caves from different geographical regions in Europe.
Each of these caves provides measW&D values of drip
water and speleothem calcite to which we compare our sim1 Introduction
ulated isotope values. For six of the seven caves modeled
5180 values of drip water and speleothem calcite are in gooGk/arious studies demonstrate a correlation between oxygen
agreement with observed values. The mismatch of the reisotopic §°0) variations measured in stalagmites and cli-
maining caves might be caused by the complexity of the cavdnate changes above the cave (evgn Breukelen et al.
system, beyond the parameterizations included in our cav€008 Cheng et al.2009 Cruz et al, 2005 Fleitmann et a|.
model. 2003 Mangini et al, 2005 McDermott et al. 2003, Partin

We then examine the response of the cave system to micet al, 2007 Wang et al, 2003). However, thes'?0 signal
Holocene (6000yr before present, 6ka) climate conditionsOf speleothem calcite is influenced by atmospheric, soil and
by forcing the ODSM with ECHAMS5-wiso results from Cave processes, making the untangling of the climate contri-
6ka simulations. For a set of twelve European caves, wedutions to the records a challenging task.

compare the modeled mid-Holocene-to-modern difference Atmospheric variables (e.g. near-surface air temperature
and amount of precipitation) and processes (e.g. moisture
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Table 1. Cave locations and compilation of isotope data from monitoring programs. Further information about the caves can be found in the
respective references. Drip watdfO values refer to VSMOW and calcite values to VPDB.

Cave Latitude  Longitude Altitude SlgOdrip Slsocamite Cave monitoring  Reference
period

Soylegrotta 66.55N 13.92E 100-200m —104 0.23%0 —7.33 %o 1991-1992 Lauritzen and
(Norway) Lundberg (1999)
Korallgrottan 64.89N  14.16 E  540-600m —12.02+ 0.41 %o —9.41 %o 2005-2006 Sundgqvist
(Sweden) et al. (2007)
Tartair Cave  58.19N  4.9W  300-500m —7.09+0.26 %o —5.2+0.35 2003-2005 Fuller
(Scotland) et al. (2008)
Bunker Cave  51.37N 7.66°E 184m  —7.91+£0.18% —5.91+0.30 %o 2006-2011 Riechelmann (2010)
(Germany) Riechelmann

etal. (2011)

Ongoing

monitoring
Katerloch 47.28N 1555 E 900m  —8.70+0.10 %o —6.3 %o 2005-2007 Boch et al.
(Austria) (2009, 2010)
C.G.d. 45.835N 11.09E 1025m  —9.18+ 0.24 %o —6.7 %o 2002-2003 Frisia
Giazzera 2006-2008 et al. (2007)
(Italy) Miorandi

et al. (2007)
Grotte 43.70N 3.61°E 75m —6.2 %o —4.9 %o 1999-2001 Frisia
de Clamouse et al. (2002)
(France) Plagnes

et al. (2002)

source and transport pathway from source to cave) affecthis study we use the Oxygen isotope Drip water and Sta-
the isotopic oxygen composition of meteoric precipitation lagmite Model, ODSM Wackerbarth et al.201Q0 Wacker-
that results in the drip water in the cave. These effects ardarth 2012. Instead of forcing the model with observational
described in detail in comprehensive review publicationsdata Mackerbarth et al.2010, here we use the results of
(e.g.Lachniet 2009 McDermott 2008 Mook, 2006. The  a state-of-the-art atmospheric general circulation model with
final drip waters*80 signal §180qrip) is furthermore influ-  explicit water isotope diagnostics, ECHAM5-wis@/¢rner
enced by sub-surface processes in the biosphere, pedosphesteal, 2011). This approach allows us to simulate #¥&€0
and karst layer. These processes, such as evapotranspiratiomlue of drip water and calcite on a global scale and under
calcite dissolution, the residence time of infiltrating water different climate scenariodvicDermott et al.(2011) high-
and mixing of water parcels of different ages, depend on palighted the value of analysing spatially large-sc#®0caicite
rameters like the temperature, the properties of the soil and/ariations. They compiled a multitude of Holocet€O sta-
karst layer, thepCO;, of soil air and the type and seasonal lagmite samples and observed the changing zonal gradient
state of vegetation. The drip watg¥?0 as well as the con-  of theses'®0 values for different periods throughout the
ditions in the cave affect the final speleothé#fO signal ~ Holocene. By focusing on a compilation of stalagmite sam-
(6180caicite). Cave temperature, the drip interval of the sta- ples, the study allows to draw conclusions on the driving rea-
lactite feeding the stalagmite and supersaturation of the drigons for large-scalé180 and climate variation. Our study
water solution with respect to calcite determine the ampli-presents a new approach which aims to contribute to the un-
tude of the isotopic fractionation between €0 signal  derstanding and analysing of large scale climate variations
of drip water and speleothem calcite (eQyeybrodt 2008 which is one of the key aspects to understand the driving
Muhlinghaus et a).2009 O’Neil et al,, 1969 Scholz et al. mechanisms of climate variability.
2009. We first test our approach on seven European caves (Ta-
For an improved understanding of the relation betweenble 1) which all provide both comprehensive present-day cli-
climate variables and th&'80 signal of speleothems, for- mate and monitoring data{€Ogrip and recent®Ocacite)-
ward models are used to simulate the processes that modrhe results of an ECHAMS5-wiso simulation covering the pe-
ify the 8180 signal traveling from the atmosphere through riod 1956-1999 are compared to observed climate variables
the soil to the caveRaker and Bradley201Q Bradley et at the cave locations and used to force the ODSM. The re-
al, 201Q Jex et al. 201Q Wackerbarth et al.2010. In sulting modeleqflgodrip ands180.4citeare then compared to
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measured values. In the second part of this study, we employl977) equation yields the most consistent results with mea-
the model approach to the mid-Holocene (6000yr beforesured values. They concluded tHatedmann and O’Neil
present, 6 ka), where we compare our modéfd.acite to (1977 seem to be the best representation of the isotopic
measured values from twelve European caves. fractionation during calcite precipitation under natural cave
conditions. However, the uncertainty of this topic should be
noted and regarded when modelled and stalagsif@ val-

ues are compared.

This section gives a short overview of both applied mOd_Wgclgr)tr)ng(e;gIBd description of ODSM can be found in
els, the ODSM and the ECHAM5-wiso. Specific experimen- '

tal setup and simulation results using these models are dez—.2 ECHAMS5-Wiso

scribed in Sect. 3 (present-day experiment) and Sect. 4 (mid-

Holocene experiment). ECHAMS is the fifth generation of an atmospheric general
circulation model developed at the Max-Planck-Institute in
Hamburg (Germany). It was thoroughly tested under present-
day conditions (e.qRoeckner et al2003 2006 and used for

The Oxygen isotope Drip water and Stalagmite Model the last Intergovernmental Panel on Climate Change Assess-
(ODSM) simulates the modification of th#80 value in ~ Ment ReportRandall et al.2007. Recently, the ECHAMS
precipitation 6180prec) by several processes in the soil and model,has been gnhanced by a water |§otope mm_:iule in the
karst matrix (evapotranspiration, calcite dissolution, the resmodel’s hydrological cycle (ECHAMS-wiso), following the
idence time of infiltrating water and mixing of water parcels work of Joussaume et a_(19849; Jouzel et al(1987) and_ .

of different ages) to calculate th¢80 value of cave drip H_offma_nn et 3'(1993- This enhan(_:e_ment aIIovys an expllc@
water 6180drip)- Furthermore, calcite precipitation at the simulation of isotopic changes .Wlthln the entire hydrologi-
stalagmite’s surface is considered in order to compute th&@! €ycle, from ocean evaporation through cloud condensa-
5180 value of speleothem calcité*€Ocarcite). The descrip- tion anq precipitation (rain- and snowfall) to surface water
tion of isotopic fractionation during calcite precipitation is "€S€rvoirs and runoff. On a global scalierner et al.2011)

one of the most challenging tasks in the speleothem scis well as on a Eur_opeaq scalfa(lgebro_ek et al.2011),

ence Mickler et al. (200§ pointed out that for most natural the ECHAMS-wiso simulation results are in good agreement
speleothems a pure equilibrium fractionation (“equilibrium” With available observations of the isotopic composition of
as described iMook, 200§ cannot be assumed. Since early precipitation, both on an annual as well as on a seasonal time
publications (e.gMook, 200§, ongoing research on natu- SCE-

ral and synthetic calcite precipitatdsriedmann and O’Neijl
1977 Kim and O’Neil, 1997 Coplen 2007 Tremaine et
al, 2011 Feng et al. 2012 stresses the complexity of the

topic and how different cave specific parameters (temperain our present-day experiment, we force the ODSM with
ture, pCO; of cave air, calcite precipitation rate, cave ven- the results from a present-day simulation using ECHAM5-
tilation, bicarbonate concentration of the drip water) influ- yiso (see Sects. 3.1 and 3.2). Model results are compared
ence the isotopic fractionation. For estimation of the true ex-g seven well-studied European caves for which climate data
tent of isotopic fractionation sophisticated models (Bixgpy- ands18o drip and 51804a1cite are available. We first compare
brodt 200§ Muhlinghaus et al.2009 Scholz et al.2009  the Jocal ECHAMS5-wiso simulation results to observational
must be applied. In principle the ODSM is able to apply ki- gata above the caves and discuss the differences (Sect. 3.3).
netic fractionation as described Miihlinghaus et a2009. We then compare the mode|éa80drip and 61804 icite tO
However, this module require cave specific parameters whichihe measured values within the caves (Sect. 3.4). Finally, we
are not given for all of the stalagmites in this study. There-gyg|yate in a sensitivity study how changes of local surface
fore, we apply the equation Byriedmann and O'Nei{1977)  ¢onditions (temperature, precipitation amount 4MDpreq)
(Ea.1). will be imprinted in the simulated*®Ogyip and 6'80caicite

278 % 10P values (Sect. 3.5), in general.

1000x Ina = ==~ — 2.89 1)

2 General model description

2.1 The Oxygen isotope Drip water and Stalagmite
Model

3 Present-day experiment

3.1 ECHAMS5-wiso setup for present-day simulation
The equation leads to 0.3 to 0.8 %o higher values than stated

by the frequently used equation Bym and O’Neil (1997 For this study, we are using results of a present-day
which is considered to describe the true equilibrium fraction-ECHAM5-wiso simulation covering the period 1956-1999,
ation. However, in a comparison of a compilation of different recently performed by angebroek et al(2011). As sur-
modern caves'®0grip and the respectivé'®Ocaicie by Mc-  face boundary conditions observed monthly mean sea surface
Dermott et al.(2005 stated that thé&riedmann and O’'Neil temperatures and sea ice cover data (Atmospheric Model
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Intercomparison Project (AMIP)-style forcin@ates et aJ.  using the Thornthwaite equatiomi{ornthwaite and Mather
1999 were used, th180 values of the ocean surface waters 1957, where the amount of evapotranspiration depends on
were set to observed modern values, derived from the globathe respective monthly temperature and the annual latitude-
gridded data set compiled lyeGrande and Schmid2006. depending pattern of temperature. Both implementations
The surface waters of large lakes were set to a constant valugeld monthly meanﬁlgodrip ands180¢4icite time series from
of 0.5 %.. The orbital configuration and the concentration of which long-term mean values andolstandard deviations
greenhouse gases are set to modern values:(@4B ppm, are computed. The latter can be compared to the selected ob-
CHg: 1650 ppb, NO: 306 ppb). served cave data (Sect. 3.4).
The ECHAM5-wiso model was forced by sea surface tem-
peratures and sea ice cover only, leaving the atmosphere cd3 Comparison of modeled and measured climate
inter annual timescales free to evolve. As a consequence the  conditions above the caves
modeled climate of a specific month and year cannot be di-
rectly compared to the corresponding monthly mean value inVe evaluate our model results at seven European cave sites
any observational data set. When comparing model resultsupplying extensive data from cave monitoring programs.
with data, rather long-term mean values and variations shallfables 1 and 2 show the geographic position, mean annual
be applied. temperature, mean annual amount of meteoric precipitation,
ECHAMS-wiso was ran in a relatively high spectral res- precipitation-weighted mea#'8Opec, mean §80qyp, and
olution, T106L31, which corresponds to a horizontal grid moderns8O¢,icite Of these caves. For more details on the
resolution of approximately 1°1by 1.1°, and 31 layers in  observational data see the respective references (Table 1).
the vertical. For more information concerning this simulation  In general the simulated large-scale temperature, precipi-
and a comparison to observational winter data over Europetation andSlBOprec patterns are comparable to observations

we refer toLangebroek et a(2011). over Europel(angebroek et al2011). However, differences
between modeled and measured climate values at specific
3.2 Forcing the ODSM cave locations occur (Table 2). This can be due to the dif-

ferent lengths of the analysed time periods. With ECHAM5-

The ODSM is forced by the output values from ECHAM5- wiso we compute climatological means for a period of 44 yr,
wiso (temperature, precipitation, evapotranspiration andwhile the observed data at the respective caves are in most
818Oprec) in monthly resolution to capture the seasonality of cases from shorter time periods. In addition, the ECHAM5-
climate. Due to mixing processes in the soil and karst matrixwiso model was run in a spatial resolution of x.1.1°.
the Slsoprec signal is smoothed to an infiltration weighted Therefore, it is possible that substantial differences occur be-
means10 value. To estimate the true residence time of wa-tween mean climate values of the grid box and the particular
ter in the epikarst is highly complicateBoch (2010 denote  cave location. Especially the amount of precipitation and the
aresidence time of “few years” for Katerloch Caffeljler et correspondingg®0O values are sensitive to orographic fea-
al. (2008 state 1-10yr in Tartair Cave and experiments from tures and the topographic position of the cave in the grid box.
Bunker Cave using tritium tracer indicate a residence time of Mean annual temperatur¢he expected positive tempera-
2-3yr Kluge et al, 2010. However, we calculatedi:llsodrip ture gradient from high to mid latitudes is clearly visible in
values from monthly infiltration Weighte&lwoprec values at  both, the modeled and measured values (Eg. However,
Bunker Cave. The variability of the modellébeodrip values  the simulated ECHAMS5-wiso temperatures tend to be lower
agrees with the measured variability when the averaging cov{1.5 to 3.5°C) than the measured values (except Katerloch
ers 48 months. Therefore, we set in this study the residenc€ave and Tartair Cave).
time to a default value of 48 months. It should be noted, that Annual amount of precipitationthe simulated annual
the averaging through the epikarst affects only the varianceamount of precipitation agrees fairly well in all the locations
of the6180drip values, not the mean values itself. except Tartair Cave and Bunker Cave (Fig). For Bunker

Another key variable influencing the isotopic signature of Cave, Clamouse Cave, and Korallgrottan precipitation is too
the drip water is the amount of evapotranspiration T  high by 240, 160, and 140 mmyt, respectively, while for
occurring from upper soil layers. Ed; strongly depends Tartair Cave the amount of precipitation is much too low
on local conditions, such as the soil and vegetation types(+1030 mmyr1). The discrepancies for Bunker Cave, Cla-
The complexity of this variable motivated us to select andmouse Cave and Korallgrottan agree with the general mod-
compare two different methods of computation of &T  elling results for present-day conditiorisangebroek et al.
(@) in the first setup (setup 1, named “ECHAM”), we use (2011 stated that the amount of winter precipitation (DJF)
the monthly mean temperatur&, amount of precipita- from ECHAM5-wiso shows slightly higher values than the
tion, P, amount of evapotranspiration, E, and8180prec reanalysis data from ERA4QUppala et al. 2005. How-
directly as computed by ECHAM5-wiso. (ii) In the sec- ever, the extremely low precipitation amount modeled by
ond set of experiments (setup 2, “Thornthwaite”), we re- ECHAM5-wiso compared to the observed value at Tartair
place the ECHAMS5-wiso Edot values by ETt calculated  Cave cannot be explained by this general model deficit, but
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Table 2. Compilation of ECHAMS5-wiso results and observational climate data for each cave. The last column shows the difference between
modelled and observed data.

Annual mean model results
+ lo-standard deviation (1956—1999)

Observational data Monitoring period

Simulation offset
(observation — simulation)

Soylegrotta
P [mm] 11204180 NA
T [°C] 0.2+0.7 2.7 1966-1989 +2.5
§%80prec[%] —10.7+0.6 -9.8 1991-1992 +0.9
ET [mm] 440+ 40 NA
T cave[°C] 2.7 see references Table 1 +2.5
Korallgrottan
P [mm] 1000+ 110 860 1961-1990 -140
T [°C] —-0.5+£0.8 1 1961-1990 +1.5
8%80prec[%] —12.4+0.7 -137 1975-1988 ~1.3
ET [mm] 340+ 20 NA
T cave[°C] 2 see references Table 1 +2.5
Tartair
P [mm] 870+ 130 1900 1971-2000 +1030
T [°C] 7.7+0.4 7.1 1971-2000 -0.6
§%80prec[%o] —8.1+0.5 -7.1 2003-2005 +1
ET [mm] 540+ 50 NA
T cave[°C] 7.1 see references Table 1 -0.6
Bunker
P [mm] 1140+ 140 900 1978-2007 —240
T [°C] 8.4+0.7 10.5 1978-2007 +2.1
§¥80prec (%] —7.7+0.6 -7.7 2006-2011 0
ET [mm] 6004+ 30 NA
T cave[°C] 10.8 see references Table 1 +2.1
Katerloch
P [mm] 750+ 150 870 1973-2004 +120
T [°C] 8.5+0.7 8 2006-2008 -0.5
8%80prec[%] —9.0+1.0 -8.8 1973-2004 +0.2
ET [mm] 540+ 50 NA
T cave[°C] 6 see references Table 1 -25
Giazzera
P [mm] 910+ 160 970 1992-2004 +60
T [°C] 10.9+0.7 13.3 1992-2004 +2.4
8¥80prec(%] —7.1£0.7 -8.7 2002-2004 -1.7
ET [mm] 610+ 50 NA
T cave[°C] 8.5 see references Table 1 -2.4
Clamouse
P [mm)] 7604+ 120 600 2003-2007 -160
T [°C] 114+0.6 14.5 1997-2007 +3.5
§%80prec(%0] —6.4+0.5 -5.8 1997-2007 +0.6
ET [mm] 5604+ 50 NA
T cave[°C] 14.5 see references Table 1 +3.5
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Fig. 1. Comparison of observational data (black) and model results (red: Setup 1 “ECHAM”, blue: Setup 2 “Thornthwaite”) for each cave
for (a) mean annual temperatu ) annual amount of precipitatio(t) Slsoprec, (d) 518odrip, and(e) 81800a|cite Drip waters180 values
refer to VSMOW and calcite values to VPDB.

might be caused by the position of the cave. Tartair Cave idower temperatures; and (iv) the continental effect describ-
located close to the Atlantic Ocean on the weather side of théng the depletion of an air mass through successive rain-out
Scaottish Highlands, which could result in much higher pre- on the path from the coast across landmasskmk, 2006.
cipitation values then the mean value of the respective gridTherefore, thélsoprecvalue at a cave location will be lower
box. with decreasing surface temperatures (increasing latitudes),
8180 of precipitation the results of simulated and mea- increasing distance from the coast and increasing altitudes,
sured6180prec values are displayed in Fidc. In general, and vice versa.
the isotopic composition of precipitation depends on (i) the Observedalgoprec values as seen in Figlc, the mea-
temperature effect, referring directly to IoweWOprec sig- sured precipitation samples from Soylegrotta and Korallgrot-
nal with colder surface temperatures; (ii) the altitude effecttan (high latitude, cold surface temperature) show the low-
describing the isotopic depletion, when an air mass is liftedest 180, The precipitation at Korallgrottan is isotopi-
to higher altitudes due to cooling of the air mass accompa-cally lower than at Soylegrotta, since Korallgrottan is located
nied with a rain-out effect; (iii) the latitude-effect by which more inland, leading to additional depletion through the rain-
an air mass depletes #fO with increasing latitude due to out effect at Korallgrottan. At Tartair Cave the mean annual

Clim. Past, 8, 17814799 2012 www.clim-past.net/8/1781/2012/



A. Wackerbarth et al.: Simulated §180¢qcite in European caves 1787

temperature is about® warmer than in Soylegrotta. There- modeled and observed values agree within the andard
fore, the measure&ilsoprecvalue is heavier by 4 %.. The ob- deviation.
servechl‘?’Oprec value for Bunker Cave is similar to Tartair
Cave, despite the annual temperature which is abot@3.5 3.4 Comparison 0f§'80gp and §180caicite results
warmer at Bunker Cave. However, Bunker Cave is not di-
rectly near the shore like Tartair Cave. Thus, 4h%0 value  In the following sections and whenevét80 values are
of precipitation becomes lower on the path from ocean tostated, calcité80 values refer to the VPDB standard, while
Bunker Cave counteracting the temperature effect. Thoughirip water or precipitatiod80 values refer to VSMOW.
Katerloch Cave lies farther south than Bunker Cave, the loca- In the 3180drip values the characteristic European pattern
tion is at a rather high altitude (about 1000 m). BA8O val-  as discussed fo8180pec is present in both the simulated
ues of an an air mass decrease during its way upwards to thend measured values (Fifd). With respect to the simu-
cave. Hence, thélBOIoreC signal at the cave is lower. In ad- lated amount of evapotranspiration, for four caves setup 1,
dition the mean annual temperature is colder than at BunketECHAM” seems to be a good representation (Clamouse
Cave and the location is farther away from the ocean — twoCave, Katerloch Cave, Korallgrottan and Soylegrotta). Alter-
effects that increase the depletion of tﬁéOprec. Giazzera natively, for three caves (Clamouse Cave, Bunker Cave, Tar-
Cave is located nearly at the same altitude as Katerloch Caveair Cave) the measuresdsodrip value can be well simulated
Surface temperature is about@ warmer at Giazzera Cave. by the model approach with setup 2 “Thornthwaite”. For Gi-
Therefore, theSlBOprec should be higher than in Katerloch azzera Cave none of the two approaches is in agreement with
Cave. However, both measured values are nearly the samé&e measuredlsodnp value.
The8180prec at Clamouse Cave shows the highest observed Assessing the reason for this mismatch is complicated.
value. Here the Mediterranean influence might yield higherOne reason could be an erroneously modeled seasonal in-
5180,,reC values, since the Mediterranean Sea is isotopicallyfiltration pattern. Alternatively, the cave system could bear
heavier than the Atlantic Ocean due to high evaporation ratesome local features not included in the ODSM.
from the relatively small water basin compared to the At- Overall the general spatial pattern of measusé%Ddrip
lantic Oceanl(achniet 2009. values is well grasped by our model approach. The agree-
Simulatedalsoprecvalues in general the simulated Euro- ment between modeled and measuﬁéﬁbdrip values, as
pean8180prec values are in fair agreement with the obser- calculated by the Root Mean Square Deviation RMSD, is
vations. However, some small differences occur at the vari-1.32 %o for setup 1 “ECHAM” and 1.36 %o for setup 2
ous cave sites. For Soylegrotta the simuIaﬁé‘ﬁDprec is too “Thornthwaite”.
low by 0.9 %0 which might originate from the simulated an-  As seen in Figld, the simulatealilgodnp and §180¢aicite
nual mean temperature (Table 2), which isZ3ower than  values from setup 2 (Bt from Thornthwaite) are signif-
the observed value. For Korallgrottan the simulaté?Dprec icantly lower than from setup 1 (E§ from ECHAMS-
value is 1.3 %o too high when compared to observed datawiso) for nearly all the cave locations. This is caused by
The reason could be an underestimation of the continentadlower evapotranspiration rates during winter calculated by
effect depleting theSlBO,Drec signal of the air mass while the equation fromThornthwaite and Mathe¢1957 com-
transported to the cave. The modeﬁééoprecvalue at Tar- pared to the ECHAM5-wiso computation. Lower winter
tair Cave is again too low (by 1 %.), while for Bunker Cave evapotranspiration leads to higher infiltration rates and to a
and Katerloch Cave the modeled values agree well with thehigher weight of the isotopically lighter winter season. How-
data. Theé‘lgoprec at Giazzera Cave is 1.7 %o heavier than ever, in the Mediterranean (Clamouse Cave and Giazzera
the monitoring data, which could possibly be caused by anCave) both setups agree with each other, indicating that the
overestimated influence of the Mediterranean in the modelseasonal patterns of evapotranspiration are similar. These two
For Clamouse Cave this influence seems to be present inases suggest that the model setups yield equivalent results in
the model, though the simulated temperatures aré@i60 a warm climate.
low resulting in slightly Iower8180Iorec values at the cave’s In general, three reasons can cause discrepancies between
location. modeled and observed vaIuesaé?Odrip: (i) offsets between
In summary, the comparison between simulated and obmodeled and observed climate and isotope input parameters
served818oprec values must be carried out with some cau- and their seasonal pattern lead to shifts inéﬂ‘?@drip values
tion since the period of observation is in some cases rathefaccording to the sensitivities discussed in Sect. 3.5). (ii) The
short. Only for Bunker Cave, Katerloch Cave and Clamousemodeled seasonal pattern of infiltration might be not repre-
Cave could the mea$1180prec value and standard deviation sentative for the true seasonal pattern. Too high simulated
be given for periods longer than 10 yr. For Bunker Cave andalsodrip values correspond to an overestimated weight of the
Katerloch Cave the standard deviation of the annual weightedvarmer season while too |oza&8odrip values are assumed to
alsoprec is 0.7 %0. Due to the lack of direct observational indicate a stronger influence of the colder season. (iii) The
data, we assume that the variations are in an equal rangenrichment with respect t&0O of the water parcel during
also for the other caves. If this assumption is correct, all theevapotranspiration might be overestimated. The percentage
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Fig. 2. Sensitivity ofalsodrip and 8180ca|cite to temperature, precipitation anﬁ&gopreo Each parameter is varied in a certain range:

temperature from-5°C to +5°C, precipitation from-50 mm monttr1

to +50 mm month! ands80precfrom —2 to +2 %o. The respective

parameter shift is added to the whole time series and the ODSM recalculat theans80gip, and (b) means®0¢qcite With this
modified data set. Note, that this figure shows the sensitivi§A&® anomalies with respect to the standard experiment (centre dot). Drip

waters180 values refer to VSMOW and calcite values to VPDB.

of evaporation from the amount of evapotranspiration is inrepresentative, FigR illustrates the sensitivity oﬁlsodrip
the model estimated for the summer season (AMJJAS) to b¢Fig. 2a) ands'®0¢aicite (Fig. 2b) to changes irf’, P and

20 % and in the winter months (ONDJFM) to be 50 %. This

8180pec for Bunker Cave. Although the sensitivity differs

could especially be a major problem in warmer regions, sinceslightly for the other caves, Fig.is a good example to inves-

evaporation rates are higher than in colder regions.

The pattern 08180¢aicite is similar to thes*®0qyi, pattern
(Fig. 1e). However, thé1804cite variations among the dif-
ferent caves are smaller than f&sodrip, because the iso-
topic fractionation from drip water to calcite is anticorrelated

tigate the occurring effects. The x-axes (“sensitivity step”)
show how temperature, precipitatio&’?,soprec are varied in

the sensitivity experiment relative to the mean annual values.
The investigated temperature range-is to +5°C, the pre-
cipitation range-50 to +50 mm month® and thes*80precis

to temperature. This results in relatively smaller differencesvaried from—2 to +2 %o.
of the oxygen isotope ratios between drip water and the pre- Temperature sensitivitythe temperature influences the
cipitated calcite in warmer caves and larger differences inisotopic fractionation during evapotranspiration. There are

colder caves. For the evaluation of model&é'&Odrip and
8180¢acite Values it should be kept in mind that the ODSM

two counteracting effects: (i) fractionation effect: with de-
creasing temperature fewer heat#0 isotopes are evapo-

model calculates the isotopic fractionation between drip wa-rated, leading to slightly higheirlsodrip values. According
ter and speleothem calcite as occurring under equilibriumto Majoube(1971) the temperature dependence of the frac-
conditions. Therefore, the decision if the model approachtionation is small (0.09 %8C). (ii) Weighting effect: with in-
is representative of the true conditions at the cave shoulatreasing temperature, the evapotranspiration increases in the

mostly rely on the comparison @f80yi, values. For ex-
ample, at Katerloch Cave the simular&'é)odrip agrees with
the measured value, while the measus&®D¢cite Value is
higher than the modelex}80c,icite value. This is an effect of
the kinetic fractionation and additional enrichment#® in
the calcite during calcite formation, which is not included in
the ODSM model due to lack of required input parameters.

3.5 Sensitivity 0f§180grip and §180cqycite Values
regarding changes off’, P and §80pec

In principle, a mismatch between modeled and measure
T, P and 8180y might lead to a significant offset be-
tween the simulated and observétOgrip and §180cacite

values. Therefore, we analyse here the general effect
these variables on th&€0qrip and §180cacie values. As a

Clim. Past, 8, 17814799 2012
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summer months leading to a higher weight of the precipita-
tion from the winter season. This leads to low&tO values

of the drip water, since precipitation from the winter season is
isotopically lighter. By adopting the evapotranspiration from
ECHAM-wiso (setup 1), we only consider the first temper-
ature effect ors'80grip (see Fig.2a, black lines). In con-
trast, when Efo is computed by the Thornthwaite equation
(setup 2), the precipitation weighting effect is also included
(Fig. 2a, grey lines). At Bunker Cave this leads to decreas-
ing 8180yrip values with increasing temperature. Compared
to the 8180prec Or precipitation sensitivity (see below) the
demperature sensitivity of'80yrip is rather small. The iso-
topic fractionation with respect to oxygen from drip water
to speleothem calcited=(iedmann and O’Neil1977) has in
general a temperature gradient of abe0t23 %./C. Hence,

the temperature sensitivity 6f80c,cite is affected by this
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gradient on top of thélSOdrip changes (see Figb, black  these could not be used for the present-day analysis as they

and grey lines). do not supply the required cave monitoring data.
Precipitation sensitivity the influence of a changing We compare the modeled to measusé8Ocaicite differ-

amount of precipitation is complex. Two mechanisms mustence between present-day and 6 ka, assuming that local, cave

be distinguished: (i) change of the seasonal infiltration pat-specific model offsets remain constant over this time period.

tern. If the monthly mean precipitation amount decreases foiThis allows for including caves with offsets in the present-

all months, the already smaller infiltration in summer due day experiment, like Korallgrottan.

to higher temperatures and more evapotranspiration expe-

riences a larger relative change than the amount of winte#.1.1  Studied stalagmites and measureA§80caicite

infiltration. This shifts the weight to the winter season. As

winter 8180prec shows low values due to low temperatures, The study fromMcDermott et al.(2011) gives an excel-

the resultingélSOdrip value will be lower as well when the lent overview of European stalagmites, their growth peri-

weight of winter precipitation increases. This shift in season-ods and correspondint{8Ocacite Values. From this compi-

ality affectsalsodnp computed both in setup 1 “ECHAM” lation twelve caves were selected (Table 3) with stalagmites

and setup 2 “Thornthwaite”. (ii) Effect on isotopic fractiona- that grew at 6 ka as well as at present. For the 6 ka value of

tion during evapotranspiration (degree'80 enrichment in  the Spannagel Cave, we use the recently updst&@.acite

the soil water). In setup 2 “Thornthwaite”, a decrease in pre-value of the COMNISPA record\bllweiler et al, 2006

cipitation furthermore may increase thégod,ip due to the  Vollweiler, 2010.

180 enrichment of the soil water during evapotranspiration ~ Six stalagmites (from Korallgrottan, B7 Cave, Spannagel

caused by diminishing the infiltration/precipitation ratio. In Cave, Hlloch Cave, Savi Cave, and Garma Cave) reveal

total, both effects (i) and (ii) counteract each other. There-higher§®0O¢aicite Value at present-day compared to 6 ka BP,

fore, the particular situation at the cave must be consideredvhile six others show a lower80ca cite values (Poleva Cave,

to estimate which effect prevails. Bunker Cave, Ernesto Cave, Crag Cave, Carburangeli Cave,
A major aspect of precipitation is the seasonality, sinceClamouse Cave) (Table 3).

more or less precipitation yields more or less contribution

of this water to the cave drip water. This shifts #1€Oqip 4.1.2 ECHAM-wiso and ODSM setup for the

value toward the season of the highest infiltration. A shift in mid-Holocene

seasonality can therefore result in a major variation of the

means 80,46 value. As an example, if winter precipitation The mid-Holocene ECHAMS5-wiso simulations were forced

increases the meaﬁsodrip decreases to due lower isotopic by sea surface temperatures and sea ice cover extracted

values during the winter season compared to the summer sefrom transient Holocene simulations performed with three

son. For thes'®0¢4icite, @ shift in seasonality can be even different fully coupled ocean-atmosphere models. By us-

more complicated, since other effects in the cave like supering the forcing derived from three different coupled mod-

saturation, cave air pC{and ventilation can play a role for els, we can compare a range of possible mid-Holocene cli-

the contribution of monthlyBlBOprecvaIues to thes80¢alcite mate conditions. The three models used are the Commu-

value of the growing stalagmite. nity Climate System Model CCSM3Xpllins et al, 2006,
8180prec sensitivity a change in the isotopic composition COSMOS (Jungclaus et gl2010 in a coupled atmosphere-

of precipitation does not affect the fractionation occurring in ocean-land surface model version documentetlVei and

the ODSM. Therefore, a shift of the initialmoprec signal Lohmann(2012, and ECHO-G I(egutke and Vo0ss1999.

can be directly translated into the same shifﬁ?()drip and The transient integrations were performed with identical or-

8180¢acite (Fig. 2, green lines). bital forcing, pre-industrial level of greenhouse gas concen-

trations, and were accelerated by a factor of ten. For details
on the transient simulations, we refeliorenz and Lohmann

4 Mid-Holocene experiment (6 ka) (2004 for ECHO-G andvarma et al(2012) for CCSM3 and
COSMOS. From these transient simulations, the monthly
4.1 Experimental setup of the 6 ka experiment mean 6 ka and preindustrial values (calculated over a 50-yr

period, each) were used to determine 6 ka anomalies of SST
After the evaluation of our model setup using present-day cli-and sea ice cover. These anomalies were then added to the
mate conditions, we apply our model approach to the climatepresent-day AMIP SST and sea ice values and the result-
conditions for 6 ka before present. Unfortunately, only threeing fields were used as forcing for the ECHAM5-wiso 6 ka
of the stalagmites from the present-day analysis can be usetiime-slice experiments. Thus, our 6 K simulations are driven
for comparison with 6 ka (Korallgrottan, Bunker Cave, Cla- by a climatology of monthly mean SST and sea ice cover.
mouse Cave) due to the different growth periods. To extendrlhis setup is technically different from the ECHAM5-wiso
our analysis, we have therefore selected several other stgresent-day simulation prescribing annually varying monthly
lagmites which grew in this mid-Holocene period, although mean SST and sea ice fields. However, as we compare in
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Table 3.Cave locations and compilation of isotope data of the studied 12 speleothems with mid-HoIocerﬁé?G)lgg}itevalues, extracted
from McDermott et al. (2011). Calci&!®0 values refer to VPDB.

Cave Stal. Latitude Longitude Altitude §180¢5cite PD  8180cacite 6k  Reference
Korallgrottan K1 64.89N 1416 E 570m —8.55 %o —9.2 %o Sundqyvist et al.
(Sweden) (2007)

Crag Cave CC3 52.2N 9.4 W 60m —3.8%o —2.9 %o McDermott et al.
(Ireland) (2001)

Bunker Cave BU4 51.3MN 7.66°E 184m —5.7 %o —5.4 %o Riechelmann
(Germany) (2010)

B7 Cave B7-5 51.34N 7.65 E 185m —5.7 %o —5.8 %o Niggemann et al.
(Germany) (2003)
Spannagel Cave COMNISPA 4708 11.6PE 2500m —7.9%o —8.3 %o \ollweiler
(Austria) (2010)

Holloch Cave StalHoell i\ 10°E  1440m —7.97 %o —8.27 %o Wurth et al.
(Germany) (2004)

Ernesto Cave ER76 45.96l 11.65E 1165m —7.8%o —7.6 %o See McDermott et al.
(ltaly) (2011)

Savi Cave Svi 45.6IN 13.88 E 441m —6.1%o —6.74 %o Frisia et al.
(Italy) (2005)

Poleva Cave PP9 44 W 21.73E 390m —8.62 %o —7.8 %o Constantin et al.
(Romania) (2007)

Clamouse Cave CL26 43N FE 75m  —4.95 %o —4.76 %o McDermott et al.
(France) (1999)

Garma Cave Gar01 43.48 3.66W 75m  —3.99 %o —4.39 %o See McDermott et al.
(Spain) (2011)
Carburangeli CR1 38.2N 13.3E 22m  —6 %o —5.5 %o Frisia et al.

(Italy) (2006)

the following analyses long-time mean simulation values,4.2 Comparison of modeled 6 ka temperature,

only, this difference in the model setup can be neglected. precipitation and 6180prec

The ECHAM5-wiso simulations were furthermore forced by

the 6 ka orbital configuration and greenhouse gas concen-

trations (CQ: 280 ppm, CH: 650 ppb, NO: 270 ppb) as In Fig. 3 the differences between the 6ka and present-day

agreed upon by the Paleoclimate Modelling Intercomparison : . i
Project Phase IIl (PMIP®Braconnot et al.2007). experiments (6 ka-PD) are given for annual and boreal winter

All three ECHAMS5-wiso simulations (with CCSM- (December-January-February) mean temperature, for precip-

. - - 18 .
forcing: ECHAM5-wisa:csy, COSMOS-forcing: ECHAMS 'taﬁ‘r’]” (Fig.4) la“d‘3 Op“ac E)F'g' 5|) °‘.’etr E‘t‘mpe' :
'WiSOCOSMOS and ECHO'G'fOfCing: ECHAMS'WiS@HO-G) e annual mean an oreal winter temperature anoma-

were run in T106L31 resolution for 12 yr. The first two years Ile_s reveal significantly lower values in the ECHAMS-

. isocosmos Simulation relative to the ECHAM5-wigs@sm
- h f the last 1 . X . .
are regarded as spin-up and the mean of the last 10yr ar‘é’nd ECHAMS5-wis@cro.c simulations (Fig3a—f). In both

used for our data-model comparison. Like for the present- . . .
day ECHAMS5-wiso simulation, we use the modeled monthly ECHAMS-wistecro.g and ECHAMS-wisgcsw the mid-
Holocene warming is most pronounced in Central Europe.

gﬁguﬁgﬁgcﬁdswgﬁ;aﬁf’Op[r)eSCI\I/FI). Ite:'g%?najv?ﬂrgcet;vo ‘The mean annual 6ka-PD anomaly of precipitation is
setups for estimating the amount of evapotranspiration:hIgheSt in the ECHAMS-wisecsu simulation .W'th t_he
(i) taking the evapotranspiration directly as computed bymOSt pronouncgd seasonal lcyd%.(%_f)' Drl:nng ng'
ECHAMS-wiso; and (ji) calculating the evapotranspiration ‘of ECHAMS-Wisacsy reveals a distinct north—south gra-
dient from wetter to drier conditions with a minimum at

by the Thornthwaite equation using the temperature a . . i
cgmputed by ECVI\iIAI\MS-\?vliJsoI using peratu $oleva Cave. The same north-south gradient is also vis-
' ible in ECHAM5-wiscHo-g although less pronounced.

ECHAMS5-wisacosmoslacks a clear gradient of the precipi-
tation anomaly during winter and reveals hardly any changes
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Fig. 3. Temperature anomalies (6 k-PD) in Europe as simulated by ECHAM5-wiso forced by sea surface temperatures and sea ice cover
extracted from transient Holocene simulations performed with three different fully coupled ocean-atmosphere models (CCSM, COSMOS,
ECHO-G). First row: annual mean temperature, second row: winter temperature.
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Fig. 4. As Fig. 3, but for precipitation anomalies (6 k-PD).
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Fig. 5. As Fig. 3, but foralgoprecanomalies (6 k-PD) given relatively to VSMOW standard.

in the annual amount of precipitation from 6 ka to presentcaves, the offset between modeled and meastitBOcalcite
over the European continent. (6 ka-PD) values is 0.4 %o or greater: Korallgrottan, Crag
The 8180prec anomalies in the ECHAMb5-wisthsmos Cave, Bunker Cave, Savi Cave and Poleva Cave. For Korall-
simulation are most negative (Fi§a—f), which can be as- grottan ECHAM5-wiso seems to be unable to simulate the
cribed to the low temperatures in this experiment. The mearfull extend negative isotopic anomalies. The strongly positive
winter 8180y anomalies from ECHAMS5-wisgcro-g re-  anomaly of theAs80cacite (6 ka-PD) value in Crag Cave
veal a north-west to south-east gradient from negative to posean also not be reached by our model setup. This might be
itive anomalies, while the spatial pattern from ECHAM5- an effect of fractionation kinetics, but without present-day
wisoccsm shows positive anomalies in central Europe andalsodrip values, the true reason is difficult to determine. In
negative in northern and southwestern Europe. In both seeontrast, for Bunker Cave the influence of a strong kinetic
tups the seasonality is suggested to be more pronounced atas revealed in the present-day experiment. Due to the very
6 ka than today (Figha, b, d and e). low drip rate of the stalagmite from Bunker Cave the influ-
ence of fractionation kinetics might have a large effect. For
4.3 Measured and simulated'80, cite anomalies of the  Poleva Cave it is challenging to assess why the cave system is
mid-Holocene not captured by the model. It is possible that the geographic
position in the Carpathians and the influence of the Black Sea
The correlation between modeled and measured stalagmitéersus Mediterranean as source of precipitation complicates
A8180cqcite (6ka-PD) anomalies is displayed in Fi6, the local climate conditions as hinted Badertscher et al.
together with calculated RMSD values. The results from(2011) for this region.
ECHAMS-wisaccsm (both evaporation setups) show the  Figure 7 shows the spatial European pattern of mea-
lowest RMSD values and therefore these set ups seem teured and simulated§'804cite (6 ka-PD) anomalies for the
be the best choice to simulate European 6ka stalagmit&€ CHAMS5-wisaccsw simulation. The simulated §180¢aicite
A880q1cite (6 ka-PD) anomalies. (6 ka-PD) patterns (Fig7b and c) show less spatial het-
As shown in Fig.6a and b, the ECHAM5-wisgcsm re-  erogeneity than the measured80¢,ite (6 ka-PD) values
sults agree roughly in mo#t§80cacite (6 ka-PD) anomalies  (Fig. 7a). The modelling results suggest lowest!®Ocacite
for the Mediterranean stalagmites and up to B7 Cave. Fol6 ka-PD) values in central Western Europe and most posi-
higher latitudes (Crag Cave, Korallgrottan) the modeled val-tive values over southeastern Europe. The difference between
ues differ from realAs80caicite (6 ka-PD) values. For five
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Fig. 6. Modelled versus measured stalagndt8Ogcite (6 k-PD) values for the different model setups. The value of the Root Mean Square
Deviation, RMSD, gives an evaluation of how well the modeﬂé&)eamite (6 k-PD) values agree with the data. Black lines indicate the 1: 1
ratio. All calcite3180 values refer to VPDB.

the smooth modeled and the irregular measuxétOcalcite ECHO-G and COSMOS), we already capture a broad band
(6 ka-PD) anomaly patterns indicate that the simulation re-of possible mid-Holocene temperature and precipitation pat-
sults lack some location and/or cave specific features. terns in this study.
One major factor influencing the stalagmit®Ocaicite is
the kinetic fractionation. With the current model setup this
cannot be approximated. Other discrepancies between mod-4  Interpretation of the 6 ka §180 anomalies
eled and measured 6 ka-PD values might be caused by the
1.1° x 1.1° resolution of the climate model or by an inade- . .
quate representation of the mid-Holocene climate in the sim-From this study the ECHAMS-wisgsu seems to be the

. : . best climate model setup to simulate stalagmite data from
ulations. However, by applying a range of different sea sur-

A . urope. The modeled patterns of winter temperature, pre-
face temperature and sea ice fields (as derived from CCSM%pitation andslsoprec (Figs. 3, 4 and 5) display some
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Fig. 7.5180.4cite difference 6 k-PD in Europda) measured stalagmite dafe) and(c) simulated by ECHAMS5-wiso coupled with CCSM
using two different setups for calculating the amount of evaporation (setup 1 “ECHAM” and setup 2 “Thorntwaite”). The coloured dots
represent the cave locations and respective valuélﬁibcamite (6 k-PD) according to the given colour bar.

similarities with a strong positive phase of the North Atlantic winter precipitation originates primarily from the Mediter-
Oscillation (NAO). ranean during NAO+ and is therefore reduced. During NAO-

The basics of the NAO and the impact on the Europeanprecipitation has its origin in the Atlantic. Temperature and
winter climate conditions are described in several publica-(Slf’OpreC are positively correlated to the NAO index due to
tions (e.g.Hurrel, 2008 Jones et al.1997 Wanner 2001). the diminished Atlantic influenceB@aldini, 2008. In addi-
Trigo et al.(2002 andBaldini (2008 determined correlation tion, a strong positive NAO phase is accompanied by a weak
coefficients between the NAO index and precipitation, tem-Siberian anticyclone restraining cold air from the north to in-
perature and thélgoprecvalue for the present-day European fluence the climatic condition in southeast Europe (important
winter climate. According to these studies a positive modefor Poleva Cave). The positive correlation to temperature and
of the NAO (NAO+) results in a characteristi€®O¢alcite pat- anticorrelation to precipitation was shown yinterhalder
tern, as shown by Fi. (2011, Tomozeiu et al(2002 andTomozeiu et al(2005.

During NAO+ strong westerlies from the Atlantic Ocean  The measured 6 k& §180¢aicite (6 ka-PD)anomaliesre-
transport a large amount of precipitation to mid- and north-semble the expected NAO+ induc@d80c,cite (6 ka-PD)
ern Europe (accounting for German caves, caves in northpattern to a large extent (Fig). The stalagmites from Ko-
ern Alps, Garma Cave) during the winter months accome-rallgrottan, B7 Cave, Spannagel Cavejlldch Cave and
panied by higher winter temperatures aa‘i'@Oprec values Garma Cave show lower 6 két8Ocacite Values compared
compared to a negative NAO mode (NAO-). For Crag Caveto present-day, while the samples from Crag Cave, Clam-
the correlations of temperature aﬁ&goprec to NAO are  ouse Cave, Ernesto Cave, Poleva Cave and Carburangeli
positive, but a correlation to the amount of winter precip- Cave reveal positive anomalies-2Ocaicite anomalies. Only
itation is not detectedBaldini, 2008. High latitude loca- two caves (Bunker and Savi Cave) disagree with the ex-
tions (e.g. Korallgrottan) reveal a negative correlation be-pectedAs'80c,icite (6 ka-PD) values. A possible reasons for
tween NAO+ ancﬁlgoprecand the amount of winter precipi- discrepancies are stalagmite kinetics, offsets between mod-
tation Baldini, 2008. In southern Europe (south of the Alps) elled and true seasonal climate parameters, determination
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Fig. 8. Scheme illustrating the impact of the positive NAO mode on the European pattern of temperature, preciﬁ)h%ﬁjg@c and the

resulting, hypothetica$ 180 cite as discussed in the text. “+” represents an increasé répresents a decrease and the circle represents
invariance of the respective parameters. Coloured dots represent the measuiié%ﬂ}l;@ite anomalies from the different speleothems.

of evapotranspiration or the position of the cave in the grid Present-day climate and'®0 values we first test our
box as discussed above (Sect. 3.4). This characteristic, meanodel approach (forcing the ODSM with ECHAM5-wiso
suredA§80¢4icite (6 ka-PD) pattern confirms the presence of output values) by comparing modeled present-day climate

a positive mode of the NAO at 6 ka. variables and oxygen isotope ratios in cave drip water
SST-based reconstructions of the NA@irobu et al,  (8*®0grip) and §*¥0cacite to measured values in seven well-
2004, modelling studies of.orenz and Lohmani§2004), monitored European caves. The modeled European tempera-

and a collection of proxy evidence summarisedWgnner  ture, precipitation andlSOprec patterns in general capture
et al. (2009 also indicate a positive NAO phase during the the observed patterns. Differences occurring at some cave
mid-Holocene. The same statement is supporteddnsen sites are presumably caused by (i) general offsets between
et al. (2007 suggesting an overall temperature increase forthe averaged climate variables of the grid box and the re-
Europe compared to pre-industrial times. spective values at the cave location or (i) the different time
In the simulated A8*0caicite (6 ka-PD) values from  periods used for the ECHAMS5-wiso simulation (45yr) and
ECHAMS-wisaccsw, the predicted NAO+ related pattern measurements (varies per cave, but often just a few years).
is also visible, showing a lowW80c,icite Values for Garma  There is a good agreement between modeled and measured
Cave, Hlloch Cave, Spannagel Cave, Bunker Cave, B7 Caves'8Oyip ands'80caicite for six of the seven investigated Euro-
and higher values in the Mediterranean region (HYy. pean caves (Soylegrotta, Korallgrottan, Tartair Cave, Bunker
Outliers are thes180¢qcite Values from Korallgrottan and Cave, Katerloch Cave and Clamouse Cave). Consequently,
Crag Cave. Although the ECHAMS5-wiso output captures thethe observed spatial European pattern of &HO¢acite val-
strong NAO+ phase pattern, the other seasons weaken the inues is very well represented by the model&#Dcaicite. Ana-
print of the winter season in the drip water and cal#20 lyzing the influence of the evapotranspiration amount as cal-
signal. culated by two different approaches 8HOcaicite Yields a
mixed result: for three caves, the evaporation as directly com-
puted by ECHAM5-wiso seems to be the better choice, while
for two other caves the evapotranspiration amount as calcu-
éated by the Thornthwaite equation fits better to the observa-
tions. For two caves, both setups give almost identical results.
A general preference of one of the setups can therefore not be
derived suggesting the application of both setups for future
research projects. Some discrepancies between modeled and
gweasuredilsod,ip and§180¢aicite Values still remain, which
can probably occur due to small-scale local effects, the im-
portant, but difficult to compute, evapotranspiration, and in

5 Summary and conclusions

We present in this study a new approach that aims to improv
our understanding of the climate factors influencing the oxy-
gen isotope ratio measured in stalagmit&$Qcarcite). We
force an Oxygen isotope Drip water and Stalagmite Model
(ODSM) with climate variables (temperature, precipitation
amount and evapotranspiration) and oxygen isotope value
in precipitation §*80ped computed by an isotope-enabled
atmospheric general circulation model (ECHAM5-wiso).
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case 0f§180¢4icite Values by kinetic fractionation between Baldini, L. M., McDermott, F., Foley, A. M., and Baldini, J. U. L.:
drip water and speleothem calcite. Spatial variability in the European winter precipitatiéH80—
Mid-Holocene (6 ka) change# the second part of this NAO relationship: Implications for reconstructing NAO mode

study we compare ECHAM5-wiso and ODSM simulated ~ climate variability in the Holocene, Geophys. Res. Lett,, 35,
8180caicite Changes between the mid-Holocene (6 ka) andB L(')147|29,d80.|.:1|O.é029/2(§)OIZGL03202J‘2.0(L8_. o ution |
present-day to measuré#Ocaicie Values for twelve Euro-  o0¢M R Sptl, C., and Kramers, J.: High-resolution isotope

ean caves. For this comparison, ECHAMS5-wiso was driven records of early Holocene rapid climate change from two coeval
p . ' ' ) stalagmites of Katerloch Cave, Austria, Quaternary Sci. Rev., 28,
by mid-Holocene sea surface temperature and sea ice COVer ,z57_5e3a 2009,
extractgd from transient Holocene simulations mOde'ed bYsoch, R., Sptl, C., and Frisia, S.: Origin and palaeoenvironmental
three different fully coupled ocean-atmosphere general circu-  significance of lamination in stalagmites from Katerloch Cave,
lation models (CCSM, COSMOS, ECHO-G). The best rep-  Austria, Sedimentology, 58, 508-531, 2010.
resentation of the climate condition at 6 ka before presenBraconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-
seems to be supplied by the ECHAM5-wig@ simulation. terchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
The T, P, and$®0pec values modeled in this setup yield ~ Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A, &,
A5180ca|cite (6 ka-PD) values which resemble the observed A., Loutre, M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes,
values of the European stalagmites. This indicates that the P~ Wleb_er, S]l-hY“M\:j lin? Zhao, Y'aF:_eSUIE;Of _P:V'I\'APZ coupled
boundary conditions of this setup represent more closely the SMmulations of the Mid-Holocene and Last Glacial Maximum —

. . . . Part 1: experiments and large-scale features, Clim. Past, 3, 261—

true European climate during the mid-Holocene. An inter-

. . . . 277,d0i:10.5194/cp-3-261-2002007.
esting result of the mid-Holocene experiment is the apPargradiey, C., Baker, A., Jex, C. N., and Leng, M. J.: Hydrological

ent spatiali*®Ocaicite pattern across Europe. The measured | ncertainties in the modelling of cave drip-watdfO and the

as well as modelled patterns suggest the presence of a pro- implications for stalagmite palaeoclimate reconstructions, Qua-
nounced positive mode of the North Atlantic Oscillation. The  ternary Sci. Rev., 29, 2201-2214, 2010.

terrestrial climate pattern which is related to a NAO+ mode Cheng, H., Edwards, L. R., Broecker, W. S., Denton, G. H., Kong,
can be observed in the ECHAM5-wisgsym simulated cli- X., Wang, Y., Zhang, R., and Wang, X.: Ice Age Terminations,

mate parameters at 6 kaBP. Science, 326, 248-252, 2009.

This study demonstrates that our approach to simulaté-ollins, W. D., Bitz, C. M., Blackmon, M. L., Bonan, G. B.,
818041cite Values by using the ECHAM5-wiso atmosphere Bretherton, C. S., Cartqn, J. A, Chang, P.,, Doney, S. C., Hack, J.
general circulation model with explicit water isotope diag- 2 Henderson, T('jB" }.('r?hl' J. T"rl]‘arge’ WG, MCI.Kenna’ D.S.,
nostics as input for the ODSM is a helpful tool to understand santer, B. D., and Smith, R. D.: The Community Climate System

180 . ch fth d will b luabl | Model Version 3 (CCSM3), J. Climate, 19, 2122-2143, 2006.
8 calcite Changes of the past and will be a valuable tool to Constantin, S., Bojar, A. V., Lauritzen, S. E., and Lundberg, J.:

investigate other past time slices as well. In the future we in- - 5j0cene and Late Pleistocene climate in the sub-Mediterranean
tend to simulate more Holocene time slices in combination  continental environment: A speleothem record from Poleva Cave
with as much stalagmite data as possible for an improved (Southern Carpathians, Romania), Palaeogeogr. Palaeocl., 243,
evaluation of the presented model results. This will allow us 322-338, 2007.
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sites between 6 ka model and Stalagrﬁf’t%came data are geothermometer at Devils Hole, Nevada, a natural laboratory,
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