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Abstract

In recent years stalagmites revealed their high potential as archives for palaeo climate
variability. However, the quantitative interpretation of the climate-related features -
proxies - is still a challenging task.

In this work two numerical models assessing the influence of climate parameters on two
stalagmite proxies - the Mg/Ca ratio and the §'%0 value - were developed. The models
describe quantitatively how the proxies evolve from the atmospheric signals to the incor-
poration into stalagmite calcite. Both models were successfully applied to stalagmites
from caves in western Germany.

The models were used to establish two novel approaches of inverse modelling yield-
ing simultaneously palaeo-temperatures and palaeo-precipitation from §'*0 and Mg/Ca
values. Although both models are based on substantially different setups, their climate
reconstructions show remarkable similarities applied on a Holocene stalagmite from west-
ern Germany.

In addition, for the first time a stalagmite model (the §'80 model developed in this the-
sis) was forced with the output data of a General Circulation Model, as a new concept
to understand the climate impact on 680 values of speleothems. The advantage is that
this method can be applied to caves worldwide and for any given point in time without
requiring observational climate data. An experiment including twelve European caves at
6ka before present shows the potential of this method to analyse synoptic-scale patterns
of the climate of the past.

Zusammenfassung

Seit einigen Jahren beweisen Stalagmiten ihr hohes Potenzial als Archive der Variabilitét
des Palidoklimas. Die quantitative Interpretation ihrer vom Klima beeinflussten Merk-
male - Proxys - ist jedoch eine herausfordernde Aufgabe.

In dieser Arbeit wurden zwei numerische Modelle entwickelt, die den Einfluss klima-
tischer Parameter auf zwei verschiedene Stalagmitenproxys bestimmen - das Mg/Ca
Verhiiltnis sowie den 680 Wert. Sie wurden entwickelt um quantitativ zu beschreiben,
wie sich diese Proxys vom atmosphérischen Signal bis hin zum Einbau in den Stalag-
miten entwickeln. Beide Modelle konnten erfolgreich an Stalagmiten in Westdeutsch-
land angewendet werden. Die Modelle wurden desweiteren benutzt, um zwei neuar-
tige Ansétze der Inversmodellierung zu implementieren. Beide bestimmen gleichzeitig
Palsiotemperaturen sowie Palioniederschlige anhand der gegebenen 6'*0 und Mg/Ca
Werte. Obwohl beide Modelle auf unterschiedlichen Voraussetzungen beruhen, weisen
doch ihre Klimarekonstruktionen an einem holozédnen Stalagmiten aus dem Westen
Deutschlands bemerkenwerte Ubereinstimmungen auf.

Zusitzlich wurde in dieser Arbeit zum ersten Mal ein Stalagmitenmodel (das entwick-
elte 5180 Modell) mit den simulierten Klimadaten eines ’General Circulation’-Modells
angetrieben, als ein neuer Ansatz um die Auswirkungen des Klimas auf den §'¥0 Wert
von Stalagmiten zu verstehen. Der Vorteil dieses Verfahrens ist die Anwendbarkeit zu
jedem Zeitpunkt weltweit, ohne die Notwendigkeit Beobachtungsdaten einzubeziehen.
Ein Experiment anhand von zwolf européischen Hohlen fiir den Zeitpunkt 6000 Jahre
vor heute zeigt das Potenzial der Methode, grofiskalige, meteorologische Muster zu
analysieren.
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1. Introduction

People throughout history have been influenced by the climate conditions of their en-
vironment and strong climatic changes. During the last decades we have experienced a
strong temperature increase which needs to be evaluated and classified. It is especially
important to understand how much of this trend is associated with an anthropogenic
influence and how much can be ascribed to the internal and natural variations of the
climate system. On the other hand it is relevant to estimate where this trend is leading
to and which impact on our daily life we have to anticipate.

To estimate the influence of natural climate variation in modern times, the climate vari-
ability of the past must be assessed with the help of climate archives.

Climate archives are characterised by two attributes: i) the possibility to derive a tem-
poral assignment of the measured samples and ii) a feature which is sensitive to climate
parameters (proxy). Pollen records, deep sea corals, ice cores or tree rings are some
of them which can supply insights to the whole range of climate forming parameters
like temperature of land and ocean, precipitation or circulation changes of ocean and
atmosphere. Since few decades stalagmites have established as valuable components of
climate archives.

They qualify as valuable climate archive for two reasons: i) they grow sheltered and con-
tinuous over long periods and can be absolutely dated by the Th/U method [Richards
and Dorale, 2003] and ii) they provide several proxies (5180 , §13C, Mg/Ca and other
trace elements, growth rate, noble gases in their fluid inclusions) which react in different
ways to climate conditions. These criteria lead to a continuous recording of the climate
conditions over periods from decades to hundred thousands of years.

However, the decoding of climate information from stalagmites is a challenging task,
since the proxies are influenced by several climate parameters. Various case studies
show that it depends on the particular location of the cave how climate affects the sta-
lagmite proxies!.

Assessing the influence of climate parameters at a specific location can be approached
either by comparing stalagmite proxy time series with observational data or other estab-
lished climate archives or models can be designed which describe the processes influencing
the respective climate proxy mathematically.

In this work the latter attempt is aimed for by developing two models for the proxies
580 and the Mg/Ca ratio. The first model (chapter 4) describes the evolution of the
580 value from precipitation to stalagmite calcite depending on climate parameters.
The second model (chapter 5) was designed to understand the many parameters influ-
encing the Mg/Ca ratio of stalagmites and determine the relation to climate proxies.
The advantage of modelling is that the influence of different parameters included in the
model can be determined very fast by sensitivity experiments - provided that the model

'Section 2.4, 2.5 and 2.6 give insights to the influence of climate on §'*0 and Mg/Ca incorporated in
stalagmites and an overview of important case studies.
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represents the actual conditions and processes correctly. Therefore the presented mod-
els are thoroughly calibrated with observed climate and cave parameters and tested by
comparison with measured values (for Mg/Ca or 6180 respectively) for a cave in western
Germany.

In addition, modelling offers the possibility of reversing the models under certain condi-
tions to derive climate information from stalagmite proxy time series. This work presents
two approaches for climate reconstruction from stalagmite records (chapter 6).

The third major part (chapter 7) of this work describes a novel approach how models can
be used to analyse climate changes of the past. In this part a forcing of the developed
model for 680 in stalagmites by a General Circulation Model is presented. This leads
to artificial §'80 values (present days or past times) that can be compared to stalagmite
samples. Applied to several European Caves it is a valuable tool to enlighten the Euro-
pean climate pattern in past times.

This thesis is embedded in the DAPHNE research group by the DFG (Deutsche Forschungs-
gemeinschaft Forschergruppe 668).



2. Basics

This section supplies an overview of state-of-the-art research on different topics, which
are touched by this work and required to understand the model design presented here.
Since the studied climate archives in this work are stalagmites, the conditions of their
growth are described first (section 2.1). The next section (section 2.2) introduces the
evapotranspiration, which is in many ways an important factor in this work, as it deter-
mines the fraction of meteoric water that can form cave drip water.

The third, fourth and fifth section are dedicated to isotopes and the oxygen isotopes in
particular, which is the main climate proxy investigated for this thesis. The third sec-
tion (section 2.3) describes the principles of isotope fractionation in general, while the
fourth section (section 2.4) focusses on the oxygen isotopes and pictures the processes
influencing the oxygen isotope ratio from source (ocean) to target (stalagmite). The
fifth section (section 2.5) finally gives an overview of case studies using oxygen isotopes
to draw conclusions of climate variability.

The sixth section (section 2.6) turns towards the Mg/Ca ratio in speleothems and out-
lines the link of this proxy to climate. In addition, several case studies are presented,
which are able to prove the validity of Mg/Ca as a climate proxy.

The last section is concerned with a meteorological phenomenon - the North Atlantic
Oscillation. Although this synoptic pattern is not directly connected to stalagmites, it
plays an important role in this work. The developed models are applied to stalagmites
from European regions, whose winter climate conditions are ruled by the North Atlantic
Oscillation. Therefore, it can be enlightening to interpret stalagmite proxies in this con-
text. The basics of the North Atlantic Oscillation and the impact on European winter
climate are approached in section 2.7.
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2.1. Stalagmite growth

A stalagmite is a calcite formation in a cave which can develop over thousands of years in
caves due to constant dripping of a calcite supersaturated solution from the cave ceiling
to the floor. Stalagmite growth occurs in karstic areas due to the following processes.
Meteoric precipitation has a specific partial pressure of COo depending of the atmo-
spheric signal (presently about 380ppm). After the loss due to evapotranspiration (see
section 2.2) a fraction of the water infiltrates the soil layer where it is faced with a sig-
nificantly higher pCO2. McDermott [2004] gives an average value between ~5000-35000
ppm. The exact value depends on the type and state of the vegetation and the activity
of micro organism in the soil. The partial pressure is subject to a characteristic annual
cycle caused by the growing season of the vegetation and long term trends like the for-
mation of a soil layer between the last glacial period and the early Holocene.

The water from meteoric precipitation equilibrates with this pCOs by the uptake of
COs. In the upper soil the pCOs clearly shows a seasonal pattern which is smoothed
towards greater depth to a rather constant annual signal [Scheffer and Schachtschabel,
1984]. Depending on the properties of the soil layer the water either infiltrates deeper
layer rather fast or resides in the upper layer experiencing an extensive mixing with
water from several months. ! The soil pCO5 value is important because it determines
the formation of bicarbonate in the solution. The chemical reaction can be expressed as

Hs0 + COy9 = HyCOs3
Hy0O + HyCO3 = ]:.]'30+ + HCO;

B B (2.1)
H>O + HCOS = ]:]'30+ + 003

When the karst matrix is approached, the solution starts to dissolve calcite until satu-
ration is reached.

In principle two flow characteristics of water in the karst matrix can be distinguished -
seepage and fissured flow. In the first case the water percolates slowly through the matrix
and is therefore well mixed, when it enters the cave. In the latter case the infiltration
water uses cracks and fissures in the host rock leading to a rather short residence time
in this layer. In most cases the cave drip water is well mixed indicating that seepage
flow often prevails. In both cases the solution is saturated with respect to calcite, when
it enters a cave, since the time constant for dissolution is short compared to typical
residence times (month to years [Lachniet, 2009]).

Calcite dissolution is described by

CaCO3+ HCOz + H30" = Ca®" + 2HCO; + Hy0 (2.2)

In most cases a cave has a lower pCOs than soil air. This value can reveal also high
seasonal variations [Spotl et al., 2005] due to cave ventilation. The gradient between
the pCO2 of the drip water solution and the cave environment forces degassing of CO2

Mf the residence time of the water is short, it is possible that the drip water in a cave shows strong
variation in pCOsz. If the residence time is long, the pCO2 will show a more constant and stable
value.
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from the drip water solution starting immediately, when the drip water is exposed to
cave air. Due to the loss of COy calcite is forced to precipitate from the solution for
electroneutrality.

Where the drip water solution hits the ground constantly, a stalagmite forms.

Ca2" +2HCO; = CaCOs + Hy0 + CO, (2.3)

If this occurs in small gaps or voids in the karst layer, before the stalagmite is reached,
the process is called Prior Calcite Precipitation. This can happen also on the cave ceiling,.
The principles of stalagmite growth are illustrated in figure 2.1.

Precipitation

B S S S S S

H,0 + CO,— H,CO,

- Host Rock

Dissolution
CaCO; +H,CO, —
Ca®* +2HCO,

Im Speleothem

Precipitation
Ca®* +2HCO;—
CaCO, +H,0 + CO,

Figure 2.1.: Principle of stalagmite growth (extracted from Spétl et al. [2007])
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2.2. Evapotranspiration

The evapotranspiration plays a major role in this thesis, as it determines how much water
from meteoric precipitation contributes to the drip water in caves. Evapotranspiration
combines the processes of evaporation and transpiration. The former depends on physi-
cal parameters like temperature, humidity or wind velocity. Transpiration describes the
evaporation of water through leaf stomata, which was taken up by the roots for nutrient
transport and water supply. Therefore transpiration depends on the type and state of
vegetation. Plants from arid regions show small transpiration rates by adaption to the
low water supply [Héckel, 1999].

The quantitative calculation of these combined processes are complex due to many pa-
rameters influencing the system. Several empirical equations have been developed, which
differ in the number of input parameters. The choice of the equation depends on the
respective application.

The most comprehensive equation which yields the best results worldwide was published
by Penman [1948]. It includes temperature, global insolation, actual hours of sunshine,
humidity, wind velocity, saturation vapour pressure and the albedo.

However, the number of input parameters complicates an application, since these pa-
rameters might not be easy to retrieve for each location in the world in particular in
the context of palaeo climate research. For this application more simple, yet adequate
equations must be used.

Two equations will be applied in the following studies. One was developed by Haude
[1954] and Haude [1955] (see equation 2.4). As input parameters it requires only temper-
ature and humidity at 2 p.m. (or daily maximum) and a vegetation coefficient describing
the type of vegetation.

Fopm mm
ET,y =D -m - Py - (1 — —220 [ ] 2.4
pot e S2pam. ( 100 ) month (2.4)
where
7.45:Top .
ng_m‘ = 4.58 - 10235+ T2p.m. [hPa] (2'5)

In the equation represents:

D the number of days per month

m the vegetation coefficient

ng,m. the saturation vapour pressure

Top.m. the mean monthly temperature at 2p.m. in °C?
Fo, . the relative humidity at 2p.m.

Schiff [1975] showed that this equation describing the potential evapotranspiration is
close to the actual evapotranspiration measured with lysimeters in Germany.

For some applications the number of input parameters is still too high. In these cases
the established equation published by Thornthwaite and Mather [1957], which depends
only on temperature, is recommended (equation 2.6).

ETpot =16 - (10 . T/I)0.9262188/(2.4232459—l0910(I)) .C (26)

ZNote, that temperature is generally given in °C in this thesis.
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where I is
12
T 1514

1=y Tﬁd (2.7)

i=1
and C is a coefficient which depends on the geographical location and can be derived
from tables in Thornthwaite and Mather [1957].
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2.3. Isotopes and fractionation

Mook [2006] describes the phenomenon of isotope fractionation as follows.

Isotope cores (atoms of the same element with different numbers of neutrons) have the
same electrical charge, but can be distinguished by their physiochemical properties due
to their different masses. The mass difference results in two features in which isotopes
differ from each other:

e The thermal energy is equal for each particle. The mass of the particle (Ez%va)
determines therefore their velocity. Lighter and therefore faster particles have a
higher diffusion velocity and in addition a higher collision frequency, which is the
driver of chemical reactions.

e The binding energy of particles depends on mass. Lighter molecules have lower
binding energies. Heavier isotopes remain statistically more often in a solid state
than lighter isotopes. Example: Evaporation removes preferentially lighter isotopes
which more often exceed the energy to pass from liquid phase to gaseous phase.

These differences cause a shift in the ratio of different isotopes during chemical or phys-
ical reaction, which is defined as the isotope fractionation.

The fractionation factor, a describes the fractionation from state A to state B math-
ematically:

R
apjA = }Tj (2.8)

where R is the isotope ratio

R abundance of rare isotopes (2.9)
~ abundance of abundant isotopes )

Since isotope effects are small resulting in a =1, the fractionation is referred to as
deviation of o from 1. The deviation is called fractionation (e) and describes enrichment
(e >0) or depletion (e <0).

Rp

EZQB/A—lzR—A—l (2.10)

Fractionation can occur in principle under three different conditions:

e equilibrium fractionation. A and B are in a state of thermodynamical equilib-
rium. The reaction between A and B is fully reversible and the mass transport is
identical in both directions. This happens in a closed system where no fraction is
removed, while the reaction occurs. Example: water and water vapour in a closed
volume.

e kinetic fractionation. The reaction from A to B is irreversible. The mass
transport is permanent from A to B and immediately removed from the system.
In a pure kinetic process no mass transport can occur from B to A.
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e disequilibrium fractionation. The mass transfer between A and B occurs in
both directions, however, with a dominant transport in one direction. A net mass
transfer results from this process which can therefore, not be describes as a purely
kinetic process. Example: evaporation of water in an open volume. Although evap-
oration prevails, a small fraction water vapour will condense before it is removed
from the volume.

d-notation Isotope ratios are commonly given not in absolute values, but relative to a
reference ratio as a deviation, 4.

Ry
Rstd

It should be noted that ¢ values are nearly additive when the isotopic fractionation is
small (%o range).

5= — 1(103%) (2.11)

Standards in the calcite system The standard ratios Rgiq which are used in this work
are the 180 /160 standard samples. For calcite this thesis refers to the Vienna PeeDee
Belemnite and for the ratio measured in water the Vienna Standard Mean Ocean Water
Mook and de Vriess [2000]. Absolute values are:

Ryppp = 0.0020672 (2.12)
Ry syow = 0.0020052 (2.13)
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2.4. Oxygen isotopes in the hydrological cycle

The main focus of this study lies upon the §®¥Oca1cite value of speleothems. This section
gives an introduction to the processes which influence the §'%0 value from ocean water
to speleothem calcite. Many of these processes will be approached in the model section.
Lachniet [2009] gave a profound and comprehensive analysis of this topic. This summary
relies on his study.

Meteoric precipitation originates mainly from the ocean. Water evaporates from the sur-
face experiencing an isotopic fractionation since the lighter 60 is preferentially removed
during this process. Hence, the formed air mass containing water vapour is isotopically
lighter and the remaining ocean water is enriched. Therefore the 680 value of ocean
water reveals a characteristical pattern with heavier values where evaporation rate is
high (figure 2.2 a) adapted from Lachniet [2009]). The pattern is interfered by the input
to the ocean by fresh water sources like ice or huge rivers (for example: Amazon river).
The vapour parcel is transported in the atmosphere where clouds can form causing pre-
cipitation. The formation of liquid water in the cloud depends on temperature as well as
the resulting isotopic fractionation. In contrast to evaporation, the formation of liquid
water is an equilibrium process, as long as no rain-out occurs. If the cloud is cooled
by a confronting air mass or by orographic lifting, the air mass is supersaturated with
water leading to precipitation. Since the 680 value of the liquid phase in the air mass
is higher than the vapour, the remaining air mass reveals a lighter isotopic composition
with progressive rain-out. The isotopic composition of precipitation on the continent is
therefore influenced by three parameters: i) temperature, ii) state of remaining fraction
of water in the air parcel compared to the initial amount and iii) the isotopic composition
of the moisture source. A geographical pattern of 5180prec is given in figure 2.2 b). A
trend towards lighter 6'®Opyec values can be observed with increasing latitude, increasing
altitude and increasing distance from the ocean. These effects described Mook [2006] as
the isotopic latitude-, altitude- and continental effect.

Three effects are not shown in figure 2.2 b), yet they have an important impact on
(SlgomeC - the source-effect, the amount-effect and the ice volume effect.

The source-effect accounts for changes in the source of moisture forming precipitation.
A change in the synoptic pattern can change the geographical origin of precipitation (for
detailed examples see section 2.5). Due to the different 6'*0 values of the ocean, the
precipitation at a cave location will show a significantly different 6180prec value if the
origin of moisture shifts [Denniston et al., 1999].

The amount effect is closely connected to the rain-out process of a cloud. In strong
downdrafts of precipitation initiated during thunderstorms an enormous amount of wa-
ter precipitates in a short time. Due to the fractional removal of heavy isotopes by
rain the remaining air mass depletes strongly (Dansgaard [1964], Lee and Fung [2007]).
Until the cave location is not subject to the initial rain falling from the air mass, the
precipitation at the cave is strongly depleted during thunderstorms.

The ice volume effect can be observed on times scales in which a glaciation or deglaciation
occurs. During glacials the volume of ice on the continent increases due to precipitation
accompanied with less melting. When meteoric precipitation is stored in continental ice,
the ocean §180 value increases [Lachniet, 2009)].

However, during the Holocene, the geographical §'%0 pattern is dominated by the three
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effects named above (i.-iii.).

The temperature is the parameter whose correlation to 5180meC can be measured best.
Dansgaard [1964] was the first who published a spatial temperature gradient which was
calculated from mean annual temperatures and the corresponding 5180prec values. The
derived value was 0.69%0/°C. In later studies values between 0.17 and 0.9%0/°C were
found (Mook [2006], Rozanski et al. [1993], Schmidt et al. [2007]) However, this gradient
is a spatial gradient. The rain-out effect occurring with increasing latitude amplifies
the pure temperature gradient. The temporal temperature gradient measured at one
location is about 0.3%0/°C for Central and Northern Europe [Fricke and O’Neil, 1999].
The next process in the hydrological cycle which is faced by meteoric precipitation is
the fractional recycling of water due to direct evaporation from soil to the atmosphere
or transpiration by plants - the evapotranspiration (section 2.2). During evaporation an
isotopic enrichment occurs due to the preferential removal of lighter isotopes (Clark and
Fritz [1997], Majoube [1971]). This is described in section 4.1.1.

The remaining water percolates through the soil to the epikarst layer and the host rock
matrix. Due to chemical reactions which can be summarised as the carbonate system
describes by Hendy [1971] the water dissolves calcite until saturation and enters finally
the cave.

Simultaneous to the degassing of the drip water (stalagmite formation - section 2.1)
calcite precipitates from the drip water solution. Both processes are accompanied by
an isotopic fractionation. For calcite precipitation under equilibrium conditions many
equations have been developed describing the fractionation between HoO and CaCOg
(Friedmann and O’Neil [1977], Kim and O’Neil [1997], O'Neil etal. [1969]). The de-
rived temperature gradients are negatively correlated to temperature and the value is
~-0.23%0/°C. If the fractionation occurs under disequilibrium conditions, more sophis-
ticated models must be applied (Dreybrodt [2008], Miihlinghaus et al. [2009], Romanov
et al. [2008], Scholz et al. [2009]). This topic is further discussed in section 4.1.1.
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Figure 2.2.: Spatial 6'®0 distribution in the surface ocean (a) and spatial distribution
of 6'80pyec (b). Figures extracted from Lachniet [2009]
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2.5. 5'80carcite as climate proxy

The use of 6'8Ocalcite is established as a valuable proxy for the climate of past times
since several decades [Hendy and Wilson, 1968]. Regarding the hydrological cycle dur-
ing which the §'®0 value faces many processes, it is obvious that §'%O is sensitive to
parameters characterising the climate of a region. Temperature, precipitation, moisture
source and pathway, shift in storm tracks or synoptic pattern as well as effects due to
the ice volume variation during deglaciation reflect in the isotope signal of speleothem
records on different time scales.

The references given here are restricted to few representative examples. A more com-
prehensive overview was given by McDermott [2004] or Fairchild et al. [2006].

On long timescales (ten- to hundred thousand years) stalagmite records were used
to identify changes between glacial periods and warmer phases where significant changes
in the 6180 value of the ocean occurred. Winograd et al. [1992] compared ice core data
to the §'8Ocalcite Tecord of stalagmites from Devil’s Hole, USA, and derived a correlation
between the stalagmite record and ice volume through the varying 680 value of ocean
water with growing glaciers (see 2.4)3. In this context Cheng etal. [2009], Henderson
and Slowey [2000] and Linge etal. [2001] can be referred to who also showed evidence
that the 'O records of stalagmites are sensitive to deglaciation and ice age termina-
tion. Spotl and Mangini [2002] revealed a correlation with Daansgaard-Oeschger Events
similar to the work by Wang et al. [2001] and Genty et al. [2003]. In addition Cruz et al.
[2005] pointed out that large scale variation of §'®Oacite Tecords can be connected to
insolation changes which influence the atmospheric circulation.

These massive changes of climate reflect very clearly upon the 60 signal of stalag-
mites. The changes in the §'%O signal of the ocean and the heavy drop or rise of annual
temperature prevail all the other effects which cause smaller impact on the §®¥O¢alcite
signal. These variations dominate on shorter timescales where the climate modes does
not change, e.g. the Holocene.

On shorter timescales different parameters rule the §*®O¢aicite value of speleothems
depending on the specific location of a cave. While Lauritzen and Lundberg [1999]
(Norway) or Mangini etal. [2005] (Austria) correlated the §'8Ocaicite value to surface
temperature, at other locations a shift of the moisture source turned out to dominate
the 6'80 variations (Denniston et al. [1999] (USA), Partin et al. [2007] (Borneo)). Also
the pathway of precipitation in combination with atmospheric circulation modes was
proven to be an important factor for 6'¥Ogacite variability (Fensterer [2011] (Cuba),
Vollweiler et al. [2006] (Austria)) Stalagmites from other caves, where the regional cli-
mate is highly sensitive to amount and seasonality of precipitation (monsoon area),
revealed a prevailing influence of this parameter and proved that the 6'8O¢aicite value is
also a valuable proxy for amount of precipitation (Burns et al. [2001] (Oman), Neff et al.
[2001] (Oman)). The influence of the vapour source was emphasised by Bar-Matthews
et al. [1999]) for an Israelean cave.

3Due to the existence of a correlation stalagmites can also help to refine the chronology of other climate
archive - in this case ice core data.
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The named studies used different approaches to assess the correlation between 68 O¢alcite
and the dominant parameter. One option is to compare 68 Ogaicite values with other cli-
mate archive which are better understood to identify relationships between climate and
180calcite (see above).

A more recent approach was enabled with increasing resolution of the §'%0 records due
to an improved measuring technique. Small samples size can supply §'%0 time series
in annual to subannual resolution. Such a time series offers the possibility of a tight
calibration between observational climate data and §'8Oggcite Of speleothems, which can
be used analyse the parameter influences [Jex etal., 2010]. With these insights models
for the §180calcite value can be designed (Baker and Bradley [2010], Bradley et al. [2010],
Wackerbarth et al. [2010]).
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2.6. Mg/Ca as climate proxy

The Mg/Ca ratio of speleothem calcite has over the last decade been established as a
valuable proxy for palaeo precipitation or water supply. In contrast to the 6'8Ogalcite
value the Mg/Ca ratio is not directly linked to atmospheric processes and therefore to
climate. The Mg/Ca value in speleothems does not originate from sea salt but is inher-
ited from the host rock signature [Fairchild and Treble, 2009]. Nevertheless the Mg/Ca
ratio has been proven to respond to wetter or drier conditions and can be regarded as
a proxy for effective rainfall [Fairchild and Treble, 2009] due to processes which control
the Mg/Ca ratio and are linked to the infiltration.

McDonald and Drysdale [2004] showed an anti-correlation of a 2.5 year record between
the high resolution Mg/Ca record of a speleothem and the water supply in Wombeyan
Cave, Australia. In another Australian Cave (Moondyne Cave) Treble et al. [2003] iden-
tified the same anticorrelation for a record covering the 20th century. McMillan et al.
[2005] stated that these correlations on a shorter timescale are also valid for longer time
scales. Cruz etal. [2007] published a important example which proves this relationship
for a Brazilian stalagmite which has grown from 120ka to present day. In this study the
Mg/Ca clearly correlates with §'8O¢aeite Which is a proxy for the strength of the summer
monsoon in this region.

The major reasons for the correlation to rainfall are i) the correlation between Prior
Calcite Precipitation, PCP, and ii) the characteristics of calcite precipitation at the sta-
lagmite [Fairchild and Treble, 2009].

PCP and the correlation to infiltration Many studies show that the Mg/Ca ratio of
drip water or stalagmites is driven by the extent of PCP (Baldini et al. [2006], Fairchild
et al. [2006], Karmann et al. [2007], McDonald and Drysdale [2004], Tooth and Fairchild
[2003]). Johnson et al. [2006] presented a correlation between the strength of the mon-
soon and the extent of PCP.

PCP describes calcite precipitation which occurs in the host rock matrix or at the cave
ceiling. When calcite precipitates from a solution, Mgt is incorporated as a trace el-
ement. The Mg/Ca ratio of the resulting calcite is much lower than the ratio of the
solution due to the very low partition coefficient (0.019) [Morse and Bender, 1990]. This
results in a preferential removal of Ca’t ions during calcite precipitation. The Mg?*
enriches in the remaining solution. The partition coefficient is also temperature depen-
dent, but the gradient is too small (0.0006°C~* [Huang and Fairchild, 2001]) to explain
the variations in stalagmite records.

PCP in the karst matric can occur, when air filled gaps exist, which is the case, if in-
filtration is low. Therefore the Mg/Ca of the drip water solution increases during dry
conditions due to a higher extent of PCP. This is in detail described in chapter 5.

The cave ceiling also offers the conditions for calcite to precipitate from the solution,
which can bias the Mg/Ca of the stalagmite strongly, if the stalagmite of interest is fed
from a large calcite drapery. The effect can be reduced by using stalagmites which are fed
by a soda straw stalactite in which the solution enters the cave through a channel inside
and is exposed to the cave atmosphere not until the drop forms at the tip of the stalactite.
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Calcite precipitation at the stalagmite The second reason why infiltration is related
to the Mg/Ca ratio of stalagmites is due to the general relationship of a higher drip
rate during wetter conditions. The mechanism of calcite precipitation at the stalagmite
surface is identical to PCP. The calcite of the speleothem shows a lower Mg/Ca ratio
than the solution. However, due to proceeding calcite precipitation the solution enriches
successively, which leads to an increase of the Mg/Ca ratio in the instantaneously precip-
itating calcite (since the partition coefficient is constant but the initial Mg/Ca increases).
This process is stopped by the fresh impinging drop. If the drip interval is short (high
infiltration), the solution at the top of the stalagmite is less enriched regarding Mg/Ca
than in dry conditions, when the solution lies for a longer time interval undisturbed at
the top of the stalagmite. This process is explained thoroughly in section 5.

Both effects lead to the correlation between Mg/Ca and hydrological changes [Fairchild
and Treble, 2009]. The basic idea of this correlation is illustrated in figure 2.3. An
extensive discussion of the topic is given in section 5.

High precipitation - l l

Low precipitation

1. Voids in karst rather full 1. Voids rather empty

2. Fast transport of
infiltration water through
soil/karst

- little PCP

2. Slow transport of
infiltration water through
soil/karst

- more PCP

3. Short residence time at 3. Long residence time at the

the top of the stalagmite top of the stalagmite
Little calcite precipitation per More calcite precipitation per
drop drop
-Low Mg/Ca - High Mg/Ca

Figure 2.3.: Principle of the anti-correlation between Mg/Ca ratio of a stalagmite and
the amount of infiltration/precipitation
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2.7. European winter climate - the regime of the North
Atlantic Oscillation

The North Atlantic Oscillation, NAO, is a meteorological phenomenon, that rules the
European winter climate.

The NAO originates from the pressure gradient in the atmosphere above the North At-
lantic caused by the Azores High and Icelandic Low. The gradient shows pronounced
values during winter month, while during summer the gradient is lower due to a weak-
ening and splitted Icelandic Low [Hurrell, 1995].

The absolute value of the gradient is not constant in time, but oscillates with varying
frequencies between 6-10 years [Hurrell and van Loon, 1997 due to interference of the
internal variability of the atmosphere and the oscillation of sea surface temperatures
Rodwell et al. [1999].

The NAO index describes the pressure gradient of the normalised sea level pressure val-
ues at two different location. First, the index was defined by Hurrell [1995] between
Lisbon (Portugal) and Stykkismholmur (Iceland). More often used is the index estab-
lished by Jones etal. [1997] which is defined by the difference of normalised pressure
values of Gibraltar and south-west Iceland for the month from November to March (see
figure 2.4).
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Figure 2.4.: Index of the North Atlantic Oscillation as determined by Jones et al. [1997]
for winter month (NDJFM) from observational data

The NAO index can be reconstructed back to 1820, which is the start of observational
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data for the relevant locations. However, by the use of different, appropriate proxies
[Luterbacher et al., 2002] published a reconstruction back to 1500 A.D.. Even further
reaches the reconstruction of Trouet etal. [2009] who derived the index from two sig-
nificant studies from Northern Scotland and Morocco for the last thousand years. The
proxies which were used cannot be regarded as archives for atmospheric pressure, but
record the climate variation which result from the oscillating pressure gradient.

The impact on winter climate generated by the NAO index is explained by different
authors (Hurrell [1995], Wanner [2001] see also figure 2.5) as follows.

The NAO mode is divided into a positive (NAO+) and a negative anomaly situation
(NAO-). When the pressure gradient is strong (NAO+), the westerlies from the Atlantic
to European continent strengthen and follow a north-east trajectory covering Mid and
Northern Europe. In the Mediterranean area winter precipitation is reduced accom-
panied with higher temperatures resulting from air masses from the south, which can
spread in this situation. For the northern and mid part of Europe the Atlantic air masses
lead to rather wet but warm winter conditions.

In the opposite situation (NAO-) the pressure gradient is less pronounced and the wester-
lies shift to an eastern trajectory moving across Mediterranean Furope. Winter climate
in this area experience humid conditions and slightly decreased temperatures. The air
masses from the north (high Norwegian See) are not repelled by the southern storm
tracks and spread cold and dry air across Mid- and Northern Europe.

Trigo etal. [2002] and Baldini et al. [2008] approached these general relationships by
calculating correlation coefficients between NAO index, precipitation, temperature and
5180 of precipitation. The results show strong correlations to temperature and 5180prec,
but significantly lower correlations to precipitation. The reason for this is that the cor-
relation coefficients are calculated from GNIP [TAEA/WMO, 2006] station values which
can only supply spatially discrete climate information. Temperature is spatially more
stable parameter than precipitation which is influenced by all kind of geographical con-
ditions. A detailed discussion of the work of Baldini etal. [2008] is given in section
7.3.4.
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Figure 2.5.: Positive (NAO+) and negative (NAO-) mode of the North Atlantic Oscil-
lation and the impact on European climate extracted from Wanner [2001]






3. Model preface

The following three chapters present the models which were developed during this work.
The first two chapters discuss the forward models, while the third chapter introduces
two approaches to inverse the models.

Forward modelling in this context means, that a model is designed that uses cli-
mate signals as input parameters and simulates the processes occurring from surface via
soil and karst matrix to calcite precipitation at the stalagmite to derive the resulting
5'80¢alcite value (chapter 4) and the Mg/Ca ratio (chapter 5) of speleothem calcite.
Inverse modelling aims for reconstructing palaeo climate conditions from proxy data.
This work presents two approaches to interpret the §'®Ocaicite signal in this context. One
approach is based only on the 68 O¢acite value, while the other relies on both, §®¥O¢alcite
and Mg/Ca ratio. Since the reconstruction is performed for stalagmite BU4 from Bunker
Cave the respective values are illustrated in figure 3.1.

The models have been implemented and compiled using the program MATLAB 6.5 (The
MathWorks, Inc., Natick, MA, USA).

8'°0 [%o] Mg/Ca * 100
-4.5- -0.35
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Figure 3.1.: The Mg/Ca and §'®0aicite record from stalagmite BU4 from Bunker Cave
in western Germany |[Riechelmann, 2010]
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In the following chapter the key issue of this work is presented - the model describing
the modification and evolution of §'¥0 from rain water to speleothem calcite.

First, the forward model is introduced and described, which is applied to Bunker Cave
in western Germany. This is followed by a discussion about the model’s sensitivity with
respect to several input parameters. In section 6.2 an application of the model - the
model reversion in the context of climate reconstruction - is shown.

4.1. The forward model

This chapter describes the structure, setup and included equations of the developed
Oxygen isotope Drip water and Stalagmite Model - ODSM. As an overview the con-
cept of the model is given in figure 4.1 illustrating the segments which are modelled by
the ODSM. In the following they are described in detail.

Overview Cave drip water inherits the 680 signature from meteoric precipitation
above the cave modified in the soil-karst system before it enters the cave and feeds
the stalagmite. As shown in figure 4.1, the parameters influencing the 6'80 signal can in
principle be separated into four groups: atmosphere, bio- and pedosphere, karst system
and cave environment.

Atmospheric parameters (e.g. surface temperature and amount of precipitation) and
related processes (e.g. moisture source, pathway from source to cave, seasonality of me-
teoric precipitation) influence the 680 value of meteoric precipitation (e.g., Lachniet
[2009], McDermott [2004], Mook [2006]).

In biosphere, pedosphere and karst system the signal is influenced by processes like evap-
otranspiration, mixing of water of different ages and calcite dissolution, which depends
on different parameters like temperature, properties of the soil and karst layer, the pCO2
of soil air as well as type and seasonal state of vegetation.

The conditions at the cave described by parameters such as cave temperature, drip in-
terval and supersaturation of the drip water solution with respect to calcite determine
the amplitude of the isotopic fractionation between the 5180drip and 080.alcite (e.g.,
Dreybrodt [2008], Miihlinghaus et al. [2009], O’Neil et al. [1969], Scholz et al. [2009]).

23
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Model section Processes Involved Parameters
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Figure 4.1.: The scheme of the ODSM shows the different model sections, the processes
occurring in these sections and the involved parameters in the processes.
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4.1.1. Model description

The OSDM describes the modification of §'*0 during the processes named above and
was developed to understand how and to which extent the input parameters affect the
518Ocalcite-

To model the annual mean 680 value of cave drip water and the resulting 6" O¢alcite
value two factors must be determined: i) the §'80 value of monthly water parcels calcu-
lated according to the processes named above and described in detail below and ii) the
weight of these water parcels which is defined as the contribution of a water parcel to
the annual amount of drip water.

4.1.1.1. Weighting function for drip water

The ODSM establishes a weighting function and calculates the resulting isotopic com-
position of the drip water (equation 4.1). The resulting mean §'®Oqyi, value is the mean
value of n month (if the annual mean is modelled n=12).

n
0"%0arip = > Gi(P, ETpot) - 6" 04011, (T) (4.1)
i=1
Determination of Infiltration. The weighting function depends on the amount of
precipitation, P, and the amount of evapotranspiration, ETpot. The difference of these
parameters determines the amount of infiltration, Inf.

I nfl
Z?:1 Inf;
For the evapotranspiration several equations have been developed (Haude [1954], Haude
[1955], Penman [1948|, Thornthwaite and Mather [1957]). As discussed in section 2.2,
if not stated differently, the equation used from Haude [1954] is applied. Therefore, the

weighting coefficient depends also on temperature, humidity and the type and state of
vegetation.

Gi(P, ET)y) = (4.2)

Determination of §'¥0g.. The 68Oy is defined as the isotopic composition of
a monthly precipitation parcel after the process of evapotranspiration which enriches
the remaining water in heavy isotopes [Mook, 2006]. This enrichment is described as a
Rayleigh process with one reservoir (monthly precipitation parcel) and two sinks (evap-
oration and transpiration) (equation 4.3).

5180 (T) N N\ €erfeterfi
5" Ogoit = <1+ Lo >< m“”) — 1 -1000 (4.3)
1000 Nprec

in which 68Oy is the initial 5180 value of meteoric precipitation, before evapotranspi-
ration occurs. Evapotranspiration can be separated into physical evaporation and the
uptake of water by plants - transpiration. f. is the fraction of water which is lost through
evaporation and f; the fraction of water lost due to transpiration. f. + f; is defined as 1.
While the process of transpiration is not accompanied by isotopic fractionation [Mook,
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2006], the evaporation from a water body leads to isotopic enrichment. The enrichment
was described by Majoube [1971]:

€e = (—7356/T + 15.38) %0 (4.4)

The Rayleigh fractionation depends on temperature and on the ratio of infiltration to
precipitation. As the influence of the temperature on the enrichment is rather small
(+2.7%0 over the temperature range from 0°C and 30°C - see figure 4.2), the ratio of
infiltration to precipitation is the driving factor of the enrichment as illustrated in figure
4.2.
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Figure 4.2.: Enrichment of §'0 in an evaporating water parcel depending on tempera-
ture (influencing the fractionation factor) and on the ratio of infiltration to precipitation.
The figure is based on equation 4.3. f; is in this figure defined as 0.5.

The model calculates the 680 4 for the individual months and calculates the weighted
mean 680 value according to equation 4.1. The value represents the 6'¥0 value of the
drip water feeding the stalagmite, which is used in the next step.

4.1.1.2. Fractionation from §'®0gyip to 6'%Ocaicite

The isotopic fractionation between 6180drip and 6'8Oalcite Tesults from the degassing of
COs and simultaneous precipitation of calcite from the drip water solution. The process
is driven by the gradient between the pCOs of cave air and the drip water solution,
that have been in equilibrium with the higher soil air pCO3, when it enters the cave.
Degassing enriches the solution due to the preferential removal of lighter oxygen iso-
topes, while calcite precipitation removes statistically more heavy isotopes. If calcite
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precipitation occurs under equilibrium conditions, the resulting fractionation depends
only on temperature. In the ODSM the equation by Friedmann and O’Neil [1977] is
used (equation 4.5).

2.78 - 106

1000 - Inay = =5 — 2.89 (4.5)

in which « can be expressed in the §-notation with equation 2.11
_ Rcuco, _ 8"0caco, +1000  Ryppp

a f— = 4.6
Ri,0 0180m,0 +1000  Rsarow (4.6)

This results in equation 4.7 for the fractionation between drip water and calcite in the
d-notation:

68044, + 1000

60 cateite (6" O grip, T) = Cos0s6 exp(2780/T? — 2.89/1000) — 1000  (4.7)

In most applications (in the ODSM as well as for the Mg/Ca model (section 5) and for
the model inversions (chapter 6)) equilibrium fractionation does not describe natural
conditions realistically. Therefore kinetic fractionation must be included in the ODSM.
The module describing disequilibrium fractionation is adopted from Miihlinghaus et al.
[2009]. For this type of fractionation more parameters are required.

e The pCO4 of the cave and soil air must be known, since their difference controls
the degassing of CO4 and precipitation of calcite. Calcite precipitation takes place
until the solution is in equilibrium with the pCOs of cave air (stalagmite growth -
see section 2.1).

e The drip interval is the third, important parameter. The §'80 value of the drip
water solution on top of the stalagmite degasses continuously accompanied by cal-
cite precipitation. The %0 value of the solution as well as of the instantaneously
precipitating calcite enriches successively. However, due to hydration and hydroxy-
lation oxygen isotopes exchange between calcite and the large HoO reservoir. This
so-called buffering finally inhibits the enrichment of 6'¥O¢acite and leads to deple-
tion. If the buffering is fully developed, the §'80 value of the calcite is the same as
it would be under equilibrium conditions. The drip interval determines the time
in which the solution on top of the stalagmite can evolve freely and subsequently
the extent of the buffering effect.

e The parameter ¢ must be determined. These parameters describes the mixing
between the solution layer on the stalagmite surface and the new drop. It can range
between 0 and 1. If only 10% of the impinging drop remain at the place where
the drop hits the stalagmite (center of growth) while the rest is lost by splashing
to outer areas of the stalagmite, ¢ has the value 0.1. If the new drop replaces the
solution layer at the growth axis completely pushing the existing solution to outer
areas of the stalagmite surface, ¢ is defined as 1.
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4.1.1.3. Weighting function for calcite

. For the §'®0.aicite it is not only important how much water infiltrates to deeper soil
layers but also how much Ca?t precipitates at the stalagmite top from the drip water
parcel. If water without the possibility to precipitate CaCOj3 feeds the stalagmite, the
(5180drip value cannot contribute to the isotopic composition of the stalagmite. For the
880 alcite the weighting function must be extended involving Ca®* ions.

Determination of Ca?" content of the drip water solution. The Ca’t content of
the drip water solution arriving at the cave ceiling depends on three driving factors:

e The COg of soil air dissolves in precipitation and forms acid which dissolves calcite
from the host rock (see section 2.1). The pCOq of soil air determines how much
calcite can be dissolved.

e The temperature of soil and karst influences the chemical reactions involved in
calcite dissolution.

e The residence time of water parcels in the soil and karst layer determines how
much influence the additional weighting coefficient, Ca?*, has (see below).

e The pCO4 of cave air drives the degassing and precipitation from the drip water
solution at the stalagmite because it is generally lower than the pCOs in equilib-
rium with the COq dissolved in drip water. The bigger the gradient between the
two COq contents is, the more calcite precipitates from the solution.

These parameters are included in the calcite dissolution model by Hendy [1971] (routine
written by Jens Fohlmeister [Fohlmeister etal., 2011]) which calculates the concentra-
tions of the different species involved in the carbonate system (i.e., H", COs (aq), OH™,
CO3%7, HCO;3 and Ca?' ) in dependence of soil air pCO2 (g) and temperature. This
module determines how much calcite is dissolved under the given temperature and pCOa2
conditions for open system dissolution. This determines the Ca?* concentration of the
drip water entering the cave.

Calcite precipitation is forced by the gradient between the dissolved inorganic COs of
the drip water in equilibrium with soil air pCOg and cave air pCOs. Due to low pCOaq
values of the cave air environment compared to the drip water solution, the solution is
highly supersaturated as it enters the cave. COy degasses until the solution reaches a
certain saturation index. Here, the saturation index (SI: from here on) is kept constant
at 0.5 (Lebrén and Sudrez [1998], Nielsen and Toft [1984]). The gradient finally deter-
mines how much calcite precipitate from a water parcel. The factor Ca?t comprises
this parameter as a coefficient in equation 4.8.

In the model Prior Calcite Precipitation is not included, i.e. calcite precipitates only at
the stalagmite.

5180dm‘p = Z Gz(Pa ETpOt7 CCL2+) : 518050@1,- (T) (4'8)

However, the importance of this additional weighting depends strongly on the residence
time of the water parcels in the soil and karst. In most cave systems the residence
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time is long (one or more years) leading to extensive mixing in the upper soil layers
[Riechelmann etal. [b], in review|. If the water parcels stay for months or longer in
the layers in which the uptake of COs in the solution occurs, the pCO4 of the solution
can be assumed as the mean pCQO4y value of the soil air over this time. The particular
month of precipitation is therefore less important. The same holds for the temperature.
Hence, for long residence times the drip water bears more or less a similar Ca?* content
throughout the year.

Under these conditions (constant Ca?* content AND constant (5180drip value due to
extensive mixing) it is not important to know in which month calcite precipitation occurs
preferentially. The pCOg cave can be defined as constant.

In case of a short residence time the annual pattern of pCOq 45 and pCOs cave cannot
be regarded as constant. If no (or less) mixing of the water occurs in soil and karst,
which can occur in a fissured flow situation, the drip water in the cave reveals neither a
constant Ca?T content nor a constant 518Odrip value.

Under these conditions it is important to know from which water parcel the amount of
Ca?* ions precipitates. Hence, both the pCOs i and pCOs ¢ave must be included in
the weighting function.
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4.2. Application and evaluation of ODSM

In general a model can only be validated by comparison to measured data. In the case
of the ODSM the input data for the model are

e surface parameters
— temperature
— precipitation

— evapotranspiration (or humidity and temperature at 2 p.m. Haude [1955])

e measured data
— pCOs of soil and cave air
— cave temperature
— drip interval

— residence time in soil and karst

These data should be supplied in a monthly resolution. It is not enough to know annual
mean temperature or the annual amount of precipitation, since seasonality is one of the
most important features of regional climate (season of precipitation results in pronounced
weighting of this season for the § 18Odrip value). The parameters which must be simulated
correctly for a validation by the ODSM are

e mean annual (5180drip value

o 680 a1cite Value of modern precipitates

Although the input data must be provided in a monthly resolution, a comparison be-
tween simulated and measured monthly (5180drip and '8 0g¢alcite values is not aimed for.
The ODSM can be regarded as successfully validated, if it is able to simulate the mea-
sured mean annual 518Odrip and 6'80¢aicite correctly. In the context of palaeo climate
analyses mean values are the important feature of stalagmite records, since they rep-
resent the climate conditions of the past instead of short scale variations. In addition
growth rates are commonly low yielding proxy information in a temporal resolution from
years to decades. Only very rarely stalagmite can supply annual or subannual resolution
[Jex etal., 2010].

It should be noted, that the best assessment of the validity of the model can be achieved
by comparing model results and the measured values from the same time period. How-
ever, the measurement values (518Odrip and §'80calcite) are only available for a rather
short period depending on the respective cave monitoring period. Five years are gener-
ally a long time for a monitoring program. However, it is not advisable to use the input
data from atmosphere and cave for the model from the same period for two reasons: i)
the cave system reacts slowly and delayed to surface climate variations and ii) although
five years of cave monitoring provide a sound database, five years of surface climate
observation can accidently not represent the long term climate means. For a comparison
it is important to use good representatives of the long term climate mean as input values.
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4.2.1. Application to Bunker Cave

This work is funded by the DAPHNE Forschergruppe which focus mainly on Bunker
Cave in Sauerland, Germany. Five years of cave monitoring [Riechelmann et al. [a], in
press| supply a reliable set of observed parameters which allow a sound testing of the
ODSM at this location.

Parameters to determine the monthly infiltration

For Bunker Cave the input weather parameters are supplied by the German Weather
Service (Deutscher Wetterdienst - DWD, www.dwd.de) from the nearby station Hagen
Fley. The data set includes monthly temperature, monthly amount of precipitation,
monthly values for the humidity and temperature at 2 p.m. from 1988 to 2007. These
parameters are required to determine the monthly amount of infiltration, P-ET),,. The
calculation of evapotranspiration by Haude [1954] requires besides temperature and hu-
midity the type of vegetation. According to the vegetation found today above the cave
(observations from Riechelmann et al. [a] [in press| and Bundesamt fiir Naturschutz (the
German Federal Agency for Nature Conservation, www.bfn.de), the type of vegetation
is defined as a representative composition of beech and spruce. The values of the vege-
tation coefficient used in the calculations are taken from Héckel [1999] (see table 4.1).

Parameters to determine the §'30 ;5

For the same period as the climate data the GNIP station from Bad Salzuflen supplies
5180prec in monthly resolution, which is the initial 5180 value in the ODSM. During
evapotranspiration the §'%0 value enriches. Therefore the ratio of evaporation to tran-
spiration (see section 4.1) is required according to equation 4.3. Unfortunately this value
is hard to evaluate due to a lack of studies on this topic. By default the ratio could be
defined as 1. However, the study of Tang and Feng [2001] on twig water suggests that
during summer, the fraction of transpiration, f;, to the total amount of evapotranspira-
tion is bigger than the fraction of evaporation, f.. They show that trees use mainly water
from soil layers near the surface from spring and summer. Although the temperature
is high in summer intensifying physical evaporation in theory, a large part of the water
is absorbed by plants during their growing season [Tang and Feng, 2001]. In addition,
after strong precipitation events humidity tends to be high reducing the factor of direct
evaporation from soil. The third reason that evaporation does not prevail during sum-
mer is that the canopy of the trees shields the soil from direct solar insolation reducing
direct evaporation. Therefore f, (fraction of evaporation to the total amount of evapo-
transpiration - equation 4.3) is defined as 0.5 for winter months (October-March) and
0.2 for summer months (April-September).

Determination of mixing characteristics

As the next step, the residence time of the precipitation water in the soil and karst must
be determined to evaluate if the ODSM should be applied with the additional weighting
coefficient for the calcite (see section 4.1.1).

The study by Kluge et al. [2010] with tritium tracers suggested a residence time of 2-3
years for the drip site above BU4. This stalagmite is selected, because it was recently
growing and supplied therefore a sample of modern calcite.
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The assumption from Kluge et al. [2010] is confirmed by the monitoring of the monthly
Ca?* content of the drip water which reveals no seasonal pattern but a rather constant
level for the drip site suggesting an extensive mixing of the water in soil and karst. Ac-
cordingly, the ODSM is applied in the setup for long residence times.

Parameters to determine the fractionation between 5180drip and 6'%O0 a1cite

For the calculation of the kinetic fractionation the relevant data can be retrieved from the
monitoring program. The mean pCO4 values for soil and cave air are given in table 4.1.
The drip interval of the drip site T'S8 showed an average value of about 3600s. For the
modelling the new drop is assumed to replace the solution at the center box on top of the
stalagmite completely (which in the model is represented by the mixing coefficient ¢p=1).

4.2.2. Model results
With this set of input the ODSM yields the following results:
e 5180 =-7.8%¢ (precipitation weighted mean 580 pec)
e 680 =-8.5%0 (infiltration weighted mean (5180prec)
e 6180 =-7.9%0 (mean §'¥Oqyip)
o 080 =-6.6%0 (mean 6'80qicite - equilibrium fractionation)
o 6180 =-5.8%0 (mean 6'¥Oca1cite - kinetic fractionation)

The infiltration is higher in winter than in summer due to higher evapotranspiration
rates under warm conditions. The (5180drip signal is by this process biased towards
isotopically lighter winter 5180prec values. The enrichment during evaporation causes
the §'%0 signal to increase compared to the 680 value of meteoric water. The 6180drip
is nearly on the same level as the precipitation weighted mean 680 value. The measured
(5180drip value and the modern 6'8Oyjcite sample from BU4 are

e 50 =-7.9%c(mean §¥Oqyip - May 2006 to July 2009)
o 080 =-5.7%0(mean 680 aicite - recent sample from BU4)

The simulated drip water 680 agrees well with the observed value. The §'®¥Ocalcite sShows
that the calcite sample has not grown under equilibrium conditions but reveals a kinetic
offset of about 0.8%.

The ODSM seems to be a good representative of the cave system at Bunker Cave.

Error estimation A classical error estimation of the simulated values cannot be applied
to the model. The equations in the model do not cause a statistical error (which could
occur due to errors of parameters included in the equations). The parameters which are
afflicted with uncertainties are the input parameters (climate and isotope parameters),
which in principle bear a measurement uncertainty. However, these are not given by the
DWD (www.dwd.de).

The more interesting feature of the model is the sensitivity of the model to the input
parameter. A sensitivity test is performed in the following section.
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4.3. Sensitivity of the ODSM

4.3.1. Preparatory model adjustments

In the context of climate research it is important to know how the model results change,
if temperature and the amount of precipitation change. The sensitivity of the model
results to these parameters is the main focus of this section.

In addition the sensitivity to different calculation of the evapotranspiration, short and
long residence times, the effect of varying parameters in the kinetic fractionation are
evaluated.

For these experiments standard years for precipitation and temperature are defined
(table 4.1) using the mean monthly values of the weather service data from Hagen Fley
(Deutscher Wetterdienst- www.dwd.de) from 1988-2007. This allows to calculate the
difference between the 6'8Ogyicite results for the current valid mean parameters and
parameter deviations.

In order to investigate the temperature- and precipitation sensitivity, the numbers of
input parameters must be reduced. In this context some parameter are kept constant
(see table 4.1). These are

e ratio evaporation/transpiration
e vegetation coefficient (used for the calculation of the evapotranspiration)

e pCOy of soil and cave air

Month || Temperature | Precipitation | COs soil air | CO4 cave air | veg. coeff.
°C] [mm,/month] [ppm] [ppm]
1 3 77.5 3293 600 0.05
2 3.5 57.6 2547 650 0.02
3 6.1 72.8 3644 700 0.09
4 9.3 67.3 4725 750 0.23
5 13.7 72.3 5195 800 0.31
6 16.7 87.6 4944 850 0.31
7 18.4 90.6 5154 900 0.32
8 18.0 7.2 4867 900 0.26
9 15.1 66.7 4370 800 0.19
10 114 62.2 4430 700 0.12
11 6.8 78.4 4393 650 0.04
12 4.1 90.4 3212 600 0.03

Table 4.1.: Standard months used as input for the ODSM sensitivity experiment. Sen-
sitivity is investigated as deviation from these standard values. Temperature and pre-
cipitation are mean monthly values from Hagen Fley (DWD), pCO; of cave air and soil
air are derived as average monthly values from the monitoring program (Riechelmann
[2010], Riechelmann etal. [a] [in press]) and the vegetation coefficient is taken from
Héckel [1999].
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Other parameter should not be set to fix values, since a close relationship to temperature
exists, and must be included in the model for a realistic sensitivity experiment. These
are:

e humidity of surface air at 2 p.m.
e surface temperature at 2 p.m.

° (51SOpreC value

These parameters can be linked to surface mean monthly temperature using a linear fit
of the respective data from meteorologic data sets (for humidity, Fa, ., , and tempera-
ture, Top ., at 2 p.m. the weather data from Hagen Fley, for 5180prec the data from
the monitoring program).

Fopm (T) = 76.72(£1.07) — 1.21(£0.07) - T (where R* = 0.56) (4.9)
Topm (T) = 1.77(40.12) 4 1.13(40.01) - T (where R* = 0.98) (4.10)
6"80prec(T) = —9.53(£0.47) + 0.18(£0.04) - T (where R* = 0.47) (4.11)

Since the monitoring period is rather short for a robust and reliable correlation, the
values of the linear regression between 5180prec and temperature must be compared
to long term values from the surrounding GNIP stations before the regression from
Bunker Cave monitoring is applied. The results are shown in table 4.2. Since the slope
observed at Bunker cave agrees within the errors with the surrounding GNIP stations,
the monitoring period seems to be sufficient to establish a robust relation. Therefore
equation 4.11 is used in the following to link the 5180prec value to temperature.

The values of the linear regression seem rather small in comparison to the often-cited
0.69%0/°C [Dansgaard, 1964] or the global values that range between 4+0.17 to +0.9%0/°C
(Dansgaard [1964], Mook [2006], Rozanski et al. [1993], Schmidt et al. [2007]). However,
these values are spatial temperature gradients from linear regressions between annual
temperature and 618Oprec values. For the ODSM a temporal temperature gradient should
be used as determined above. The temporal gradients are known to be smaller than spa-
tial gradients for locations from all over the world [Fricke and O’Neil, 1999]. Schmidt
etal. [2007] determined the temporal temperature gradient to be 0.3%0/°C for central
and northern Europe.

Using equations 4.9, 4.10 and 4.11 the weighting function which determines the mean
annual drip water §'80 value (equation 4.1) depends only on precipitation and temper-
ature and the influence of these parameters on the 620 signal can be assessed.

4.3.2. Results of the sensitivity experiment

In figure 4.3 the influence on ¢ 18Odrip and 680 .1eite can be observed. It should be noted
that the respective temperature and precipitation variations correspond to annual mean
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GNIP station y-axis intercept Slope R?2 p-value | mean 5180prec
[Yoo] [%oo/°C] [Yoo]

Bad Salzuflen -9.6140.27 0.19+0.02 | 0.25 | <0.0001 -7.8

(51.2°N, 8.73°E)

Emmerich -8.80+0.24 0.16£0.02 | 0.22 | <0.0001 -7.14

(51.83°N, 6.6°E)

Braunschweig -8.83+0.25 0.17£0.02 | 0.23 | <0.0001 -7.23

(52.3°N,10.45°E)

Koblenz -10.09£0.29 0.2740.02 | 0.42 | <0.0001 -6.91

(53.35°N, 7.58°E)

Mean -9.34+0.27 0.2040.01 | 0.28 | <0.0001 -7.35

(51.38°N,7.52°E)

Bunker Cave -9.53+£0.47 0.184+0.04 | 0.47 | <0.0001 -7.84

(51.2°N, 8.73°E)

Table 4.2.: Relationship between the (51801;,1@C and temperature at four GNIP stations
and at the Bunker Cave.

values as well as monthly mean values. For example: 1°C warmer annual temperature
results from 1°C warmer, individual months. 10% less annual precipitation also means
10% less precipitation in each month. The seasonal pattern is not changed. The sensi-
tivity is given as Ad'80 values. This refers for each figure to the respective present day
value.

For the (5180drip value in figure 4.3 a clear, positive temperature dependence can
be observed which originates from the relationship between temperature and 6180prec
(equation 4.11).

The influence of the amount of precipitation is less dominant than temperature.

For low temperatures there is little variation in the 5180drip signal with the precipi-
tation change. Only for very dry conditions the §'®Ogq,i, depletes. This is caused by
the dominance of winter precipitation, which has still a significant contribution under
dry conditions while summer infiltration (and warmer spring and autumn months) are
reduced to zero.

For warmer conditions (e.g. 5°C) a wavy pattern can be observed which see-saws between
enrichment and depletion with a decrease of precipitation. A decrease of precipitation
diminishes on the one hand the infiltration/precipitation ratio (leading to heavier 60
values) but adds more and more weight to colder (isotopically lighter) seasons on the
other hand. Under warm conditions this behaviour is more pronounced than in colder
conditions due to higher evaporation values.

The ¥ O0calcite value inherits this wavy pattern. However, the basic sensitivity fea-
tures are different. Note, that the axes are differently displayed than for (5180drip.

In general the temperature sensitivity is lower (one third) than the 5180dr1p sensitivity
and with an inverted gradient. 6'®Ogaeite enriches with decreasing temperature due to
the isotopic fractionation (equation 4.7) between drip water and calcite which counter-
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Figure 4.3.: Sensitivity of 6180 on temperature and precipitation variations plotted as

A5180drip (a) and A5180ca1cite
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T=10.5°C, precipitation in % from the present day amount (100%).

sents the present day conditions.

acts the temperature dependence of §'80pec and prevails.

For low temperatures there is a soft increase of 6'8O¢aicite With an decrease of precip-

itation identically to the 5180drip evolution. For warmer temperatures the 6'®Ocalcite

see-saws between depletion and enrichment like the 5180drip.
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It is obvious that both the § 18Odrip and 68 O¢alcite signal are highly sensitive to the ratio
of infiltration to precipitation.

4.3.2.1. Influence of different ET o calculation

As discussed in section 2.2 the equation for the calculation of evapotranspiration by
Haude [1954] (equation 2.4) is the preferred choice for the ODSM. However, in many
cases the required input parameters (type of vegetation, humidity and temperature at 2
p.m.) are not available at the cave. For these cases the equation by Thornthwaite and
Mather [1957] can be applied (equation 2.6).

In general the evapotranspiration by Thornthwaite and Mather [1957] results in higher
evapotranspiration rates than calculated by Haude [1954] (figure 4.4). This leads to
lower infiltration rates throughout the year enriching the soil water isotopically more
than calculated by Haude’s equation. For the present day, climatic conditions the equa-
tion by Thornthwaite and Mather [1957] yields 0.7%0 heavier 6'¥Ogqyip and 0'8Ocacite
values. This difference cannot be regarded as an offset as the sensitivity of the 680
values is also different between the setups. The differences of the sensitivities of 5180drip
and 0¥ Ocalcite to temperature and precipitation variations are shown in figure 4.5.
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Figure 4.4.: Comparison of the amount of evapotranspiration (a), infiltration (b) and
the 60 value of soil water enriched due to evapotranspiration calculated by Haude
[1954] (black) and Thornthwaite and Mather [1957] (cyan)

For both setups the temperature sensitivity is higher than the precipitation sensitivity.
The drip water 680 value is in the setup using Thornthwaite and Mather [1957] (red
layer) even more sensitive to temperature than in the Haude setup. Both setups inherit
the temperature gradient from the relationship between 5180prec and temperature. In
the Thornthwaite & Mather setup this gradient is amplified by the stronger, additional
enrichment occurring during evapotranspiration with increasing temperatures. This ef-
fect is more pronounced, when precipitation is low.

For these low precipitation rates the pronounced positive temperature gradient is strong
enough to dominate the negative temperature gradient of the fractionation between drip
water and calcite [Friedmann and O’Neil, 1977]. In contrast to the Haude setup, the
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resulting temperature gradient of 6*¥Ocaicite is positive (0¥ Ocareite in figure 4.5). For
wetter conditions the temperature slope has nearly the same magnitude as the temper-
ature gradient in the fractionation. Hence, the 6'8Ocacite is nearly constant over the
whole temperature range.

To conclude, the temperature sensitivity is higher in the Thornthwaite and Mather [1957]
setup and in general the equation by Thornthwaite and Mather [1957] leads to heavier
518Odrip and 51800alcite-
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Figure 4.5.: Sensitivity of §'80 on temperature and precipitation variations plotted as
A5180drip (a) and A§'"8Ocacite (b) (deviation from the respective present day values).
Temperature deviation is given in °C from the present day annual mean temperature
T=10.5°C, precipitation in % from the present day amount (100%). The red dot rep-
resents the present day condition. Red Layer: Thornthwaite calculation. Green Layer:
Haude calculation
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4.3.2.2. Influence of short and long residence time

The residence time might differ from drip site to drip site in one cave depending on the
flow situation'. It is useful to understand the influence of this parameter on the §'%0
values. As discussed before, the residence time changes the weighting function, when
the amount of Ca?t ions which precipitate from monthly water parcels is included. If a
short residence time is assumed, monthly rainfall water dissolves calcite under the pCOs
conditions of the respective month. For the same soil pCOs less calcite is dissolved at
higher temperatures than at lower temperatures. Thus, calcite dissolution should be
more effective during winter months [Riechelmann, 2010]. However, higher tempera-
tures promote higher soil pCOq values, which counteract the above mentioned effect.
For Bunker Cave the difference between winter and summer pCOy of soil air (about
1600ppmv) is too small to compensate for the temperature effect. In addition, the gra-
dient between the pCOs3 of soil and cave air is higher during winter months, resulting
in more calcite precipitation. This is reflected in the weighting coefficient which assigns
even more weight to the winter season. However, the difference is small. For short res-
idence times the ODSM yields a 6'®O¢acite value which is 0.1%o lighter than under the
assumption of a long residence time.

For caves revealing more pronounced seasonal variations in soil and cave air pCOa, this
difference might be higher.

The sensitivity is not illustrated graphically, because it is the same for both setups.

4.3.2.3. Influence of kinetic fractionation

The sensitivity experiment for kinetic fractionation has an additional problem - the
drip interval (in the following dT;) of the stalactite is bound to change depending on
the amount of infiltration (Cobb etal. [2007], Hu et al. [2008], Zhou et al. [2005]). For
this purpose a correlation must be established between drip rate and the amount of
infiltration. This correlation is extremely difficult to derive from data of the monitoring
program, since short term variations of soil conditions and flow characteristics influence
the drip rate. For long term climate variations the influence of precipitation on the drip
rate should prevail. Such a correlation cannot be derived from five years of monitoring.
In the lack of knowledge, the equation 4.12 is used. This equation assumes the simplest,
possible relationship between precipitation and drip interval as illustrated in figure 4.6
and discussed in the following.

AT,(INF,) = (dTmag — dTpmin) * exp(INF; - C) + dTpmin (4.12)

where C forces the function to include the pair of values for the present day situation

detd - dTmm
dTmax - dTmzn
If climatic conditions become very dry, the drip interval increases. In figure 4.6 the max-
imum drip interval (dTp,ax=10000s) is approached when the annual infiltration is zero.
When conditions become wetter the drip interval decreases and converges to the lower
drip interval level (dTpmin=500s). The minimum and maximum drip rates are chosen

C = |log JINFgq (4.13)

Hissured or seepage flow
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Figure 4.6.: Assumed relation between drip interval and the amount of infiltration

here to be suitable to drip site TS8 which is the drip site above stalagmite BU4 from
Bunker cave. The drip site shows clear seepage flow characteristics with an extremely
long average drip interval (dTsq=3600s) [Riechelmann et al. [a], in press]. If the climatic
conditions provide much infiltration, this drip site tends to show a higher flow rate, but
will unlikely turn into a fissured flow drip site. Hence, the drip interval will still be
rather long. If the climate reaches a very dry level, the drip site will possible run dry
totally resulting in a very long drip interval (dTyax). Stalagmite growth nearly ceases.
The kinetic offset for present day conditions was shown in 4.2 (0.7%o heavier than un-
der equilibrium conditions). The sensitivity of 6'®Ocalcite under kinetic fractionation
compared to equilibrium conditions is presented in figure 4.7.

In general, the temperature gradient under disequilibrium conditions is inverse to the
amplitude of isotopic fractionation [Miihlinghaus, 2008] resembling the gradient under
equilibrium fractionation. The sensitivity of §'®Ocalcite to changes of precipitation is also
inherited from the drip water variation. The drip interval is a factor which is influenced
by temperature and precipitation and could in principle also influence the sensitivity of
"8 0calcite. However, for a wide range of deviations from the present day situation (red
dot) both setups show a rather similar behaviour. Only for cold and wet conditions the
sensitivity behaviour is different. The influence of the drip interval on §'¥Ocaicite Was
proven to be not linear and smaller for lower drip rates. Therefore the influence of the
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Figure 4.7.: Sensitivity of §'%0 on temperature and precipitation variations plotted as
AS680calcite (deviation from present day value). Temperature deviation is given in °C
from the present day annual mean temperature T=10.5°C, precipitation in % from the
present day amount (100%). The red dot represents the present day conditions. Red
Layer: Kinetic fractionation calculation. Green Layer: Equilibrium calculation

drip interval becomes relevant in wet conditions (high precipitation, low temperatures).
Note, that figure 4.7 shows only the different sensitivity behaviour. The offset of 0.7%o
between kinetic and equilibrium fractionation causes the §'®Ocalcite signal to be heavier
under kinetic conditions in general.

Influence of relationship between drip interval and infiltration The correlation be-
tween drip interval and infiltration is a critical point in the ODSM as it is just based
on an assumption. Figure 4.8 shows the sensitivity results for different minimum and
maximum drip intervals in equations 4.13 and 4.12. The larger the difference is between
these boundary conditions, the higher is the sensitivity of §'®Ocalcite. However, the prin-
ciple gradients of temperature and precipitation are not changed.
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Figure 4.8.: Sensitivity of §'80 on temperature and precipitation variations plotted as
A68O0cacite (deviation from present day value). Temperature deviation is given in °C
from the present day annual mean temperature T=10.5°C, precipitation in % from the
present day amount (100%). The red dot represents the present day conditions. The
figures represent the sensitivity for different boundary parameters in equation 4.13 and
4.12 a) dTpin=500s, dTax=10000s, b) dTp,;n=100s, dT,ax=20000s, c) constant drip
interval dT=3600s

Influence of the mixing coefficient The mixing coefficient is a parameters describing
the strength of kinetic fractionation. It ranges between 0 and 1 and describes which
fraction of the impinging drop remains at the growth axis [Miihlinghaus, 2008]. If the
parameter is 0.1, 10% of the drop contribute to the solution layer directly at the top of
the stalagmite while 90% are splashed to outer parts of the stalagmite surface. This also
indicates that 90% of the existing solution layer at the top of the stalagmite remain in
this center box and 10% are pushed to outer boxes (compare [Miihlinghaus et al., 2009)).
The mixing parameter is poorly investigated in literature so far. However, the parameter
is important, because the existing solution layer at the stalagmite has already changed
its isotopic composition due to calcite precipitation and CO9 degassing, when the fresh
drop arrives. Since stalagmites grow extremely slowly and the mixing characteristics
depend on the drop height, the mixing coefficient is assumed to be constant in time.
In figure 4.9 the results for the 68 O¢aicite Sensitivity for different mixing coefficients are
shown.
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Figure 4.9.: Sensitivity of 6'%0 on temperature and precipitation variations plotted as
A6'80calcite (deviation from present day value) for different mixing coefficients. Temper-
ature deviation is given in °C from the present day annual mean temperature T=10.5°C,
precipitation in % from the present day amount (100%). The red dot represents the
present day conditions. The figures represent the results for different mixing coefficients:
a) =0.1, b) ¢=0.5 and ¢) ¢=1

To understand the pattern it is important to know how the §'%0 value of a solution
from which calcite precipitates and CO4y degasses evolves. On one hand the solution en-
riches, because CO9 degasses leaving heavy isotopes in the solution. On the other hand
precipitating calcite removes preferentially heavy isotopes. The latter fractionation fac-
tor is smaller than the fractionation during degassing. Therefore, the solution enriches
successively as well as the calcite precipitating from the solution. Further effects (e.g.
evaporation) can also alter the §'80 signal of the solution layer. For detailed information
see Deininger et al. [in review] or Miihlinghaus et al. [2009].

As time progresses, the time constant of the buffering (exchange of oxygen isotopes
from the huge HoO reservoir with the bicarbonate-ions due to hydration and hydroxy-
lation) becomes relevant (Miihlinghaus et al. [2009], Scholz et al. [2009]). The buffering
depletes the precipitating calcite. When the solution is fully buffered, the 6'™¥Ocacite
value is identical to the oxygen isotopic composition from calcite precipitated under
equilibrium conditions. For a low mixing coefficient, $=0.1 (figure 4.9), the slope of the
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180 calcite sensitivity is negative with increasing temperature and decreasing amount
of precipitation. This indicates that the §'®¥Ocacite is heavier when infiltration is high.
When infiltration is low, the drip interval is long providing enough time for the solution
layer to be buffered by hydration and hydroxylation (biasing the solution to lighter val-
ues) [Miihlinghaus, 2008]. In contrast, in shorter drip intervals the solution is not fully
buffered and therefore enriched.

For a high mixing coefficient, ¢=1, the pattern is the same as for low infiltration (low
precipitation and high temperatures). Above a certain amount of infiltration the slope of
the layer decreases again with lower temperatures and wetter conditions. The reason is
that the solution does not have enough time to get enriched before the next drip arrives
supplying fresh water.

The results for §'¥O¢alcite differ also in their absolute values for present day conditions:

o p=0.1 = 180 catcite =-6.4%0
o $»=0.5 = 6"®Ocalcite =-6.0%0

o ¢=1 = §®0.a1cite =-5.8%0

The reason for the offset is again the buffering process. If the new drop replaces the ex-
isting solution layer, the temporal evolution starts with every drop from the beginning.
If only 10% of the new drop mix with 90% of the old layer, the temporal evolution is
slightly diminished but buffering is more important (leading to lighter isotopic condi-
tions).

However, this is only the case for these long drip intervals observed at TS8. For short
drip intervals the relation is the other way round.

Though the mixing coefficient influences the sensitivity strongly, it should be kept in
mind that switching between the mixing characteristics on short term scales is not real-
istic.

4.3.2.4. Error estimation

As discussed in the previous section the sensitivity study itself replaces the classical error
analysis. However, in order to perform the sensitivity experiment three linear regressions
were used to relate the § 1801,]rec value, the humidity and the monthly 2 p.m. temperature
to the mean monthly temperature. These regressions reveal correlation coefficients < 1.
Therefore the error of the regressions should be used to evaluate the uncertainty of the
ODSM.

For the error analysis the Monte-Carlo-Method is used performing the sensitivity ex-
periment for 5180drip , 080¢alcite under equilibrium conditions and §®¥O¢ycite under
disequilibrium conditions 2000 times. The linear regression is arbitrary varied within
the standard deviations of the respective fit characteristics (see section 4.3.1). In figure
4.10 the resulting mean 6'%0 value is displayed (green layer), which is identical with
the calculated 'O values above. The red and blue layers show the mean value matrix
the calculated standard deviation in positive and negative direction for each value. The
values of the standard deviation range from 0.48 to 0.7%o for (5180drip and the 6™ 0alcite-
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Figure 4.10.: Illustration of the standard deviation of the ODSM results (A618Odrip ,
A680carcite and AS*¥Ocaieite under disequilibrium conditions). The green layer shows
the mean value, the blue and red layers represent the corresponding standard deviation
of each of the values from the green layer.
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4.3.2.5. Sensitivity to different seasonality

The main assumption for the sensitivity experiment so far was that the parameters vary
simultaneously and uniformly throughout the year. The seasonality was not touched.
However, the European winter climate is known to be ruled by strong hydrologic patterns
above the North Atlantic - called the North Atlantic Oscillation - and to show stronger
variations than the other seasons (see section 2.7). Therefore, the observed variations in
stalagmite records can also be caused by a changing seasonality.

To assess the influence of changing climatic winter conditions, the ODSM must be run
in a different setup using the following assumptions:

e If climate (not short term weather conditions) lead to warmer winter conditions,
it can be assumed that the other seasons will experience the same temperature
trend though less pronounced. Analyses of data from the GHCN Network (Global
Historical Climate Network [Vose et al., 1998]) prove that temperature variations
are larger in winter than in summer. However, precise values are hard to determine.
The value is hence set to AT aniyjaso =0.5ATNpyrm. The temperature variation of
April-October affects the ¢ 180preC , the enrichment of soil water during evaporation,
the amount of evapotranspiration and the cave temperature.

e A relationship between summer and winter precipitation can not be proven by
GHCN. The amount of precipitation of the month from April to October is there-
fore set to the present day values. Thereby the influence of more or less contribution
of winter precipitation can be assessed.

In figure 4.11 b) and d) the sensitivity of §'®Ocacite of the new model setup is compared
to the regular setup (a) and c)).

Both, the 5180drip sensitivity and the §'8Ocalcite sensitivity in the new setup (figure
4.11 b) and d)) reveal a stronger precipitation dependence than the original setup. If
the amount of winter precipitation increases, it contributes more water to the annual
amount of drip water. Since winter precipitation is isotopically lighter than precipitation
from warmer seasons, the mean 6180drip depletes as well as the 6'¥Ocalcite-

The temperature dependence is slightly smaller in the modified setup, because the
monthly temperature are not varied equally. Nevertheless the temperature dependence
is negative.

According to the modulated model setup lower §'8Ocaicite values in a stalagmite time
series can be invoked by wetter winter conditions.

Error estimation For the model reduced to a variation of the winter season the error
evaluation is performed in the same way as for the basic model (Monte-Carlo-Method
with 2000 runs). The results are illustrated in figure 4.12. The standard deviation range
for the § 180drip value from 0.49 to 0.65%o identically to the §'¥*Ocalcite standard deviation.
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Figure 4.11.: Sensitivity of 680 on temperature and precipitation variations plotted
as AS'80 (deviation from the respective present day values). Temperature deviation
is given in °C from the present day annual mean temperature T=10.5°C, precipitation
in % from present day amount (100%) of winter precipitation. The red dot represents
present day conditions. a) and c) §'¥O¢aleite and 6180drip from the regular model setup,
b) and d) 6180drip and 68 Oaieite calculated with stronger variation during winter.
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Figure 4.12.: Standard deviation of the ODSM (A&lSOdrip , AG8O0¢alcite)in the mode
in which only the winter season varies. The green layer shows the mean value, the blue
and red layers represent the corresponding standard deviation of each of the values from

the green layer.
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4.3.3. Conclusions from the sensitivity experiments

In this section the sensitivity and influence of (5180drip and 68 Ocacite to variations of
different parameters were analysed. It is important to compare these values to the
observed variability of the stalagmite record. For the present day conditions the modelled
"8 0calcite value under disequilibrium conditions agrees with the measured value:

e 5180 =-5.7%¢ (observed §'¥Ogaeite value of stalagmite BU4)
e 0180 =-5.8%0 (modelled 6'¥Oa1cite value under disequilibrium conditions)

The stalagmite record shows 1.9%¢ variation from peak to peak between present day and
8.2 ka before present and a standard deviation of 0.3%o(see figure 3.1). The results of
the sensitivity experiments must be regarded in context of these values.

In context of palaeo climate analyses, the important parameters are temperature and
precipitation. However, in the model implementation there are several setups (mixing
coefficient, determination of evapotranspiration, residence time) which are constant in
one model run. The sensitivity of the §'80 value on these features is compiled in table
4.3 and discussed first.

Model Modification §80calcite Offset from basic model
(Yool

ET,ot by Thornthwaite (vs. Haude) +0.7

Short residence time (vs. long residence time) -0.1

Kinetic fractionation (¢=0.1) (vs. equilibrium) +0.2

Kinetic fractionation (¢=0.5) (vs. equilibrium) +0.4

Kinetic fractionation (¢= 1) (vs. equilibrium) +0.8

Table 4.3.: The 6'80.41cite Offset between the basic model setup as presented in section
4.1 and the setup modification in this section

The smallest offset results from a modification of the residence time (between ’short’
and ’long’) of the water in soil and karst. This parameter can be neglected for Bunker
Cave.

The determination of evapotranspiration (Thornthwaite [Thornthwaite and Mather,
1957] vs. Haude [Haude, 1955]) changes the mean §'®0 by a relevant number. For
Bunker Cave it is known that Haude’s equation [Haude, 1954] is the preferred choice
due to i) a study by Schiff [1975] and ii) the fact that the model results for 6804, do
not agree with the observed values, if the equation by Thornthwaite and Mather [1957]
is applied. However, for other cave systems it is possible that Thornthwaite and Mather
[1957] yield a realistic evaluation of the actual evapotranspiration. In addition, in the
context of palaeo climate research the equation by Thornthwaite and Mather [1957] is
a very useful tool, if it is kept in mind that the equation seems to overestimate evapo-
transpiration in the winter season.

The kinetic fractionation can affect the §'%0 to a large extent. If the calcite of the
investigated stalagmite does not precipitate under equilibrium conditions, kinetic frac-
tionation must be applied in the ODSM. The possible §'¥O¢acite Tange resulting from
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varying mixing coefficients (table 4.3) would dominate any climatic signal leading to
complicated analyses of the stalagmite §'80 signal. However, during the growing period
it is rather realistic that the mixing coefficient does not vary much, because the drip
characteristics (drip point at the ceiling, drop height, stalagmite surface) can change
only very slowly. Since the mixing coefficient depends on these parameters, the mixing
characteristics are rather stable.

The parameters that can be changed in the model implementation (determination of
evapotranspiration, equilibrium vs. kinetic fractionation, relationship between drip rate
and infiltration, mixing coefficient between drip water and solution layer) influence the
5180 sensitivity to temperature and precipitation variations in many ways. For each cave
and stalagmite which is used for palaeo climate research, the relevant parameters must
be assessed and carefully considered to evaluate the §'%0 sensitivity correctly. However,
it is encouraging that for small variation of the climate conditions from the present day
situation, the sensitivity is similar for all the varied features. They all show a decrease
of the §'¥Ocalcite signal with increasing temperature and a less significant gradient with
precipitation.

The range of the calculated §'®Ocaicite values in the sensitivity experiment for the given
temperature and precipitation variations is about 1.1%o in the basic model setup, which
is about 0.8%0¢ smaller than the observed range of the stalagmite record of BU4. The
model modification with stronger variation during the winter months increases the mod-
elled 6'80¢acite Tange to about 1.6%o, indicating that a varying contribution of winter
precipitation can be an explanation for the natural variability of the §'8O¢acite signal.
This model modification of the ODSM setup is one of the most important adjustments
that should be involved for stalagmites from Bunker Cave as well as other European
caves. From different studies (Mangini et al. [2007], Trouet et al. [2009], Vollweiler et al.
[2006]) we gain the knowledge that stalagmite § B0 calcite time series seem to covary with
winter climate proxies. The impact of this factor in the context of model inversion is
shown in section 6.2.

The comparison between the basic ODSM and the sensitivity of the ODSM with a
stronger winter variability shows that the general sensitivity is very different. However,
under the assumption that climate conditions tend to be warm and wet or cold and
dry, the sensitivity results resemble each other following the respective trajectory. Both
model realisation reveal decreasing 6'®Ocalcite values from cold and dry to warm and wet
conditions.



5. Mg/Ca model

In recent publications Mg/Ca got acknowledged as a valuable palaeo hydrology tracer.
The relationship between the Mg/Ca ratio and precipitation can supply additional infor-
mation about past hydrological characteristics or water supply and was investigated in
many studies (Cruz etal. [2007], Fairchild et al. [2000], McDonald and Drysdale [2004],
McDonald et al. [2007], Roberts et al. [1998], Treble et al. [2003]). A review of this subject
was given by Fairchild and Treble [2009]. The underlying principle of the relationship
was also given in section 2.6.

Compared to the §'80 system, the Mg/Ca system from its origin in the host rock to
the inclusion in speleothem calcite is even more complex. The §'¥Oacite value inherits
its signature from meteoric precipitation modified by different processes which are more
or less directly linked to climate. The influence and origin of the (5180drip value can be
assessed in a monitoring program. In contrast the Mg/Ca system is sensitive to many
processes which do not directly count as climate parameters or can only indirectly be
linked to climate (e.g. Prior Calcite Precipitation (PCP)). The Mg/Ca signature of a
drip site originates from the host rock type and processes in the karst, which alter the sig-
nal depend also on features of the karst environment in addition to climate parameters.
An approach to simulate the Mg/Ca system is presented in this section.

5.1. The forward Mg/Ca model

Overview In the following section a forward model is developed which traces the Mg/Ca
ratio from the initial solution to the growing stalagmite. The sequences of the model
are illustrated in figure 5.1.

In contrast to 'O which bears the atmospheric signal, the Mg/Ca ratio of the drip
water is mainly influenced by the Mg ratio of the host rock above the cave. Mg is car-
ried with the sea salt or aerosols in precipitation and deposits during precipitation also
above caves, but compared to the huge amount of Mg and Ca in the host rock, this
contribution is only marginal.

The Mg/Ca model requires a monthly amount of precipitation and temperature to de-
termine the amount of infiltrating water which forms acids dissolving the host rock. The
dissolution process is identically to that of the ODSM. After dissolution the solution has
the same Mg/Ca as the host rock.

The solution percolates downwards from the surface to the cave. If the water enters
voids in the karst area, where the pCO3 is smaller than the original soil air pCO4
COg is forced to degas from the solution and calcite precipitates - so called Prior Cal-
cite Precipitation hereafter referred to as PCP. The amount of calcite that can possibly
precipitate is determined by the difference of the initial Ca?* content of the drip water
and the Ca?* than can remain in the solution depending on the pCOs of the air in the
gaps (precipitation down to SI=0.5 according to Lebrén and Sudrez [1998] and Nielsen

o1
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Model section Processes Involved Parameters

Temperature

Precipitation

Biosphere / Temperature
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Figure 5.1.: Scheme of the forward Mg/Ca model

and Toft [1984]). During calcite precipitation a shift occurs between the Mg/Ca ratio
of drip water and the stalagmite caused by the Mg/Ca partition coefficient. Ca?* is
preferentially removed while Mg?* enriches in the remaining solution.

Depending of the drip interval, the gradient between the dissolved carbon of the solu-
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tion in equilibrium with the soil air pCO5! and cave air and the temperature, a certain
amount of calcite precipitates from the drip water solution at the stalagmite. The Mg/Ca
ratio of this stalagmite can be derived by a Rayleigh process where the fractionation is
describes by the partition coefficient. In the following section the forward model is de-
scribed in detail. Afterwards it is adjusted and applied to Bunker Cave.

5.1.1. Model description

Calcite dissolution The Mg/Ca model determines the infiltration in the same way as
the ODSM (section 4.1). This monthly water parcel is exposed to the monthly varying
pCO; of soil air. The formation of carbon acids and the amount of dissolved Ca?* in
the solution, Ca?;irtal is determined by the model of Hendy [Hendy, 1971] modelled by
Fohlmeister et al. [2011]. The water parcels are mixed over a certain number of months.

Prior Calcite Precipitation During the downward percolation the solution can ap-
proach air filled gaps in the karst matrix. If a gradient between the solution in equilib-
rium with soil air pCO4 and the air in the void exists, COg is forced to degas from the
solution causing simultaneous calcite precipitation.

The critical point is to parameterise the extent of PCP and how to correlate this to the
input parameters (temperature and precipitation). The presence of air filled gaps in the
karst matrix is bound to depend on the amount of water in the matrix. In wet conditions
the matrix fills with water diminishing the potential for PCP. If the climatic conditions
are rather dry, the gaps are filled with air enhancing the possibility for COy degassing.
The degassing proceeds until pCOs9 equilibrium between solution and surrounding air is
reached?.

These two cases (extremely wet conditions - no PCP, extremely dry conditions - max-
imum PCP) can be regarded as boundary for the simulation of PCP. The behaviour
between both cases is difficult to describe, since the knowledge of the state of dryness
under which the maximum PCP occurs needs very detailed and comprehensive investiga-
tion of the karst layer. For the model realization the simplest correlation is used (figure
5.2 and equation 5.1) in which the full PCP takes place, if the soil wetness approaches
zero®.

Depending on the CO5 gradient the remaining amount of Ca?* ions in the solution can
be determined.

S Wamount
S Wcapaeity

In equation 5.1 Caprec is the fraction of ions leaving the solution during PCP depend-
ing on the actual amount of water in the soil and karst layer between surface and cave,

Caprec(SWcapaCity) = (Ca2+ ) - (Ca2+ )

max max

(5.1)

1'Soil air’ refers to the initial pCOs value or the pCO» which was present in the gaps, where PCP
occurred

°It is very important here to note, that the degassing does not proceed until the saturation index is 0
but it stops at about 0.5 in the model (Lebrén and Sudrez [1998], Nielsen and Toft [1984])

3This inhibits calcite precipitation at the stalagmite, which is a good assumption, since without infil-
tration a stalagmite cannot grow.
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Figure 5.2.: Scheme for the PCP parameterization

SWamount- Ca?t max is the highest possible amount of calcite precipitation (in the model
given in % from the initial solution). The soil water capacity, SWeapacity » is the maxi-
mum amount of water that the layer between surface and cave is able to absorb. How
this parameter is determined for Bunker Cave is written section 5.2.2. This parameter
depends on the amount of infiltration in the period of mixing or in other words the
amount of infiltration that resides at the same time in the layer.

During calcite precipitation Mg/Ca increases in the solution described by a Rayleigh
process (equation 5.2). Niemain/Ninitial is identic with 1-Capre. from equation 5.1 (the
amount of Ca?* which after PCP is still in the solution). The partition coefficient,
D=0.019, of Mg compared to Ca is very small [Huang and Fairchild, 2001]. Due to this
low partition coefficient, the remaining solution enriches in Mg?* ions during PCP.

N\ D-1

remain

Mg/caresulting = Mg/caini : < N > (5'2)
initial

Precipitation on top of the stalagmite The soil water with modified Ca?* content
and Mg/Ca ratio forming the drip water enters the cave. The simulation of calcite pre-
cipitation at the stalagmite is performed identically to the ODSM.

One drop falls onto the stalagmite, the solution degasses and calcite precipitate undis-
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turbed until the next drop arrives. Four parameter decide how much calcite precipitates
during one drip interval:

e the gradient between the pCOs of soil air and the cave air
e the cave temperature
e the drip interval

e the mixing coefficient

The pCOs gradient forces the degassing from the drip water, which would proceed until
the solution is in equilibrium with cave air identical to the PCP sequence. However,
the drip interval is a limiting factor, because the solution on the top of the layer is
replaced by the new drip bearing the Ca?t imprint of the soil water. If the mixing
coefficient between impinging drop and solution layer is 1 (complete replacement of the
solution layer by the new drop), the calcite precipitation starts again with the initial
Ca?* content of the soil water. If the mixing coefficient is lower, the starting Ca?*
content of the solution layer after the mixing with the new drop is lower than the Ca?*
content of the new drop. This is illustrated in figure 5.3.

The initial Ca?t content of each new drop is in figure 5.3 represented by the ’Ca’* soil
air’ line and illustrates the Ca?* content of the solution in equilibrium with the soil /gap
air pCOy. If the mixing coefficient is 1, the Ca?* content of the solution at the stalag-
mite surface starts with this value for each new drop. If the mixing coefficient is # 1,
the Ca®*t of the solution is lower than the drip water level.

The model calculates the mixing between drip water and solution until an equilibrium
has established in which the solution has the same Ca?" value each time a new drop
arrives. In this model sequence only the first drop at the stalagmite has the Ca?* con-
tent of the drip water. When the second drop replaces the solution partially, the Ca?*t
content of the solution is mixed with a certain ratio with the Ca?* concentration of the
fresh drop. The resulting Ca?t content is smaller.

The calculations of the temporal evolution of the Ca?* in the solution is identical to the
kinetic model sequence in the ODSM. The §'80 ratio is replaced by the Mg/Ca ratio.
When the equilibrium is established, the Ca?* content decreases during one drip interval
from an upper to a lower Ca?* content due to calcite precipitation (in figure 5.3 Caupper
to Cajower). Precipitation is accompanied by a change of the Mg/Ca ratio in the solu-
tion film on the stalagmite (equivalent to equation 5.2 calculated with equation 5.3 and
figure 5.4: black line). The Mg/Ca ratio of calcite which forms on top of the stalagmite
depends on the Mg/Ca ratio of the parent drip water. These ratios are related by the
partition coefficient, D. It is obvious that, if the Mg/Ca ratio of the solution evolves
during calcite precipitation, the Mg/Ca ratio of instantaneously precipitating calcite
changes simultaneously. To determine the resulting Mg/Ca ratio of the calcite after one
drip interval (which is equal to the stalagmite Mg/Ca value under the respective condi-
tions), the Mg/Ca ratios of the instantaneous calcite over the whole drip interval must
be integrated (realized by adding up the instantaneous Mg/Ca ratios). The temporal
evolution of Mg/Ca ratio of solution, instantaneous and total calcite is illustrated in
figure 5.4. An identical picture can be found in Johnson etal. [2006]. The underlying
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Figure 5.3.: Evolution of Ca?* in the solution film on the stalagmite surface with time
depends on the drops falling onto the stalagmite. The Ca?* content decreases due to
the gradient between soil air and cave air pCOg. The upper dashed line ’Ca?* soil air’
represents the amount of dissolved Ca?* in the solution in equilibrium with the soil air
(Soil air: either original soil air pCOg or altered due to PCP). The lower dashed line
illustrates the amount of dissolved Ca?T which can remain in the solution in equilibrium
with cave air pCOy. The mixing coefficient ¢ #1. Therefore the initial Mg/Ca ratio is
after one drip different from the Mg/Ca ratio of the first drop. If the input parameters
of the model stay constant, an equilibrium establishes with an invariant, initial Ca?*
and Mg/Ca ratio decreasing to constant lower Ca?* and Mg/Ca values.

equations are given in the following. Equation 5.3 describes the Mg/Ca ratio of the
solution depending on the fraction of Ca?* which precipitates at the stalagmite, Ca?*

prec:

100 — Caprec[%] )D—l
100

The Mg/Ca ratio of the instantaneous calcite depends on the solution and the partition
coefficient.

Mg/casolution = Mg/Caini : ( (5.3)

Mg/cainst.calcite = Mg/casolution -D (5-4)
The resulting Mg/Ca of stalagmite calcite can be added up as in the following equation.

Caprec[%

| Mg/ Cainst.carc
Mg/CaSum.calcite — 0 g/ Qinst.calcite

Caprec[ 7]

This last equation yields the Mg/Ca ratio of a stalagmite for given conditions.

(5.5)
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Figure 5.4.: Evolution of Mg/Ca ratio of the drip water solution (black line), the
instantaneous calcite (cyan line) and the integrated calcite (cyan line dashed). The
latter is the integral of the function describing the instantaneous calcite.

Growth rate The sequence of calcite precipitation at the stalagmite yields an additional
feature that can help to evaluate the model results - the growth rate of the stalagmite.
Since the amount of Ca?* from the solution is calculated, the amount of calcite (CaCO3)
which is deposited during one drip interval can be assessed (one mol Ca?* yields one
mol CaCOs). The volume per drip interval is calculated by equation 5.6.

CaCO3 prec[mol/1]. - 0.0001[l] - 100.9]g/mol]
2.7[g/cm3]

CaCOsprec is the amount of precipitated calcite in mol/l as calculated by the model
sequence, 0.00011 is the volume of one drop, 100.9g/mol is the molecular weight of
calcite and 2.7g/cm? the density. This results in a height of the calcite volume in the
center box of the stalagmite (size=10cm? as proposed by Miihlinghaus [2008]) given in
equation 5.7

CaCO3(Volume)[em?] = (5.6)

Hgrowtn[em] = CaCO3(Volume) [cm®] /10[cm?] (5.7)

During one year N=31557600s/dT drops approach the stalagmite (dT: drip interval [s])
resulting in equation 5.8 which yields the growth per year, Hg,¢, per year.

Hgrowtn[em/year] = CaCOs(Volume)[em?]/10[em?] - N (5.8)
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5.2. Application and evaluation of Mg/Ca Model

5.2.1. General application comments

In contrast to the OSDM the Mg/Ca Model yields multiple output parameters. This is
an advantage in the context of model validation. The model is applied here to Bunker
Cave, which provides a comprehensive and long monitoring of the required parameters.
The following input parameters of the Mg/Ca model are supplied by the monitoring
program:

e Climate data (temperature, precipitation, humidity, vegetation)

pCOg of soil air

samples of the cave host rock

residence time of water in the soil and karst

pCOg of cave air

e drip interval

The output parameters simulated by the Mg/Ca model which can be compared to ob-
served values are:

e the Mg/Ca ratio of drip water
e the Ca’t content of the drip water

the Mg?* content of the drip water

the Mg/Ca ratio of the speleothem calcite

the growth rate of the stalagmite

However, some required information for the model setup have not been monitored so
far or cannot be monitored at all (initial Ca?" content of the solution, initial Mg/Ca
ratio of the solution and the extent of PCP). These are the parameters that must be
linked to one of the known input parameters, estimated or parameterized. The following
paragraphs describe how these factors can be approached in general. Specific numbers
of the parameters are given in the application in section 5.2.2.

Initial Ca®>* content of the solution Though in principle this parameter is determined
by the pCO; of soil air, the resulting Ca?* of the drip water can be not in agreement
with the observed value at one particular drip site. A modelled Ca?* content of the soil
water solution after calcite dissolution (depending on the pCOy of the soil) that is lower
than any measured value at any drip site at the cave might indicate that other acids
(humins) are present in the soil dissolving additional calcite or even a higher pCO4 than
measured. Therefore cations measurements of the drip water (example for Bunker Cave:
figure 5.5) can help to determine the initial Ca?* content. The figure displays all the
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Ca?* content and Mg/Ca ratio pairs of values measured at all drip sites in Bunker Cave
during the period from July 2006 to July 2009. The dashed line illustrates the Rayleigh
equation for PCP. If we focus now on drip site T'S8, it is obvious that monthly drip water
values follow the predicted behaviour of PCP. For the drip sites whose values group along
the PCP line, it is sound to assume that the initial Ca?* concentration of the solution
directly after host rock dissolution lies in the upper part of the Ca?* range and on the
curve (for example: 110mg/1 for TS8). Of course the initial Ca?* concentration can be
above this value, but when simulated and measured end member values are compared, it
becomes clear that only a certain range of initial Ca?* concentration values yields good
model results (see section 5.2.2).
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Figure 5.5.: Ca?* content and Mg/Ca ratio monthly drip water samples of all monitored
drip sites in Bunker Cave. Figure taken from Riechelmann et al. [a] [in press|.

Initial Mg/Ca ratio This value can be estimated by analysing host rock samples. How-
ever, it is not possible to analyse a whole host rock cross section above the cave. It is
possible that randomly collected host rock samples do not represent the average host
rock type for example if dolomite veins exist in between calcite. These might not be
grasped by the random samples, but will change the Mg/Ca essentially. Hence, the
Mg/Ca ratio of the initial solution is chosen according to the initial Ca?* content on the
hypothetical line of PCP (dashed line in figure 5.5). Of course it is advisable to compare
this to the grab samples of the host rock.
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Extent of PCP For the model there is no difference where PCP takes place. Every
precipitation before the calcite precipitation at the top of a growing stalagmite is de-
fined as PCP including calcite precipitation in the karst layer as well as at the ceiling of
the cave. The pCOq of the air filled gaps is by default set to the mean cave air pCO2
=T40ppm (the cave monitoring reveals a standard deviation of this value of 100ppm).
To determine the amount of PCP two parameters were introduced in section 5.1 - the soil
water amount and the soil water capacity. The soil water amount is the actual amount
of water in the matrix which is correlated to the residence time. Twelve month residence
time mean that the infiltration of twelve months is present in the area between surface
and cave.

The soil water capacity describes how much water the layer between surface and cave
can contain. There is little knowledge of this parameter, but certain indicators help to
assess a realistic value.

In humid regions (where the soil and karst is wet during all seasons) the residence time
gives an impression how many months of infiltration the layer between surface and cave
contains. The matrix from surface to cave is obviously able to contain at least this
amount of water parcels. The minimum capacity can therefore be defined as the mean
amount of infiltration over as many months as the residence time suggests.

The drip site characteristics show that PCP takes actually place at Bunker Cave indicat-
ing that voids and air filled gaps must exist in the host rock. Hence, the real soil water
capacity should be bigger by a factor, F, than the minimum capacity derived from the
residence time. This factor, F, can be estimated by comparing the initial Ca?* value of
percolating water after host rock dissolution and drip water Ca?* values. The difference
indicates how much calcite is lost due to PCP.

Only a small range of values for the factor of soil water capacity simulate the correctly
measured drip water characteristics. The calibration of this factor for TS8 is shown in
section 5.2.2.

5.2.2. Application to Bunker Cave

In contrast to the ODSM the Mg/Ca model needs calibration for several parameters,
which can only be achieved during application of the model, since these parameters
are characteristic for each individual cave and drip site. In the following the model is
adjusted to the trace element values of TS8 and the recent growth rate and Mg/Ca value
of BUA4.

The calibration should lead to the following observed values which were measured at the
drip site between May 2007 to August 2011:

. Cafl;;.p = 78 £+ 5 mg/] (mean value between May 2007 and September 2009)
o Mg?ljip = 4.5 + 0.2 mg/l (mean value between May 2007 and September 2009)

Mg/Cagrip = 0.058 £ 0.004 (mean value between May 2007 and September 2009)

Mg/Cacgicite = 0.0013 (BU4 recent sample)

growth rate = 14um/year
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Only the first three parameters are relevant to calibrate the initial Ca?* content, the
initial Mg/Ca ratio and the soil water capacity. Without the monitored drip site it would
be nearly impossible to calibrate these parameters.

Initial Ca®>" content of the solution for TS8 The mean soil air pCO, above Bunker
Cave is ~4200ppm [Riechelmann etal. [a], in press]. This amount dissolves ~60mg/1
Ca%* (see table 5.1). From figure 5.5 can be derived that this value is lower than the
smallest Ca?" content at TS8. The highest Ca?* value at the drip site is about 85mg/1.
This amount can be dissolved by a solution, if the pCOs of soil air is about 10500ppm.
The highest measured pCO2 during the monitoring period has this value. However, it is
possible that a problem with the COs-sensor occurred (personal communication: Andrea
Schroder-Ritzrau) which diminished the measured pCOq values. Values about 10000ppm
are therefore realistic. It is also possible that other acids with an anthropogenic origin
(SO4) dissolve additional calcite. In table 5.1 some pCO3 value are listed together with
the resulting Ca®t content of the saturated solution.

85mg/1 seem to be a realistic value for Ca?*t, that does not disagree with the drip site
characteristics.

pCO» of solution | Ca’t dissolved Comment

[pp] /1]

380 27 atmospheric pCO2

740 34 mean cave air pCOg

740 50 mean cave air pCOz (SI = 0.5)
4200 61 mean soil air pCOq
10500 85 maximum soil air pCO»
20000 107
40000 138

Table 5.1.: Resulting dissolved Ca?* of calcite saturated conditions depending on the
surrounding pCOs.

Initial Mg/Ca ratio of TS8 According to the initial Ca?* value the initial Mg/Ca ratio
of 0.052 is chosen from the hypothetical curve of PCP.

Soil water capacity of TS8 Since monitoring suggests that PCP occurs at the drip site,
the soil water capacity is obviously not reached. For the given initial Ca?t content, the
capacity can be determined by comparing the modelled and the measured drip water.
If the solution starts at 85mg/l and the mean measured Ca?" content is 78mg/1, the
difference must be lost due to PCP. This can be achieved, if the soil water capacity is
defined as a factor 1.5 of the mean annual present day infiltration.

In this setup the Mg/Ca model yields the following drip water values.

° Ca2+

dip = 74 mg/l

° Mgijip = 4.2 mg/1
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o Mg/Cagyip = 0.057

5.2.2.1. Parameter discussion

The calibrated values are in a realistic range and the results of the model agree with
observed values. Nevertheless, it is important to investigate how the model reacts, if one
of the parameters is chosen differently.

e Initial Ca?" content. If the initial Ca?" content is increased (third line table
5.2), the gradient between the Ca?* content in equilibrium with soil air pCO3 and
the air filled void pCOs is larger. This leads to a steeper slope in figure 5.2 and to
a higher percentage of PCP calcite which enriches Mg?™T in the solution. Therefore
the Mg/Ca ratio of the drip water increases.

e Initial Mg/Ca ratio. An increase of the initial Mg/Ca ratio (fourth line in table
5.2) is accompanied by an increase of the amount of Mg?* in the solution and a
slight decrease of Ca?*. The drip water Mg/Ca ratio increases subsequently.

e Soil water capacity. If the soil water capacity is increased (fifth line in table
5.2), more calcite precipitates due to more space in the soil diminishing the Ca?*
content in the drip water. During PCP the Mg?* enriches in the solution which
leads to a higher Mg?* and Mg/Ca ratios of the drip water.

It is obvious that each calibrated parameter can bias the output values toward different
directions. Hence, it is reasonable to assume that a different setup of parameters than
the stated can also lead to correct output values. However, a different set of initial values
leads to some problems:

i) The soil water capacity could be chosen to be smaller (but bigger than one times the
mean annual infiltration). In this case, the initial Ca?t must also be chosen smaller,
since less PCP occurs. However, the initial Ca?T value was so far chosen to include also
the highest Ca®t content measured at the drip site. A lower initial Ca?T content then
contradicts the highest Ca?* content of the drip water.

ii) The case of a larger soil capacity is represented by the last line in table 5.2). The soil
water capacity is increased there to 2.5 times the mean annual infiltration. To model
the correct measured drip water values, the initial Ca?* content 110mg/1 (which is the
biggest value of all the drip sites in Bunker Cave). Under these conditions about 30%
of Ca?* must be lost from the solution on the way to the stalagmite. In principle it is
possible that a stalactite forms above the stalagmite incorporating the calcite which is
lost during PCP, but at BU4 only a soda straw grows at the ceiling. The calcite must be
primarily precipitated in the karst matrix above the cave. The question then arises, if
it is possible that a stalagmite grows for over about 10 thousands of years, if 30% of the
dissolves Ca?* precipitates in the karst without leading to closing of the water-bearing
channels.

For the studies to come we use the first set of input parameters as default values (second
line in table 5.2).
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In the model sequence which calculates the calcite precipitation at the stalagmite the pa-
rameters known from the ODSM are required: mixing coefficient (¢=1) and drip interval
(3600s). The Mg/Ca model yields for recent calcite grown under the named conditions:

e Mg/Ca = 0.0013
e growth rate = 19um/year

These values are both within the order of the measured value.
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Input Output
Comment waH Mg/Caini | Factorcap. Cat Mg?+ Mg/Ca
[mg /1] [mg/l] | [mg/]]
1 | Observed Data 7845 4.540.2 | 0.058 £+ 0.004
2 | Basic setup 85 0.05 1.5 74 4.2 0.057
3 | increased Ca’t 150 0.052 1.5 106 6.9 0.065
4 | increased Mg/Ca 85 0.06 1.5 73 5 0.069
5 | increased Factorcap. 85 0.052 2 67 4.4 0.064
6 | Top point on PCP 110 0.04 2.5 74 4.4 0.058
curve for all TS

Table 5.2.: Model input and output of the Mg/Ca model
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5.3. Sensitivity of the Mg/Ca model

In this section the sensitivity of the Mg/Ca model is determined in analogy to the 'O
model. The results are presented in dependence of mean annual temperature and annual
amount of precipitation. The sensitivity relies therefore on the defined standard monthly
values (table 4.1) from section 4.3. The model results for Ca?*, Mg?* and Mg/Ca of the
drip water, the Mg/Ca and the growth rate of the stalagmite and the fraction of calcite
that precipitates at the stalagmite are discussed in the following.

First, the sensitivity of drip water values of temperature and precipitation is focussed
on. In figure 5.6 the Ca?* content, the Mg?* content and the Mg/Ca ratio of the drip
water is displayed depending on variation of annual temperature and precipitation.
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Figure 5.6.: Sensitivity on temperature and precipitation variations of a) Ca’*t, b)
Mg?* and c¢) Mg/Ca ratio of cave drip water. The temperature deviation is given in °C
from the present day annual mean temperature T=10.5°C, precipitation in % from the
present day amount (100%). The red dot represent present day conditions.

Drip water sensitivity The Ca’"T content shows a clear correlation to the amount of
precipitation. Drier conditions than the present day situation (red dot) generate more
air filled voids in the karst where PCP can occur reducing the Ca?* in the drip water.
If the conditions are wetter, less Ca?t is lost during PCP leading to an increased Ca?*
content. The Ca?" reaches finally a plateau at 85mg/l - the initial Ca?* content. Here
the infiltration is 1.5 times the present-day amount of annual infiltration which equals
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the soil water capacity. No PCP takes place under these conditions.

The Mg?t content reveals a similar pattern. As long as the conditions are wet enough
to prevent PCP, the Mg?* content of drip water shows the initial Mg?* concentration
which is determined by the initial ratio Mg/Ca. The precipitation gradient is less steep
compared to Ca?t | since calcite precipitation preferentially removes Ca?* from the so-
lution (Partition coefficient D=0.019)

Regarding the temperature, both parameters show an anticorrelation. This originates
from the anticorrelation between temperature and infiltration. Lower temperatures lead
to higher infiltration values, leading to less PCP and higher Ca?t and Mg?*t values in
the drip water.

The Mg/Ca ratio shows an opposite pattern. Without PCP the value remains con-
stant at the initial Mg/Ca ratio. When the climate conditions yield potential for PCP
the Mg/Ca ratio increases, due to the preferential removal of Ca?* during calcite pre-
cipitation.

Speleothem calcite sensitivity The sensitivity results for the mixing coefficient ¢=1
are shown in figure 5.7 in the right column. To understand the pattern the explanation
must start with the percentage of Ca?* precipitating from the solution (figure 5.7
i) ). For dry conditions the percentage is very small. This pattern is inherited from
the Ca?" content of the parent drip water. The higher the gradient between the Ca?*
content of the drip water and the Ca?T content of water according to the pCOs of cave
air (~50mg/1), the more the percentage of precipitating calcite increases. This increases
up to a plateau value, which is delimited by the maximum value of Ca?* in the drip
water. Here, the drip interval is long enough for complete calcite precipitation down to
the saturation index SI=0.5. It is important to note, that the maximum percentage is
about 40% of the calcite in the solution.

For wetter conditions (high precipitation and cold temperatures) and higher drip rates
the percentage of precipitating calcite decreases again, as for high drip rates calcite
precipitation is disturbed by the new impinging drop.

The sensitivity of the growth rate matches the sensitivity pattern of the percentage
of calcite that precipitates but also shows a general higher growth rate with increasing
infiltration. Wetter conditions lead to less PCP increasing the Ca’t content of the
drip water which allows more calcite precipitation at the stalagmite and under wetter
conditions the drip rate is higher and more drops per year transport more Ca’t ions to
the stalagmite.

The Mg/Ca ratio of the stalagmite depends on two principles. On the one hand
it inherits the Mg/Ca ratio of the drip water, on the other hand the Mg/Ca ratio of
calcite is influenced by the extent of calcite precipitation (more calcite precipitation
leading to higher Mg/Ca values). Therefore the Mg/Ca ratio of calcite increases from
wet to dry conditions (although at higher precipitation the drip water Mg/Ca ratio
remains constant, see figure 5.6). However, when the Mg/Ca ratio of the drip water
increases, this mechanism prevails resulting in increasing Mg/Ca ratio of the calcite.
The increase would even be more pronounced, if the percentage of precipitating calcite
did not decrease.
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Figure 5.7.: Sensitivity for different mixing coefficients, ¢, on temperature and pre-
cipitation variation of the Mg/Ca ratio of speleothem calcite (a and b), growth rate (c
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film on top of the stalagmite (e and f). Temperature deviation is given in °C from the
present day annual mean temperature T=10.5°C, precipitation in % from the present
day amount (100%). The red dot represents the present day condition.
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Different mixing coefficient The results for Mg/Ca ratio of calcite, the growth rate
and the percentage of calcite precipitating from the solution for different mixing coeffi-
cients can be observed in figure 5.7.

The growth rate decreases significantly with decreasing mixing coefficient, because less
Ca?" ions are added to the solution in the center box of the stalagmite by the impinging
drip. This can also be observed in the percentage of precipitated calcite. The sensitivity
of the Mg/Ca ratio of the stalagmite is presented in figure 5.7 a)-c). Two main char-
acteristics are obvious: i) with increasing ¢ the Mg/Ca decrease and ii) with increasing
¢ the range of Mg/Ca increases. The reason for i) is that the solution (with already
enriched Mg/Ca) at the top of the stalagmite is replaced only by 10% by the drip water
solution (less enriched Mg/Ca) when the mixing coefficient is small. This leads to a
higher Mg/Ca ratio in comparison to the situation when the solution layer is replaced
completely (¢=1).

The explanation for the second feature is again the influence of the Mg/Ca ratio of the
drip water in combination with the percentage of precipitating calcite similar to the
previous paragraph.

Comment on seasonality For the Mg/Ca model it is not necessary to investigate the
model to a changing seasonality as for the ODSM. The §'%0 of drip water inherits
an atmospheric signal bearing relevant, seasonal variations. In contrast, for the Mg/Ca
system the season of infiltration and calcite dissolution is not important due to extensive
mixing. Therefore the Mg/Ca model is always used in the presented setup.

5.3.1. Error estimation

The sensitivity study itself gives comprehensive information about the variability of the
modelled systems. The errors occurring due to the linear regressions (between humid-
ity /monthly maximum temperature and mean monthly temperature - identical to the
linear regressions in the ODSM) are very small and listed below:

e Range of standard deviation of Mg/Cagrip: 7-10~10-5.10~4

e Range of standard deviation of Cagyrip: 0-0.88 mg/1

Range of standard deviation of Mggqyip: 0-0.007 mg/1

Range of standard deviation of Mg/Cacaleite: 2-10718-7-1076

Range of standard deviation of Percent Caprec: 0%-0.6%

Range of standard deviation of Growth rate: 0.03-3.65[pm/year]
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5.4. Additional modules: dolomite and PCP dissolution

The Mg/Ca model as presented above was established to represent the Mg/Ca system
with a minimal set of assumptions and parameters. The model yields good results
compared to present day values. The sensitivity study has shown the range of possible
variations in the Mg/Ca ratio of speleothem calcite for different climate parameters.
The Mg/Ca record of BU4 suggests that the natural range is much bigger (0.0025) than
the simulated range (0.0005). Obviously some parameters in the natural cave system,
which are not included in the Mg/Ca model so far change the Mg/Ca ratio significantly.
A higher range of Mg/Ca values can be caused by more or less calcite precipitation at the
stalagmite. In figure 5.4 the Mg/Ca ratio of calcite is illustrated in dependence on the
percentage of the precipitated calcite. The ratio of calcite (integrated, not instantaneous)
is nearly a flat line up to 70% precipitation. This value must be approached to increase
the Mg/Ca ratio. As discussed in the previous section the maximum percentage of calcite
precipitation from present day drip water at BU4 is about 40%. This leaves a major
change of the long term mean Mg/Ca ratio of drip water to be the only possibility for a
significant change of the Mg/Ca ratio of speleothem calcite.

In the following section two factors are introduced, that are able to generate a shift of
the mean Mg/Ca ratio of the drip water.

These are

e Dolomite dissolution. So far the host rock was assumed to be pure calcite.
However, it is possible that the host rock also contains dolomite veins. The chem-
ical structure of dolomite is CaMg(CO3)2. Dolomite dissolution therefore leads to
a higher Mg/Ca ratio of the drip water.

e Dissolution of calcitepcp . The calcite which precipitated due to PCP in the
karst matrix before entering the cave has a very low Mg/Ca content. If this calcite
is dissolved by a water parcel which did not reach saturation with respect to calcite
and is carried to the cave, the Mg/Ca ratio of the drip water diminishes.

5.4.1. Dolomite dissolution

Dolomite is a crystal fabric similar to calcite, but the magnesium content is 50% (CaMg(CO3)2)
in contrast to calcite where it occurs only as a trace element by definition. The solubility
of dolomite compared to calcite is low [Fairchild and Treble, 2009]. Due to the small
size of the Mg?* ions compared to Ca?* the ion exchange with water ions is slower for
dolomite in the process of dissolution than for calcite [Fairchild and Treble, 2009].

The dissolution characteristics reveal a very important feature: dolomite can be dis-
solved also after the solution is saturated with respect to calcite [Fairchild et al., 2000].
Due to the relative long time constant, only if the solution has enough time to dissolve
calcite and dolomite, a significant contribution of dissolved dolomite is added to the drip
water solution. This was discussed and summarised in Fairchild et al. [2000].

In the model dolomite dissolution is included for dry conditions. When little water is
in the karst matrix, the water is not pushed downwards to the cave like it is in wet
conditions, but the solution has enough time to dissolve dolomite.

The scheme for the mixing is shown in figure 5.8.



70 Chapter 5. Mg/Ca model
Dry conditions: Basic model Wet conditions:
Dolomite dissolution PCP calcite dissolution
Max. PCP contribution:
(@] PCPp=D
=
E /‘P
g’ Max. dolomite 2 L
— contribution: Dolo,,= B 7
X ’
s L .
’
HE 7z
i s V4
~ /
~ o - P
i ’
S - »
W ’
~ ra e
Inf i A« Infap C - Infgp | INf e
Infiltration

Figure 5.8.: Scheme of the extended Mg/Ca model. Under dry conditions dolomite is
dissolved in the drip water solution while under wet conditions calcite which formed due
to PCP is added to the solution. The x-axis represents the infiltration. The boundaries
are defined in dependence on the present day amount of annual infiltration, Infpp. The
parameters A, B, C, D must be determined in the model.

If the infiltration in the model is lower than a certain boundary (A-Infiltrationpp), in-
filtrating water dissolves dolomite. Below this boundary, the model assumes that a
certain amount of the dissolved calcite is dolomite. The mixing reaches a maximum
value (Doloyax=B in figure 5.8) when infiltration is at the minimum value.
Unfortunately, determining parameters A and B is difficult. An experiment of Fairchild
et al. [2000] showed that a solution is able to dissolve dolomite to calcite in a ratio of
0.2. However, the karst system is much more complex than the controlled conditions of
a laboratory experiment. Since for the cave the ratio cannot be determined, 0.2 is set
as a default value for B.

The boundary, A-Infiltrationpp, must be at a smaller infiltration value than the present
day value, Infpp, as for the present day situation the basic model yields the correct
measured Mg/Ca values (default value A=0.8 in figure 5.8).

5.4.2. PCP dissolution

In the basic Mg/Ca model PCP occurs, when the current amount of infiltration is smaller
than the water capacity of soil and karst layer. If the capacity is reached or exceeded,
PCP stops. The constant calcite precipitation in the karst matrix leads to a problem:
the accumulation of calcitepcp would finally close the small fissures which the drip water
uses on the way to the cave. For a constant stalagmite growth over thousands of years
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it is necessary that this calcite is dissolved at some point and the fissures reopen.

For the dissolution of this calcite, the solution must arrive undersaturated at the layer
where calcitepcp exists. This can only happen, if the solution is not fully saturated with
respect to calcite during dissolution of the host rock.

After saturation is reached more calcite can only be dissolved, when the pCOy of the
surrounding air increases. However, the highest pCO3 is found in the soil layer where
plant activity produces pCOs2. The pCO2 of the cave is lower and in the same order as
the atmospheric COs content. Air filled spaces in which PCP can occur must provide
also low pCO;y. Otherwise no PCP could have taken place before in this area. This
indicates that the solution is exposed to the highest pCOs in the soil layer and after this
faces lower pCOg pressures on the path to the cave.

The only possibility for the dissolution of calcitepcp are wet conditions when the soil wa-
ter capacity is exceeded. The boundary for the mixture with a contribution of calcitepcp
to the drip water is therefore the soil water capacity (C=1.5 in figure 5.8).

Under wet conditions, undersaturated water can reach deeper karst layers due to a high
downwards flux, where calcitepcp has formed before. The solution can then dissolve
calcitepcp.

This calcite reveals a very low Mg/Ca ratio in contrast to the host rock due to the small
partition coefficient. From the forward Mg/Ca model and section 5.3 the Mg/Ca ratio
of calcitepcp over the whole range of the sensitivity parameters can be calculated. The
mean value is Mg/Capcp=8.3-10* (Mg/Capcp min=7-10* and Mg/Capcp max=11-10%).
Since the range is small compared to the host rock Mg/Ca the mean value is defined as
the Mg/Ca ratio of calcitepcp (for comparison: host rock Mg/Ca=0.052).

The upper mixing limit is the maximum infiltration where the contribution of calcitepcp
reaches at a maximum value (by default D=0.5 in figure 5.8).

5.4.3. Results of extended Mg/Ca model

The results for the Mg/Caga sensitivity compared to the basic model are illustrated in
figure 5.9. It is obvious that the Mg/Cag, range is strongly increased by the model
extensions. In the range of infiltration, where the basic model (see figure 5.8) is ap-
plied, the old and the new model agree with each other. In drier conditions, the slope
of Mg/Ca goes steeply upwards, since the contribution of dolomite leads to a higher
Mg/Ca of the drip water. Under wetter conditions, the Mg/Ca ratio is reduced due to
the small Mg/Ca ratio of calcitepcp .

For different mixing coefficients, ¢, the difference in the range of Mg/Caga is less pro-
nounced as in the basic model setup, because the effects of the dolomite-module and the
PCP dissolution-module dominate the variations.

In a natural system the junction between the different situations which are represented
in the model by the different model modules will be more smooth and less clearly defined.
This should be kept in mind in the context of model inversion.
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6. Inverse Models

Forward models are an essential tool to understand palaeo archive proxies. The assess-
ment of the parameters influencing the system leads to deeper insights and offers the
potential to interpret the proxy in the context of palaeo climate research. For quantita-
tive climate reconstructions it is necessary to reverse the forward model - a complicated
task, as the models depend on a set of parameters but yield only one output parameter
(6'80calcite O Mg/Cacalcite)). The modeller faces the classical problem of an under-
determined system of equations.

For the presented models the aim was to establish a model setup in which the output
parameters (518ocalcite and Mg/Cacalcite) depend on two parameters: temperature and
precipitation. All the other input parameters should be related to temperature or de-
fault values could be defined.

Deriving a temperature reconstruction from a stalagmite record by reversing the pre-
sented forward models can only be achieved, if the amount of meteoric precipitation is
calculated simultaneously. This section presents two approaches how the inversion can
be performed - a Dual-Proxy Approach which uses both models - the Mg/Ca model and
the ODSM - and the Correlation Approach in which a relationship between temperature
and precipitation permits the model inversion.

6.1. Model inversion: the Dual-Proxy Approach

The approach is based on the fact that the Mg/Ca ratio and the §'8Ocqcite value are
measured along the growth axis. Therefore two stalagmite proxies which depend on
temperature and precipitation are given for a specific depth which is equivalent with a
point in time.

The sensitivity experiments showed how the proxies depend on temperature and pre-
cipitation. For a given calcite sample the §'8O¢acite value as well as the Mg/Ca value
can be achieved by a multitude of temperature-precipitation pairs. The advantage of
the Dual-Proxy method is that the model finds the one temperature-precipitation pair
which could have caused both, the measured Mg/Ca value and the measured §'8Ocalcite
of the sample.

73
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6.1.1. Procedure description

First, the values of Mg/Ca and §'8Ocaicite (matrices in figure 6.1) depending on mean
annual temperature and annual precipitation are determined at the same, high resolu-
tion for both proxies.

Second, the stalagmite data is used. For one particular depth on the stalagmite’s growth
axis a pair of Mg/Ca and §'8Ocaite exists. An algorithm searches for the respective
Mg/Ca and §'8O¢alcite values in the matrices including small tolerance values (0.05%o for
the 6'8Ocalcite and 0.00001 for the Mg/Ca ratio) and derives the associated temperature-
precipitation values. Next, the model compares the temperature-precipitation pairs de-
rived from both sets and if a pair of parameters matches to both models, the temperature
and precipitation pair is saved. If more than one matching pair is found, the mean value
is given. The error of the value is calculated by a Monte-Carlo experiment, in which the
same procedure is applied 2000 times during which the Mg/Ca and §'¥Oqicite matrices
vary within the standard deviation, as presented in section 5.3.1 (for Mg/Ca) and section
4.3.2.4 (for §"8Ocalcite )-

Example. In figure 6.1 an example for one model run is illustrated. The example shows
the calcite sample from BU4 in 1.2mm distance from top (age about 85 years) whose
Mg/Ca value is 0.0015 and §'8Ocalcite =-5.64%o.

The 680 model was run in the basic setup and with ¢ = 1. The Mg/Ca model yields
slightly too high values for the modern Mg/Cacajeite (0.0002) with this mixing coefficient.
This discrepancy is added as a constant offset for the model inversion.

Figure 6.1a) is the matrix for §'8Ocaicite depending on mean annual temperature and an-
nual amount of precipitation. The red crosses show grid points with the value 6" O¢acite
=-5.64£0.05%0. The same is shown in figure 6.1b) (red crosses for the Mg/Ca value
Mg/Ca=0.0015+0.0002. Figure 6.1c) represents the projection of the marked Mg/Ca
and 6O ¢aleite values on the x-y-plane which are the associated axes for temperature and
precipitation. The blue circles represent the possible temperature-precipitation pairs
according to the 6O a1cite model for the specific 68 Ocalcite value. The red circles repre-
sent the possible temperature-precipitation pairs according to the Mg/Ca model. Two
pairs of temperature and precipitation values are detected in this model run which are
identical for both models (points where the red and the blue curve match). For the
mean value follows: Tannualmean=-0.8°C (deviation from present day temperature) and
Pannualmean=90% (from present day annual value). In this way the whole stalagmite
record is analysed.

6.1.2. Model results

The presented routine was applied to stalagmite BU4. As the Mg/Ca values were de-
termined in a higher spatial resolution than the 6'™¥O¢acite values, the same resolution
in both data sets was achieved by averaging the higher resolution data of Mg/Ca over
the intervals of the 6'*0 data (here: 2mm intervals along the growth axis). The climate
reconstruction resulting from this new stalagmite record for BU4 can be observed in
figure 6.2.

The range of temperature variations is unexpectedly high for the Holocene (11°C peak
to peak maximum). In figure 6.1 one can observe what is causing the large tempera-
ture range. The temperature-precipitation pairs bearing the same Mg/Ca value form
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Figure 6.1.: Model realisation of the inverse model in the Dual-Proxy approach. For
explanation see text in section 6.1.1

a line rather parallel to the temperature axis. Instead, the temperature dependence
of Mg/Ca is rather low while its precipitation dependence is rather high (figure 6.1b).
The §'¥Ocalcite Mmatrix is much more sensitive to temperature and the position of the
respective §'®¥Ocalcite level determines the resulting temperature. Therefore, the slope
of 6™ O0¢atcite With temperature can be assessed as the driver for the temperature re-
construction. If the §'%0 matrix had a steeper slope with temperature, the calculated
temperature variations would diminish. Hence, the simulated temperatures reveal a
clear correlation to the §'®Ogaeite Tecord in contrast to the Mg/Ca record (figure 6.3).

In contrast to the temperature reconstruction the reconstructed precipitation record
shows rather small variations and the amount of precipitation are in most cases less
than 100%. The reason is a soft general trend in the Mg/Ca record towards higher
Mg/Ca ratios with increasing age (see figure 3.1). This trend is not assumed to be a
real precipitation trend, because this would represent progressively drier conditions from
present day to early Holocene. It is more likely, that this trend results from the progres-
sive removal of loess bearing a high Mg?t content, which was deposited during the last
glacial (pers. communication Andrea Schréder Ritzrau, Jens Fohlmeister). Therefore,
it is advisable to detrend the record. The values of the trend (linear regression) are,
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Figure 6.2.: Temperature ( a) and c) ) and precipitation ( b) and d) ) reconstruction
according to the Dual-Proxy approach from stalagmite BU4. c) and d) show the results
for the detrended Mg/Ca record. The lo-errors (grey shaded areas) are calculated using
a Monte-Carlo simulation with 2000 runs.

therefore, subtracted from the measured values. Afterwards a constant offset is added
to shift the mean value of the detrended record to the recent value. The results of this
detrending can be observed in figure 6.2 ¢) and d). The precipitation record shows strong
variations between 60% and 260%. In particular the early Holocene shows large short
term variations'. This can be explained, since the Mg/Ca values are shifted to lower
values towards the early Holocene by the detrending. In the lower part of the Mg/Ca ma-
trix (figure 6.1), the slope becomes steeper with increasing precipitation. This explains
the pronounced precipitation variance in the model results of the detrended Mg/Ca val-
ues. In the following the detrended record is used, since the trend may deliver false
temperature and precipitation information otherwise.

6.1.3. Variance of the simulated temperature reconstruction

The presented temperature reconstruction is based on estimating sound values for the
parameters describing the mixing with dolomite and calcitepcp (parameters A, B, C, D in

!For comparison: Annual precipitation values from Giitersloh (1837-1975) and Hannover (1856-2006)
show variations about 50% for this short period compared to the Holocene scale.
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Figure 6.3.: The simulated temperature deviation in dependence with a) 6'80caicite
and b) Mg/Ca ratio of the stalagmite.

figure 5.8). A and B represent the factor of present day infiltration, where dolomite and
calcitepgp dissolution starts, respectively, while B and D define the fraction of dolomite
and calcitepcp to the total amount of dissolved rock in the drip water, respectively .
These parameters are afflicted with major uncertainties. Therefore the difference of the
reconstructed temperatures must be analysed, if these parameters are changed. Table
6.1 shows the standard deviation of the simulated temperatures derived from BU4 de-
pending on variations of the parameters. The standard deviation of the temperature
time series changes to a very small extent, when the parameters A-D are varied.
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Model A B C D Standard Deviation
configuration | Infiltration Maximum Infiltration Maximum [°C]
boundary dolomite boundary calcitepcp
for dolomite | contribution | for calcitepcp | contribution
contribution contribution
Basic
configuration 0.8 0.2 1.5 0.5 3.4
Small
contribution 0.8 0.1 1.5 0.2 3.8
High
contribution 0.8 0.4 1.5 0.7 3.5
Wide inf.
boundaries 0.7 0.2 2.0 0.5 3.6
Narrow inf.
boundaries 0.9 0.2 1.2 0.5 3.3

78

Table 6.1.: Variation of the standard deviation of the simulated temperature record from BU4 depending on the values for A, B,
C, D in figure 5.8
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6.2. Model inversion: the Correlation Approach

Another possibility to reduce the parameters of the 680 system in order to derive tem-
perature information from the §'®Ocaicite Tecord of a stalagmite is to find a relationship
between the two parameters - temperature and precipitation. The method described in
the following was published in Wackerbarth et al. [2010].

To define a relation between mean annual surface temperature and precipitation the
dataset from the weather station close to Bunker Cave (Hagen Fley - DWD www.dwd.de)
was analysed. Unfortunately such a general relationship could not be detected. How-
ever, the winter climate in the region of Bunker Cave reveals a relationship between
winter temperature and the amount of winter precipitation. The correlation is positive
and reveals a slope of 9% /°C (see equation 6.1, where R2=0.21 and p=0.03)2.

Precipitationyinter = 226.56(£77.21) + 33.14(£15.34) - Tyinter (6.1)

This relationship might be linked to the North Atlantic Oscillation, NAO, (see section
2.7). The phenomenon was investigated by observations during the last two centuries
and analysed with the help of proxy data for larger time scales (e.g. Trouet et al. [2009]).
Though for present day the correlation is as described in equation 6.1, in former times
the slope might have essentially changed.

The observed relationship can be used to reduce the degrees of freedom of the §'*¥O¢a1cite
system and to achieve a non-ambiguous correlation between §'¥O¢,1eite and temperature.
Therefore the ODSM must be used in the setup described in section 4.3.2.5, which is
the forward 680 model in which the precipitation is only varied in the winter season.
In contrast, the Dual-Proxy Approach can be based on the basic model setup which
varies temperature and precipitation identically for all months. This setup cannot be
used in the Correlation-Approach, since the measured correlation between temperature
and precipitation exists only for the winter season. If a relation between precipitation
in winter (NDJFM) and the precipitation during the rest of the months existed, the
correlation between winter temperature and winter precipitation could be applied also
in the basic model setup. However, such a correlation was not detected in the weather
service data. Therefore, the only option to run the ODSM is by varying only winter
precipitation. The setup of this model mode was described in section 4.3.2.5.

Two factors encourage the use of this model setup for the reconstruction using the Corre-
lation Approach: i) In contrast to the Mg/Ca system the §'8O¢aeite is highly sensitive to
a change in the seasonality of meteoric precipitation, because it inherits the atmospheric
signal through § 180prec. Therefore it is useful to reconstruct temperatures using a model
setup which is able to grasp this seasonal variability. ii) The reduction to only the winter
season leads only to small distortions, since this is anyway the season contributing most
water to the annual amount of drip water.

The function which finally determines the resulting temperature from §¥O¢a1cite values is
established by calculating the §'®Ocaicite value for each temperature-precipitation value

2Note: In the following the slopes are given in %/°C. Mathematically this does not result in a linear
function but an exponential. However, the descriptions of the slopes refer to the mean precipitation
value. For example, in equation 6.1 9% corresponds to 33.14mm/T°C, which is actually the linear
slope in the model implementation. The slope is in % to give a more descriptive value of the increase
or decrease. % is easier to envision than mm/month.
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pair (according to the slope of 10%/°C). This curve is shown in figure 6.4 ¢) and f) (black
curve). In addition, the figure shows other slopes between §'¥Oaeite and temperature
(the values range between 5% /°C and 30%/°C) in order to analyse the effect of a varying
strength of the NAO system (see figure 6.4).

These curves yield a negative relationship between §'®Ogaicite (figure 6.4 €) ) and surface
temperature. This might not seem to be surprising, because the temperature gradient of
the isotopic fractionation is negative. However, the gradient between surface tempera-
ture and & 18OlDrec which influences the drip water §'%0 value is positive. These gradients
nearly compensate each other. In fact, the negative relationship between temperature
and §'®Ocalcite Originates here from the relationship between winter temperature and
winter precipitation what changes the contribution of winter precipitation.

6.2.1. Discussion of the resulting §'*0 -temperature relations

First, I focus on the correlation between temperature and 5180drip figure 6.4d). A tem-
perature change causes two counteracting effects on the ¢§ 180drip- On the one hand lower
temperatures result in decreasing amount of winter precipitation reducing the contribu-
tion of the isotopically lighter winter precipitation. Therefore, summer precipitation
becomes more dominant and the 5180drip value increases at lower temperatures. On
the other hand the (51801)reC signal is decreased by lower temperatures resulting in lower
isotopic composition of the drip water. For lower temperature the former effect prevails
while for increasing temperature the latter effects dominates from a certain temperature
value on. This pattern is then confronted with the negative temperature gradient in
the fractionation between drip water and calcite, which ranges from 0.21%0 to 0.25%0
in the investigated temperature range. For the part, where the 5180drip -temperature
relationship shows a decreasing trend with temperature, both gradients intensify each
other resulting in a steeper slope for 6'8Ogacite With temperature compared to the gradi-
ent occurring alone due to the fractionation. In the part in which the 5180drip increases
again with temperature, the slope between temperature and §'¥Ocacite becomes succes-
sively less steep until both gradients have the same absolute value. Under this condition
the minimum value of the curve in 6®Ocacite is reached. If the temperature increases
further, the gradient between temperature and 6'®Ocacite (figure 6.4e) is positive. How-
ever, this is only the case for a rather high temperature deviation from today ( +7.5°C
for the curve yielded by 10%/°C).

The differences between the coloured curves are derived from the different correlation
between temperature and precipitation. For 30%/°C, the 580 aleite Teacts more sen-
sitive for the same temperature change as the curve which assumes 10%/°C to be the
correlation between winter precipitation and winter temperature. For the same tem-
perature variation the contribution of winter precipitation varies stronger resulting in a
higher variation in the §'8O,. The higher the slope between winter temperature and
winter precipitation, the steeper is the slope between temperature and 68Oy

The feature that is shared by all the curves is the higher sensitivity for negative tempera-
ture changes. According to the model the response to decreasing temperatures in natural
stalagmites should be more pronounced compared to increasing temperature conditions.



6.2. Model inversion: the Correlation Approach 81

It should be noted, that the difference between kinetic and equilibrium fractionation is
very small. The main difference is the offset between the types of fractionation discussed
in section 5.2.2.

6.2.2. Model results

The coloured curves in figure 6.4 f) can be used to reconstruct temperature variations
of the past. The used stalagmite §'¥O¢,cite values are imported in a model routine and
the temperature can be read out according to one of the curves in figure 6.4. However,
it is possible that the slope between precipitation and temperature might have changed
significantly in the past. In phases of a stronger NAO like pattern the slope between
winter temperature and winter precipitation can for instance be 30%/°C.

In figure 6.5 simulated temperatures and precipitation values are shown using the §'®Ocalcite
of BU4 under the assumption of 10%/°C and 30%/°C. Assuming 10%/°C seems advis-
able regarding the present day situation. In figure 6.5 a) the temperature reconstruction
under this assumption is shown. The standard deviation of the time series is 1°C.
The temperature reconstruction bears three different main uncertainties. i) The critical
point concerning the modelling of kinetic fractionation in the ODSM is the relationship
between drip interval and the amount of infiltration, which is poorly investigated and
must be defined. If the relationship changes in time or if the system lacks any clear
relationship between the parameters, the kinetic fractionation in the model can be over-
or underestimated resulting in different temperature values. ii) The correlation between
5180prec and surface temperature yielded by observational data might have changed in
the past induced by a change in the synoptic pattern. In the model it is assumed to
be constant. iii) The slope between winter temperature and winter precipitation is also
defined to be constant over the whole period. This might not be a realistic assumption,
but the only possibility to reconstruct temperatures for lack of knowledge of the circula-
tion pattern in the past. If stronger westerlies featured periods in the past in which the
slope between winter temperature and winter precipitation was higher, the variations of
the reconstructed temperatures would diminish, because the variations in the 68 Ogalcite
value can be ascribed to varying contribution of winter precipitation. Such a situation is
illustrated in figure 6.5 d) and f). It is obvious that the temperature variation is smaller
(standard deviation = 0.5°C), if the assumed slope is 30%/°C, due to the enhancement
of the precipitation variability.

Error estimation The uncertainty of the reconstructed temperature and precipitation
values is calculated by a Monte-Carlo simulation with 2000 runs. The errors occurring in
the model are as in the forward model evoked by the linear regression between monthly
mean temperature and humidity, (51801,1@C and the monthly mean temperature at 2
p.m.. The curves (see figure 6.4) in this simulation are calculated 2000 times with
different values for the regressions (arbitrary choice of the values within the bounds of the
standard deviation according to the Monte-Carlo theory) and the resulting temperatures
are determined according to the respective curve. The mean and standard values for
each data point are calculated afterwards.
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Figure 6.4.: Forward ODSM including the curves for different correlations between
winter temperature and precipitation (30%/°C: dark blue, 20%/°C: light blue, 15%/°C:
black, 10%/°C: black, 8%/°C: red, 5%/°C: magenta). a) shows the §1804,;, dependence
on temperature and precipitation and d) the curves again and the resulting temperature
dependence. The same is plotted for 6'¥Ocaeite assuming equilibrium fractionation in b)
and e) and for §'8Ocaicite assuming kinetic fractionation in c) and f).
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Figure 6.5.: Simulated temperature and precipitation reconstructions using the
"8 0¢alcite data from BU4 for two slopes between winter temperature and winter precip-
itation ((a)-c): 10%°C and d)-f): 30%/°C). a) und d) show reconstructed temperatures,
b) and e) the annual amount of precipitation and c¢) and f) show the resulting win-

ter precipitation in % of the respective present day amount. The grey shadowed areas
correspond to 1o uncertainties.
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6.2.3. Results for other stalagmites

The model inversion showed that temperature reconstructions have several uncertainties
and the temperature information of one single stalagmite must be handled with care.
The evaluation of the simulated temperature can be improved, by applying the inverse
model to two or more stalagmites from the same cave or the same geographical region.
By comparison of the resulting temperature histories real temperature signals can be dis-
tinguished from §'80 variations which originate from parameters which are not directly
linked to climate (mixing characteristics, flow conditions, pCOy values). Similarities in
the simulated temperature values indicate a real climate signal.

The temperature reconstruction using BU4 can be tested applying two other stalagmites
- BUL, also from Bunker Cave [Riechelmann, 2010], and AH1 [Niggemann et al., 2003]
from Atta Cave.

The curve describing the relation between 6'¥Ogacite and temperature must be adjusted
to the respective stalagmite by selecting the climate input parameters from the closest
DWD station and the parameters describing the calcite precipitation (pCOsz of cave air
and soil air, drip interval) from cave monitoring. Table 6.2 comprises the applied data.

BU1 AH1
Parameters
Climate Data
DWD station Hagen Fley Attendorn
5180 rec (T) relation || Bunker Cave Monitoring | Bunker Cave Monitoring
Cave Data
drip interval 410s 300s
residence time long long
pCOs2 of soil air as BU4 as BU4
pCOgq of cave air as BU4 as BU4
cave temperature 9.5°C 10.5°C

Table 6.2.: Input values of the Correlation Approach for the application to BU1 and
AH1

For the stalagmite from Atta Cave - AH1 - climate data from the DWD (German weather
service www.dwd.de) station in Attendorn close to the cave are used. The actual re-
lation between 6180prec and temperature at Atta Cave could not be established during
the monitoring period (March 1997 - December 1997). Therefore, Wackerbarth et al.
[2010] concluded that the correlation derived for Bunker Cave is the best choice. Drip
interval (dstqg=300s) and mean cave temperature for calibration can be retrieved from
the literature [Niggemann, 2000] (T=9.5°C - 1°C colder than Bunker Cave). From this
work it can also be derived that the drip site of AH1 reveals neither a seasonal cycle in
518Odrip nor in the Ca?* content indicating a well mixed water body and, therefore, a
long residence time (one or more years). For the calculation of kinetic fractionation a
problem is the determination of the pCOs of cave air and soil air required. No measure-
ments were carried out during the cave monitoring. Wackerbarth et al. [2010] assumed
that the pCO2 values from Bunker Cave can also be regarded as being representative
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for Atta Cave.
For the temperature reconstruction using BU1, the same parameters as for BU4 can be

used except the average drip interval over the monitoring period from the associated
drip site (dgg=410s) which is shorter than for BU4.

With these adjustments, the §'®Ocalcite (T) curves can be calculated for each stalag-
mite. As performed for BU4 the established models can be tested by comparing the
modelled §'80a1cite value for AT=0°C and the measured value.

AH1 shows an isotopic composition of -5.88%¢ at the uppermost calcite sample [Nigge-
mann, 2000]. The simulated value is -5.69%¢ which is a very good estimation of the true
value. The temperature reconstruction curve is biased by 0.2%o to match this value at
AT=0°C.

For BU1 the youngest 6" O¢alcite value is 0.2 ka old and its isotopic composition is -5.97%o.
The model yields this value for the present day conditions. Due to the lack of knowledge
of the present day 6'®Ocalcite value of BU1 the 68O a1eite -temperature relationship used
to reconstruct temperatures is not shifted.

The results of the different temperature reconstructions are presented in figure 6.6.

6.2.3.1. Temperature reconstructions

The individual temperature reconstructions are plotted in figure 6.7 together with the
stalagmite 6" O¢aeite records. The temperature variations reconstructed from AH1 and
BU1 agree with the reconstruction from BU4 for the respective periods. The younger
part of BUI reveals a higher variability than the older part. A pattern, that is also
present in the BU4 temperature reconstruction.

In principle the three different stalagmites should show the same temperature history,
since the caves are close to each other (<30km). However, not every aspect of the isotope
system is covered by the presented model (for example: the true variance of the drip
interval in the past). Therefore, the §'8O¢acite Tecords differ slightly from each other.
BU1 and BU4 are very similar. AHI in contrast shows a slightly different basic level
of the 6™ O¢alcite values and some different features in the pattern. Regarding this, the
model run results in remarkably similar surface temperatures.

The climate of the region of the past seems to have experienced rather cold and dry?
conditions from 500 to 1000 years before present as well as at 3.5 ka and around 6 ka.
Rather warm phases seem to have prevailed from 1 ka to 3ka and from 3.5 ka to 5.5
ka. These tendencies are a reliable feature of the temperature reconstruction. Abso-
lute temperatures can only be derived, if the correlation between winter temperature
and winter precipitation is known. Very high temperature variations e.g. in the phase
between 1ka and 2 ka suggest a pronounced variation in the slope between winter temper-
ature and winter precipitation that could indicate a strong NAO-like circulation pattern.

3Due to the correlation between winter temperature and winter precipitation lower temperatures coin-
cide with drier conditions and vice versa.
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Figure 6.6.: Temperature reconstruction from AH1 (a and d), the younger part of BU1
(b and e) and the older part of BU1 (c and f) for the assumed correlation between winter
temperature and winter precipitation of 10%/°C (blue curves) and 30%/°C (red curves).
The error is estimated by a Monte-Carlo-Simulation with 2000 runs (see text).
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Figure 6.7.: a) §'80calcite and b) reconstructed temperature from of BU1, AH1 and
BU4 for the assumed correlation between winter temperature and winter precipitation
of 10%/°C. The stalagmite records are smoothed by a 20 years moving average.



88 Chapter 6. Inverse Models

6.3. Comparison: Correlation- vs Dual-Proxy Approach

Both presented approaches to reconstruct temperatures from 6¥O¢acite signals of sta-
lagmites have advantages and disadvantages.

The Correlation Approach does not need many additional input parameters for the for-
ward model, except the assumption of a general correlation between winter temperature
and winter precipitation. However, it is not realistic, that this correlation was constant
in the past resulting in an uncertainty that cannot be neglected.

The Dual-Proxy Approach yields an independent pair of temperature and precipitation
for each 6'¥0caicite value with the help of a second stalagmite proxy - the Mg/Ca ratio.
The disadvantage of this model is that in contrast to the 680 signal which is mainly
influenced by surface parameters the Mg/Ca ratio is controlled by multiple parameters
in the highly complex karst system. Fortunately the parameters can be calibrated with
the drip water Mg/Ca ratio and other observed drip water values. However, it is also
possible that substantial modification in the soil and karst layers changed the system in
the past that would make an adjustment of the parameters in the Mg/Ca model neces-
sary.

Beside the different procedures to determine the mean annual temperature, the models
are based on different assumptions.

The Correlation Approach is based on the §'80 forward model in the configuration that
varies only winter precipitation instead of the annual precipitation to suit the meteoric
conditions at the cave location. This reduction was necessary, since the correlation be-
tween temperature and precipitation are only defined in winter months (NDJFM), and
allowed, because the main infiltration occurs anyway in this season.

In contrast, the Dual-Proxy approach relies on the forward model in the setup which
varies temperature and precipitation identical and to the same extent for all the months.
The reduction to variations only in the winter month is not necessary in this model setup.
Though the approaches differ in many features, the simulation should lead finally to sim-
ilar temperature reconstructions. Figure 6.8 shows the comparison of the two resulting
temperature time series for the BU4 record.

The temperature variations resulting from the Dual-Proxy approach are obviously larger
than from the Correlation Approach. However, the similarity of the time dependent pat-
tern is remarkable.

Figure 6.8 a) and b) show the comparison between the inverse models for the unde-
trended Mg/Ca record of BU4. The precipitation record is significantly lower in the
Dual-Proxy Approach (blue) than in the Correlation Approach (red). The comparison
of the temperature simulation based on the detrended Mg/Ca record are shown in figure
6.8 ¢c) and d). The temperature variation changes slightly due to the detrending, but still
reveals the same pattern as the temperature reconstruction based on the Correlation-
Approach. The general precipitation level is shifted to a higher level and shows more
variation than the Correlation-Approach based precipitation reconstructions.
Temperature. The differences in the amplitude of the simulated temperatures can be
explained by the different gradients AT(6'¥0 ) in the model approaches. For the Cor-
relation Approach the AT(6'80 ) gradient results from the correlation between winter
precipitation and winter temperature (see figure 6.4). The range of 1.5%0 of §'80 values
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Figure 6.8.: Simulated temperature (a) and precipitation (b) reconstructions using the
5'80alcite data from BU4 in the two different model inversion approaches (Correlation
Approach: red, Dual-Proxy Approach: blue). c¢) and d) show the same for the detrended
Mg/Ca record. e) and f) illustrate the results of c) if the input data for the Dual-Proxy
Approach are smoothed by a 10-point (e) and 20-point (f) moving average.

result in 4°C temperature variations (figure 6.9 red squares) for the curve representing
a correlation of 10%/°C between winter temperature and winter precipitation. For the
Dual-Proxy Approach, the range of resulting temperature variations of 1.5%¢ is about
11°C (figure 6.9 blue squares), which is much steeper than in the Correlation Approach.
The temperature gradient of the 520 signal in the Correlation Approach might be a
more realistic representation of the true relationship. Mangini et al. [2005] found the



90 Chapter 6. Inverse Models

same relationship by establishing a temperature calibration between §'®Ocaicite values of
an Alpine stalagmite and corresponding temperatures.

Hence, a particular 680 variation leads to much higher temperature changes in the
Dual-Proxy-Approach.

Precipitation. The simulated precipitation varies also stronger in the Dual-Proxy Ap-
proach. It should be kept in mind that the Dual-Proxy Approach yields true annual
precipitation values, while the Correlation Approach keeps the precipitation fix between
April and October. This explains the obvious difference between the precipitation sim-
ulations and suggests that the Mg/Ca might be a better estimate for the precipitation
due to the independence of the precipitation determination. The results including the
detrended Mg/Ca record yield the more realistic values (identical to section 6.1.2), since
the low precipitation values including the undetrended Mg/Ca record are an effect of
the general trend towards higher Mg/Ca values with older ages due to the depletion of
loess.. At least the model results should be compared and discussed for a climate record
of a certain time.

In principle, the Dual-Proxy Approach is a very sensitive system, since a multitude
of parameters influence the Mg/Ca ratio in addition to climate parameters. Therefore,
it can be useful to carry out a smoothing of the measured stalagmite data, before they
are used as input for the temperature reconstruction. This reduced the natural variation
of the input data, especially in case of the Mg/Ca ratio which might not be grasped by
the model. In figure 6.8 e) and f) the temperature deviations from both approaches are
presented in which the input data for the Dual-Proxy Approach are smoothed by a 10-
point running mean (10 Mg/Ca or 6*¥Oaieite values in the averaging window containing
in average 85 years) and 20-point running mean. In this configuration the temperature
deviation agree with the reconstruction of the Correlation Approach for positive devia-
tions from the present day temperature.

Both models agree in the general, negative relationship between surface temperature and
the 6" 0¢alcite from stalagmites. In addition, the model results show the same warmer
and colder periods, though the absolute temperature reconstruction is afflicted with un-
certainties.
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7. Forcing the ODSM with ECHAMb-wiso

In the previous sections the ODSM was applied as a forward model to analyse the in-
fluence of different parameters on 518Odrip and 680acite as well as an inverse model to
derive temperatures from existing §'®®Ocalcite Tecord of stalagmites. The model inversion
had to assume that the correlation between winter temperature and winter precipitation
was constant in the past. The inverse model obeys the terms of the forward model see
section 4.3.2.5, in which climate conditions of each month depends on the others. It is not
possible in this model setup to identify a different seasonality (for example a particular
wet spring) from the 6'¥0 record of the stalagmite except more or less winter influence.
However, this is probably one of the driving factors of the §'¥O¢alcite system. To include
this in the analyses a cooperation was established between the Alfred-Wegener-Institut
(AWI) and the DAPHNE Forschergruppe. At the AWI a state-of-the-art atmospheric
general circulation model was enhanced by explicit isotope diagnostics (ECHAMS5-wiso,
Werner et al. [2011]). The output parameters of this model (temperature, precipitation,
evapotranspiration and 5180prec) can be used as input parameters for ODSM which cal-
culates the resulting 5180drip and 6'80¢aieite according to the input parameters. This
approach allows to abandon the inverse modelling and analyse the §'%0 record of stalag-
mites with a rather comparative technique. With the output parameters from ECHAMS5-
wiso as input parameters for the ODSM, the 6'8O¢acite value of a stalagmite for any time
and place all over the world can be simulated. By comparing the simulated and the mea-
sured §'8O¢alcite value from this time, the climate setup (ECHAMS5-wiso output) can be
analysed and variations between different time slices understood.

However, it is not advisable to apply this approach to a cave without knowledge of the
present-day cave system. The present day situation is needed to evaluate, if the model
approach is a valid representation of the climate regime and cave system. Therefore
the approach is first applied for present day and with the insights of this experiment
expanded to the past.

7.1. Present day experiment

7.1.1. Included caves

The approach to replace observed measurement data by simulated climate values is tested
at seven European caves which provide a comprehensive cave monitoring (5180drip and
"8 0¢alcite of modern calcite samples, cave temperature) and climate observations (tem-
perature, precipitation, 5180prec). The present-day test aims to identify the caves in
which the approach works well and can be applied for past times. A compilation of
geographic position, mean annual temperature, mean annual amount of meteoric pre-
cipitation, weighted mean 5180prec , mean 518Odrip and 0"®0¢aeite of modern calcite

93
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samples is shown in table 7.2 and table 7.1. For more details see the respective refer-
ences (table 7.1) and appendix A.
For comparison the ECHAMS5-wiso output for the respective caves is also given in table

7.2.

Cave Lat. Long. || Altitude 5180drip 08 0calcite
Soylegrotta 66.55° || 13.93° 100-200m -1040.23%o0 -7.33%0
(Norway)

Lauritzen and

Lundberg (1999) 1991-1992

Korallgrottan 64.89° || 14.16° 540-600m || -12.0240.41%o -9.41%0
(Sweden)

Sundqvist

et al. 2007 2005-2006

Tartair Cave 58.14° || -4.93° 300-500m -7.09+0.26%0 -5.240.35%0
(Scotland)

Fuller

et al. (2008) 2003-2005

Bunker Cave 51.37° 7.66° 100m -7.9240.28%0 || 5.92+0.19%0
(Germany)

Riechelmann

et al. (in press) 2003-2009

Katerloch 47.25° || 15.55° 900m -8.7+0.1%0 -6.3%0
(Austria)

Boch

et al. (2010) 2005-2007

Giazzera Cave 45.85° || 11.09° || 900-1300m -9.540.24%0 -6.7%0
(Ttaly)

see appendix 2002-2003

A 2006-2008

Clamouse Cave || 43.70 3.61 75m -6.2 -4.9%0
(France)

Frisia

et al. (2002) 1999-2001

Table 7.1.: Cave locations and compilation of isotope data from monitoring programs.
Further information about the caves can be found in appendix A and the respective
references.

7.1.2. ECHAMb5-wiso

ECHAMS is the fifth generation of an atmospheric general circulation model. It was de-
veloped at the Max-Planck-Institute in Hamburg (Germany). It was thoroughly tested
under present-day conditions (e.g., Roeckner et al. [2003] and Roeckner et al. [2006]) and
used for the last Intergovernmental Panel on Climate Change assessment [Randall et al.,
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2007]. By the work of Joussaume etal. [1984], Jouzel etal. [1987] and Hoffmann et al.
[1998] the ECHAMS5 model has been enhanced by a water isotope module in the model’s
hydrological cycle allowing an explicit simulation of water isotopes in the entire hy-
drological cycle, from ocean evaporation through cloud condensation and precipitation
(rain- and snowfall) to surface water runoff.

On a global scale, the ECHAMS5-wiso simulation results are in good agreement with
available observations of the isotopic composition of precipitation, both on an annual as
well as on a seasonal time scale. For more details on the isotopic enabled ECHAMS5-wiso
model see Werner et al. [2011].

ECHAMS5-wiso was implemented to performed an experiment for present day condi-
tions (1956-1999 in a monthly resolution) with a two years spin-up time. The surface
forcing and boundary conditions represent observed monthly sea-surface temperatures
and sea-ice cover (as in the Atmospheric Model Intercomparison Project (AMIP)-style
forcing, [Gates et al., 1999]). The isotopic composition of the ocean is set to the observed
modern value (global gridded dataset compiled in LeGrande and Schmidt [2006]). The
atmosphere is left free to evolve.

It is important to note, that the modelled climate parameters for a month cannot be
directly compared to observed values from this particular month as a consequence of
the evolution of the atmosphere. The monthly pattern will change slightly depending
on the starting month of the model calculation. However, the long term mean values
and variations of the climate output are a robust parameter of the model and should be
preferred in comparison with observational data.

The presented ECHAMS5-wiso experiment was carried out in a relatively high resolution
(T106L31), which describes a resolution of approximately 1.1° by 1.1° and 31 layers in
the vertical. Additional information can be found in Langebroek et al. [in press].

7.1.3. Forcing realisation

The ODSM is used in the forward model setup. In section 4.2 the ODSM was forced
with meteorological data from a weather service station. In this section the weather and
isotope data are replaced by the ECHAMS5-wiso output data. The output is supplied
in a monthly resolution leading to a monthly resolution of the simulated 5180drip and
0"®0calcite values. The residence time of the water in the soil and karst layer can be
defined in this setup. It consists of two components: i) the mixing time, defining how
much monthly water parcels are mixed in soil and karst and ii) the transition time which
describes how long it takes for a water parcel to travel from surface to the cave. The
mixing time results in a smoothing of the 5180prec signal while the transition time leads
to a temporal shift of the signal. In the context of this application the transition time
is not important, since only mean values are compared between measured and observed
0'80calcite values instead of the pattern of a time series. The mixing time is important
because it determines the variance of the 5180drip signal. This parameter can be cali-
brated to the observed variance in the 5180drip data, though the problem remains that
the modelled (5180drip is in general much smoother than the observed data, because the
ODSM cannot grasp the short term variance of the drip water. The mixing time is
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therefore set to a default value of 48 months, but it should be kept in mind how the
variance of the simulated drip water §'80 value changes, if the mixing time is varied.
For the ODSM forcing two sets of experiments were performed. In one forcing setup
(Setup 1 "ECHAM”) the mean monthly temperature, the monthly amount of precip-
itation and §'80pec as computed by ECHAM5-wiso are used as input. In the second
setup (Setup 2 ” Thornthwaite”) the evapotranspiration is replaced by a calculated value
using the equation of Thornthwaite and Mather [1957]. The amount of infiltrating water
depends then on temperature, latitude and a temperature-dependent heat index. In this
context this equation is preferred to Haude’s equation Haude [1954], because the humid-
ity and temperature at 2 p.m. and the vegetation type required for Haude’s equation
are not supplied by ECHAMS5-wiso. These parameters must be known, if the model
should be applied to caves worldwide. Therefore, the Thornthwaite equation is used in
this application.

The ODSM assumes equilibrium fractionation, since the true kinetic fractionation re-
quires parameters, which are not given for all the caves. In the discussion of the results
this subject is commented on.

General comment The ECHAMS5-wiso output is supplied and calculated in a resolu-
tion of 1° x 1° per grid box and corresponds in general roughly to the measured data
sets. Before conclusions can be drawn, which setup matches best the 680 measure-
ments, the fact has to be considered, that substantial differences between modelled and
observed data may occur (see table 7.2). Especially the amount of precipitation and
related ¢ 180131rec depend strongly on the topographic position of the cave in the grid box.
These small scale spatial variations can be accounted for by adjusting the ECHAMS5-
wiso output values for a particular cave by adding the offset between the long term
climatic observations at the cave location and the long term mean of the ECHAMS5-wiso
output values table 7.2. This adjustment is done for the mean annual temperature, the
annual amount of precipitation and the precipitation weighted mean 5180prec for each
cave according to the respective difference between measured and simulated values. No
adjustment is applied for the simulated seasonal cycle of these variables.

The experiments help to evaluate, which setup seems to represent true climate condi-
tions at a cave’s location and how the model approach must be applied for past times
experiments under the assumption that the discrepancy is a constant offset occurring
due to the geographical position of the cave in the grid box.

7.1.4. Local adjustments of the ECHAMDb-wiso results

As discussed in the section before the input adjustment of the ODSM can help to un-
derstand which setup is the best representation of the cave conditions. To understand
the resulting shift of the simulated mean 5180drip and 0 O0acite values, the sensitivity
of 5180dr1p and 0'80¢a1cite tO 518Oprec, temperature and precipitation are discussed in
the following section. As an example the sensitivities are displayed for Bunker Cave in
figure 7.1.
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Figure 7.1.: Sensitivity of 5180drip and 0™ 0¢alcite to temperature, precipitation and
518Oprec. Fach parameter is varied in a certain range: temperature from -5°C to +5°C,
precipitation from -50mm/month to +50mm/month and §'8O0pec from -2%0 to +2%.
The respective parameter shift is added to the whole time series and the ODSM recal-
culates the mean §'®0qip (a) or 0'80caicite (b) with this modified data set. Note, that
this figure shows the sensitivity with respect to the standard experiment (centre dot).

5180prec sensitivity A shift of the (5180prec can be regarded as an offset. Each month’s
6180prec is varied to the same extent. The size of the isotope fractionation during
evapotranspiration does not depend on the initial 680 value. The resulting mean annual
drip water 6180 is therefore shifted to the same extent as the 5180prec.

Temperature sensitivity The temperature sensitivity is very different in Setup 2 com-
pared to Setup 1. The reason is that in Setup 2 the evapotranspiration depends on tem-
perature, while in Setup 1 the evapotranspiration is a fix output value of the ECHAMS5-
wiso model. In this setup the 5180drip value depends only on temperature due to the
enrichment during evapotranspiration.

In setup 2, however, the temperature determines the amount of evapotranspiration and
through this the ratio of infiltration to precipitation, which is the dominant factor in the
enrichment during evaporation (see figure 4.2).

The sensitivity of (518Odrip is positive at each location, although the absolute gradient
differs slightly. This originates from the non-linear function describing the evapotranspi-
ration. Compared to the § 18Oprec or precipitation sensitivity the temperature sensitivity
of §'8Qqyip is rather small (see figure 7.1).

The fractionation from drip water to speleothem calcite (equation 4.7) has a temper-
ature gradient of about -0.23%0/°C. Hence, the temperature sensitivity of §'8Ocalcite is
affected by this gradient (see also figure 7.1b).

Precipitation sensitivity The influence of a changing amount of precipitation is com-
plex. Two mechanisms must be distinguished:

e Change of the seasonal infiltration pattern. If the monthly mean precipita-
tion amount decreases by an absolute amount, the smaller infiltration in summer
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experiences a stronger relative change than the amount of winter infiltration. This
shifts the weight to the winter season. In this case 6180drip will be more depleted.

e Effect on isotopic enrichment during evapotranspiration. A decrease in
precipitation may increase the 518Odrip due to the enrichment during evapotran-
spiration caused by diminishing infiltration/precipitation ratio.

These two effects have opposite consequences and counteract each other. Therefore the
particular situation at the cave must be considered to estimate which effect prevails.
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Model results | 1o standard || Observational Applied
Annual mean deviation Data Adjustment

Soylegrotta

P [mm] 1120 180

T [°C] 0.2 0.7 2.7 (1966-1989) +2.5
§180prec [Yho] -10.7 0.6 -9.8 +0.9
ET [mm] 440 40

T cave [°C] +2.5
Koralgrottan

P [mm] 1000 110 860 (1961-1990) -140
T [°C] -0.5 0.8 1 (1961-1990) +1.5
5180prec [%0] -12.4 0.7 -13.7 (1975-1988) 1.3
ET [mm] 340 20

T cave [°C] 2 +2.5
Tartair

P [mm] 870 130 1900 (1971-2000) +1030
T [°C] 7.7 0.4 7.1 (1971-2000) -0.6
§180prec [Yho] -8.1 0.5 -7.1 (2003-2005) +1
ET [mm] 540 50

T cave [°C] 7.1 -0.6
Bunker

P [mm] 1140 140 900 (1978-2007) -240
T [°C] 8.4 0.7 10.5 +2.1
6" Oprec [Yho] 7.7 0.6 -7.7 (2003-2009))

ET [mm] 600 30

T cave [°C] 10.5 +2.1
Katerloch

P [mm] 750 150 870 (1973-2004) +120
T [°C] 8.5 0.7 8 (2006-2008) -0.5
6 Oprec Y] -9 1 -8.8 (1973-2004) +0.2
ET [mm] 540 50

T cave [°C] 6 -2.5
Giazzera

P [mm] 910 160 970 (1992-2004) +60
T [°C] 10.9 0.7 13.3 (1992-2004) +2.4
§180prec [Y6o] 7.1 0.7 -8.7 (1997-2007) +0.6
ET [mm] 610 50

T cave [°C] 8.5 -2.4
Clamouse

P [mm] 760 120 600 (2003-2007) -160
T [°C] 11 0.6 14.5 (1997-2007) +3.5
5180 prec [Yho] -6.4 0.5 -5.8 +0.6
ET [mm] 560 50

T cave [°C| 14.5 3.5

Table 7.2.: Compilation of ECHAMS5-wiso results and observational climate data for
each cave. Behind the observational data the period of observation is given. The last
column shows the difference between modelled and observed data, which is used in our
adjusted model simulation (see section 7.1.4)
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7.2. Results

In the following section the simulated (5180drip and 680 a1cite 1 described for the seven
caves. To understand the spatial European pattern of 5180drip, the European pattern
of the 5180prec signal is discussed first.

The results are then discussed for both, the original and the adjusted ECHAMS5-wiso
output values.
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Figure 7.2.: Comparison of observational data (black) and model results (red: Setup 1,
blue: Setup 2) for each cave for a) 5180prec , b) 5180drip ¢) 6"80calcite d) 518Odrip using
adjusted input parameters and e) 580 calcite Using adjusted input parameters.
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7.2.1. Results of unadjusted input values
7.2.1.1. 530 of precipitation

The results of simulated ¢ 180prec are displayed in figure 7.2a). The pattern can be un-
derstood, when the three main influences on 5180prec are considered. Two processes
influence the isotopic composition of an air mass by: i) a change of the temperature
in the air mass influencing the isotopic fractionation during condensation and ii) the
rain-out effect which describes the fact that a successive removing of the formed water
droplets in the air mass leads to isotopic depletion of the remaining air mass since the
heavier species of the oxygen isotopes is enriched in the droplets. These two processes re-
flect in the isotope effects described by [Mook, 2006], i) the temperature effect, referring
directly to a depleted §'8Opyec signal with colder surface temperatures, ii) the altitude
effect describing the isotopic depletion, when an air mass is lifted to higher altitudes due
to cooling of the air mass accompanied with a rain-out effect, iii) the latitude-effect by
which an air mass depletes with increasing latitude due to lower temperatures and iv)
the continental effect describing the depletion of an air mass through successive rain-out
on the path from the coast across landmasses.

To summarise, in principle the § 180meC value at a cave location should be depleted with
decreasing surface temperatures (increasing latitudes), increasing distance from the coast
and increasing altitudes and vice versa.

In the next section the actual §'%0 pattern measured at the caves is discussed and af-
terwards compared to simulated values.

Observed §'80prec - The observed data in figure 7.2a) from Soylegrotta and Korall-
grottan (high latitude, cold surface temperature) show depleted § 180prec. Korallgrottan
is more depleted compared to Soylegrotta, since Korallgrottan is located more inland
than Soylegrotta, leading to additional depletion through the rain-out effect at Korall-
grottan.

Tartair Cave is comparably close to the ocean (the source of precipitation) as Soyle-
grotta, but the mean annual temperature is about 6°C warmer than in Soylegrotta.
Therefore the measured §'80pec value should be heavier - as displayed in figure 7.2a).
The observed 5180prec value for Bunker Cave is identical to Tartair Cave, despite the
annual temperature which is about 3.5°C warmer at Bunker Cave. However, Bunker
Cave is not directly at the coast like Tartair Cave. Thus, precipitation depletes on the
path from ocean to Bunker Cave counteracting the temperature effect.

Though Katerloch Cave lies farther south than Bunker Cave, the location is at a
rather high altitude (=~1000m). An air mass depletes during its way upwards to the
cave. Hence, the 5180prec signal should be depleted. In addition the mean annual tem-
perature is colder than at Bunker cave and the location is farther from the ocean - two
effects that increase the depletion of the (5180prec.

Giazzera Cave is located at the same altitude as Katerloch Cave. Surface temperature
is about 5°C warmer at Giazzera Cave. Therefore the 5180prec should be higher than in
Katerloch Cave. However both value are nearly the same.

The 5180prec at Clamouse shows the highest observed value. The temperature is high
at the cave and it is very close to the Mediterranean. In addition to high temperature,
low altitude and latitude this could enrich the & 180prec signal. A Mediterranean influence
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yields higher 5180prec values, since the Mediterranean Sea is isotopically heavier than
the Atlantic ocean due to high evaporation rates from the relatively small water basin
compared to the Atlantic ocean. Additionally little mixing and exchange of Mediter-
ranean water masses with the oceans occur [Lachniet, 2009].

Simulated § 18OlDrec . The comparison between simulated and observed values must be
done with some caution since the temporal interval of the observation is in some cases
rather short. Only for Bunker Cave, Katerloch Cave and Clamouse Cave the variation
could be given for periods longer than 10 years. For Bunker Cave and Katerloch Cave
the standard deviation of the annual weighted '8Opyec is 0.7%0, suggesting that the
variation might be in this range also for the other caves.

In general the expected mean ¢ 180prec pattern is also displayed in the simulated § 1801)rec
values with some small differences.

For Soylegrotta the simulated ¢ 180meC is too low which might originate from simulated
annual mean temperatures (table 7.2), which are 2.5°C lower than the observed data
leading to higher depletion.

For Korallgrottan the simulated § 180meC value is too high compared to observed data.
The reason could be an underestimation of the continental effect depleting the 680
signal of the air mass on the transport to the cave.

The modelled (5180101@C value at Tartair Cave is again too low, while for Bunker Cave
and Katerloch Cave the modelled values agree well with the data.

The 5180prec at Giazzera Cave is heavier than the monitoring data, which could pos-
sibly be caused by a pronounced influence of the Mediterranean in the model. For
Clamouse Cave the influence seems to be present, though the simulated temperatures
are 3.5°C too low resulting in slightly lower 5180prec values at the cave’s location.
However, if the assumption is correct, that the variation of the observed values lies at
about 0.7%o, all the modelled and observed values agree in the range of their errors.

7.2.1.2. §'80 of drip water and calcite

Two main factors decide on depletion or enrichment of the 618Odrip with respect to
6180 pyec, which are closely linked to evapotranspiration and infiltration.

e Evapotranspiration enriches a water parcel isotopically and can shift the annual
mean 6180drip towards heavier 6'80 values compared to precipitation

e The seasonality of infiltration biases the 680 signal towards the months with
highest contribution to the annual drip water. For the relevant caves this is a shift
towards lower §'80 values.

Which factor prevails depends on the evaporation rate in each month.

Simulated 6'%0gyip and §'®0caicite - Setup 1 ECHAMS5-wiso In most caves (except
Katerloch and Korallgrottan) the mean annual '8Ogyp, (figure 7.2 b) (red dots)) is
heavier than the corresponding 18Opmc. The enrichment during evaporation dominates
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the bias towards the colder, isotopically lighter months in these caves. In Korallgrottan
and Katerloch Cave it is the other way round.

This pattern passes on to the respective §'8Ocalcite values (figure 7.2 c) (red dots)).
The range of §'®Ocalcite compared to 5180drip for the different caves is smaller than in
518Odrip, because the isotopic fractionation from drip water to calcite is anticorrelated
to temperature resulting in smaller enrichment in warmer caves and larger enrichment
in colder caves.

Simulated §'%04.ip and §'®Ocaicite - Setup 2 Thornthwaite Although the pattern of
518Odrip is similar to Setup 1, the absolute (5180drip values in Setup 2 are lower than in
Setup 1 for every cave and also lower than the observed 5180drip value (except Giazzera
Cave). The difference originates from the ET o values in the different setups.

As an example the values for evapotranspiration per month from Setup 1 and Setup 2
and the resulting infiltration at Bunker cave are illustrated in figure 7.3 a). For the other
caves the absolute, monthly values are different, but the general behaviour is the same
except for Giazzera and Clamouse, where the annual patterns of evapotranspiration in
Setup 1 and Setup 2 are similar to each other.
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Figure 7.3.: a) Seasonal cycle of precipitation, infiltration and evapotranspiration
(ETpot) at Bunker Cave as computed by ECHAMS5-wiso or after Thornthwaite. b) Ratio
of infiltration to precipitation using ECHAMS5-wiso or Thornthwaite evapotranspiration.

The infiltration calculated from Thornthwaite (Setup 2) is higher from November to
April and lower from May to October than in Setup 1. The weight on the winter season
and the resulting shift to lower 6'30 value is therefore more pronounced in Setup 2. The
resulting drip water §'%0 is subsequently lighter than in Setup 1.

In figure 7.3 b) the ratio of infiltration to precipitation determining the degree of iso-
topic enrichment during evaporation is given. The lower the ratio, the more enriched
is the remaining water parcel. It is obvious that in the month with highest infiltration
rates representing the highest contribution to the annual mean drip water (winter, early
spring, late autumn) the ratio is higher in Setup 2 than in Setup 1. This is an additional
explanation why the 518Odrip from Setup 1 is more enriched than the drip water 6180
from Setup 2.
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The 68 O¢alcite signal in Setup 2 reveals the same pattern as § 180drip identically to Setup
1.

7.2.2. Results of adjusted input values

Table 7.2 compiles the comparison between modelled and observed temperature, pre-
cipitation and (5180meC values. In the last column the parameters are shown, which are
used for the ECHAMS5-wiso output adjustment. The results are presented in figure 7.2
d) and e).

If the simulated 6180drip value does not match the observed drip water 680 values, two
reasons can cause the discrepancy.

e The seasonal pattern of infiltration might be wrong. Too heavy simulated 6'®Ogyip
values correspond to an overestimated weight of the warmer season while too low
5180drip values indicate a stronger influence of the colder season.

e The enrichment of the water parcel during evapotranspiration might be overesti-
mated. The part of the Rayleigh fractionation (equation 4.3) that describes the
evaporation uses as enrichment factor by Majoube [1971], which is defined as the
enrichment during evapotranspiration from an open water parcel. The evaporation
from the upper soil layer might be smaller due to mixing with soil water or the
characteristics of the soil. This could be a major problem in warmer regions, since
evaporation rates are higher than in colder regions.

The seasonality of infiltration and the seasonal pattern of evapotranspiration are the
most likely factors for wrong 6180drip values after the adjustment. In the following
paragraphs the results of the adjusted models will be discussed in this context.

Simulated 5180drip After the adjustment of the input parameters Setup 2 seem to
simulate the measured (5180drip values slightly better than Setup 1.

Four cave drip water 6'%0 values (Soylegrotta, Tartair Cave, Bunker Cave, Giazzera
Cave) are calculated correctly using Setup 2. However, in case of Tartair Cave and Gi-
azzera Cave Setup 1 also yields good results. In addition Setup 1 prevails at Katerloch
Cave. For Korallgrottan and Clamouse Cave the measured value can neither be simu-
lated by Setup 1 nor 2.

If one setup is clearly the better choice at a certain cave, this means that the seasonal
pattern of infiltration is better represented in this setup, which is the case for the caves
where only one setup is able to simulate the drip water §'%0 value. If both setups yield
approximately the same 5180drip , this indicates that the seasonal pattern of evapotran-
spiration is rather similar. For the warm caves this is indeed the case (Giazzera and
Clamouse). For Tartair Cave the setups agree in their simulated 6180drip value. This is
not caused by similar evapotranspiration pattern, but due to the extremely high amount
of precipitation per year. Some mm per month of evapotranspiration more or less do
not have too much consequence for the amount of infiltration.

These three cases indicate that the model setups are equivalent either in a warm climate
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where the evapotranspiration pattern of the setups is similar or for caves where the
amount of precipitation is very high.

To assess the reason why for Clamouse Cave and Korallgrottan the simulated § 180drip is
still wrong is complicated. The seasonal infiltration pattern could be the reason or the
cave system can bear some features not included. These caves should be handled with
care and it must be kept in mind that there is an offset between measured and simulated
values, if a past time experiment is applied to one of the caves.

Simulated §'®0cacite  The simulated 6'®Ocaicite is presented in figure 7.2e). From the
literature of the respective caves (see appendix A) it can be assumed that for the colder
caves (Soylegrotta, Korallgrottan, Tartair Cave and Katerloch Cave) the calcite pre-
cipitation took place near equilibrium. For Bunker Cave as well as for Giazzera and
Clamouse Cave significant offsets between the predicted equilibrium 6'8Ogieite value are
observed. For Bunker Cave the gap between equilibrium and kinetic 6'8O¢acite value
can be closed using the model for kinetic fractionation as presented in section 4. For the
other caves the required input parameters are not known. However, it should be kept in
mind that the modelled equilibrium value is lower than the true kinetic value.

For the caves, in which calcite precipitation happens very close to equilibrium conditions,
the respective setup which was the best representation of the measured (5180drip is also
the best for the calcite 6'*0 value (Soylegrotta, Tartair Cave, Katerloch Cave).

For Bunker Cave the measured §'®¥Ogpcite value is enriched compared to the modelled
equilibrium value from Setup 2. This does not mean that Setup 1 should be preferred,
since kinetic fractionation is known to occur there.

For Giazzera a kinetic offset is also visible. The (5180drip measured in the cave is lower
than the simulated value and must be lower also in the §'8Oalcite as the simulated value.
However, it is higher than the modelled §'®Ocajcite. This shift can be attributed to ki-
netic fractionation.

The calcite 680 value from Clamouse Cave is apparently in a very good agreement
with the simulated values. However, if the drip water 680 values are known, it is
obvious that this is only a kinetic effect. This caves illustrates very impressively, that
the present day study is a very helpful tool to evaluate the results of the model approach.

7.2.3. Conclusion and comment

The present day application of the model approach is an important test, if this compar-
ative technique can help to analyse the 680 value as a climate proxy.

It is obvious that the main problem is the determination of evapotranspiration, since an
adjustment is not possible. The present day study identifies caves in which the modelled
conditions are a good representative of the true situation.

The best way how the presented approach can be used for climate research is first to ap-
ply the present day experiment to a cave to understand the differences between modelled
climate and actual climate. Hereupon a simulated, artificial 6" Oajcite record could be
established, if the model output from ECHAMS5-wiso were supplied as a time series of
the simulated climate of the past. The comparison of the stalagmite and the simulated
"80calcite Tecord allows to draw conclusions about the climate of the past. An agree-
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ment of both time series suggests that the ECHAMS5-wiso output values of this time
are close to the true climate parameters. A disagreement can indicate that significant
changes in the fractionation between drip water and calcite influenced the stalagmite
80 calcite value or the ECHAMS5-wiso output values do not represent the true climate of
this period. To identify, if the fractionation changes are the reason for the discrepancy
between model and stalagmite §'®Ocaicite value, the study should rely on more than one
stalagmite. The present day experiment showed that Soylegrotta, Tartair Cave, Bunker
Cave, Katerloch Cave and Giazzera Cave are adequate caves for the application of such
a study.

However, computation time of such a time series is expensive and long. Instead time
slices can replace a transient time series. Unfortunately the growth periods of the sta-
lagmites from the investigated caves are different and to find a time slice in which all
stalagmites grew is almost not possible. McDermott etal. [2011] gave a comprehensive
overview of European stalagmites, their growth periods and §'¥Oca1eite values. From this
set stalagmites can be selected which grew during the modelled time slice. However, these
stalagmites are rarely accompanied with a monitoring of the parent cave. Without a
cave monitoring it is hard to derive how the model approach must be applied to the cave.
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7.3. 6k experiment

As discussed in the previous section, the approach to force the ODSM with ECHAMS5-
wiso output data should be applied to caves which provide a present day monitoring of
cave environment and climate conditions for a better evaluation of the results. However,
caves with a comprehensive monitoring are rare and in addition stalagmites from these
caves do not offer calcite values from any given time slice in which the climatological
and isotopic mean values are simulated by ECHAMS5-wiso.

This problem can be approached by involving a set of stalagmites instead of one single
speleothem. This helps to identify true climate signals from cave internal variations. In
addition it is advisable not to focus on absolute %0 ueite values but on relative val-
ues. Therefore, in this experiment stalagmites are used which grew at 6k as well as in
modern times. The study yields the 6"Ogaicite difference between present day and 6k.
If an offset resulting from kinetic fractionation exists for present day conditions between
simulated and measured §'¥O values, it can be assumed that also in past times kinetic
fractionation enriched the §'®O¢ycite value. The simulated §'80 values would be too low
in both cases even, if the climate parameters were modelled correctly. The comparison
of relative values is therefore a tool to bypass this problem. However, it must be kept in
mind that the kinetic fractionation might not be a constant offset.

In addition, an offset between absolute simulated and measured §'®Ocaicite values can
originate from the discrepancy between the grid model values and the local conditions
at the cave (as discussed before). Under the assumption that the offset between model
and true climate parameter remains constant in time, the comparison of relative values
is the best tool to compare model and data.

7.3.1. Studied stalagmites and measured A§®*O,cite

The study from McDermott (McDermott etal. [2011]) gives an excellent overview of
European stalagmites, their growth periods and corresponding §'®*Ocaicite values. From
this compilation twelve caves where selected which supply 68 Ocalcite values from present
day as well as from G6ka BP. The stalagmites are given at the end of this section in table
7.4. The difference of §'80caicite (6k-PD) are illustrated in figure 7.4 (also table 7.4).
The snapshot at 6k of the COMNISPA record from the Spannagel Cave was calculated
from Vollweiler [2010] in which an update of the first stalagmite record [Vollweiler et al.,
2006] was given.

The spatial, European pattern does not show a homogeneous behaviour. Some stalag-
mites (from Korallgrottan, Holloch, Savi and Garma) reveal a strong depletion in their
5'80calcite value between 6k and Ok while others show a strong enrichment (Poleva, Crag,
Carburangeli) and others are nearly on the same isotope level as present day.

For a time slice which differs clearly in the climate parameters from today (for example
from the last Glacial) the isotope values were expected to show a consistent gradient
to lower or higher values for the entire set of stalagmites ( Cheng et al. [2009], Dykoski
et al. [2005], Zhao et al. [2010]). However, the climate changes during the Holocene are
not comparable with large scale variation as the last Glacial.

The arising question is, which climatological, hydrological or isotopic European pattern
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Figure 7.4.: A§'®0.aicite in %o between 6k and present day.

could explain the observed §'®Ocalcite Values.

In this context the cooperation with ECHAMS5-wiso can be enlightening and offer in-
sights to climate analyses from stalagmites, which could otherwise not be detected.

In the following section the climate and isotope parameters which are simulated by
ECHAMS5-wiso are presented and the resulting §'®Ocalcite is shown in order to compare
the modelled and observed 680 ,1cite values.

7.3.2. ECHAMb-wiso setup

The present day experiment performed with the ECHAMS5-wiso was forced with observed
sea surface temperatures and the sea ice cover. For a model run from past times it is
necessary to force the ECHAMS5-wiso with a model for these parameters. Three differ-
ent models are used for the coupled simulation: CCSM [Collins et al., 2006], COSMOS
(http://cosmos.enes.org/) and ECHO-G [Legutke and Voss, 1999]. From these models
the mean values over 50 years were used as forcing for the 6k time slice.

In addition, the present day (PD) experiment differs from the 6k experiment in the inso-
lation due to different orbital parameters and the concentration of green house gases in
the atmosphere. The setup of the forcing is exactly as applied in the PMIP experiments
(http://pmip2.1sce.ipsl.fr/ - see 'Experimental Design’ and 'Boundary Conditions’ for
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the different forcings).

e Present day experiment (mean 1956-1999)

— COs : 348ppm
— CHy : 1650ppb
— N>O : 306ppb

Orbital configuration: depending on the year (1956-1999)

e Mid Holocene experiment (6k)

— CO, : 280ppm
— CHy : 650ppb
— N3O : 270ppb

— Orbital configuration: based on year 6k

With these experimental setup Petra Langebroek from the AWI in Bremerhaven run the
ECHAMS5-wiso for 12 years. The first two years were used as spin-up, in the other ten
years the atmosphere is free to evolve. Therefore the monthly values vary from year to
year. The output is given as mean monthly values.

7.3.3. 6k results
7.3.3.1. ECHAMDb-wiso simulation

In figures 7.5, 7.6 and 7.7 the differences between the PD experiment and the 6k exper-
iment (6k-PD) are given for temperature (figure 7.5), for precipitation (figure 7.6) and
for §180prec (figure 7.7) for each cave location of this study.

Simulated temperature anomaly The simulated mean annual temperature in the
CCSM mode shows slightly warmer temperatures for western Europe at 6ka, which
diminishes with increasing longitude. The eastern cave locations have nearly no temper-
ature gradient for Tiean.

The ECHO-G mode agrees with this slightly warmer pattern at 6ka but with a slight
north-south gradient towards warmer temperature in the south.

In contrast to both the mean annual temperature reveal a strong cooling between present
day and 6k.

This behaviour is also present in the simulated winter temperatures. CCSM shows
a west-east trend from warmer to identical temperatures with a particular warming in
Germany and the northern Alps. ECHO-G produces slightly warmer temperatures while
the cooling of the COSMOS mode is even more pronounced in the winter month.

Also in the summer temperatures the west-east trend in the CCSM mode from
warmer to colder temperatures is visible. ECHO-G shows a very strong warming during
summer in central Europe. The COSMOS mode yields warmer temperatures in eastern
and southern Europe.

To conclude: The COSMOS mode clearly yields the coldest temperature (although with
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Figure 7.5.: Temperature anomalies (6k-PD) in °C in Europe (x-axis: longitude, y-
axis: latitude) simulated by ECHAMS5-wiso coupled with three different forcing models
(CCSM, COSMOS, ECHO-G). First row: annual mean temperature, second row: winter
temperature, third row: summer temperature.

warmer temperatures during summer), while CCSM ans ECHO-G reveal roughly the
same behaviour of slightly warmer temperatures. CCSM reveals in addition a northwest-
southeast trend towards colder temperatures.

Simulated precipitation anomaly In contrast to the simulated temperature anomalies,
the pattern of the simulated precipitation anomalies is very inhomogeneous. The an-
nual mean precipitation anomaly is positive for all over Europe in the CCSM mode,
while the pattern derived by ECHO-G is not consistent and shows little difference from
present day as in the COSMOS mode.

Only some aspects should be discussed:

The CCSM mode reveals an remarkable increase of precipitation rate in northern Eu-
rope during the winter month at 6ka while the amount of precipitation is lower than
present day in southern Europe. This pattern should be kept in mind. In the summer



7.3. 6k experiment 111

AP mean CCSM AP mean echog AP mean COSMOS
20 20 20
% 0 0 0
50 50 50
o, -10 8 -10 -10
40 -20 40 -20 40 -20
-30 -30 -30
=10 0 10 20 10 0 10 20 10 0 10 20
DJF AP CCSM DJF AP echog DJF AP COSMOS
. 20 20 20
60 10 60 10 50 10
® s ° ¢ (] ° : 8 °
b {10 = T Bl - .: -10
40 o -20 40 ! . -20 40 -20
-30 -30 -30
-10 0 10 20 -10 0 10 20 -10 0 10 20
JJA AP CCSM JJA AP echog JJA AP COSMOS
20 20 . 20
60 10 60 10 60 10
. 0 0 0
B ] ]
L -10 2 i -10 Al -10
N ® o ’ .
40 -20 40 -20 40 -20
-30 -30 -30
-10 0 10 20 -10 0 10 20 -10 0 10 20

Figure 7.6.: Precipitation anomalies (6k-PD) in mm/month in Europe (x-axis: longi-
tude, y-axis: latitude) simulated by ECHAMS5-wiso coupled with three different forcing
models (CCSM, COSMOS, ECHO-G). First row: annual precipitation, second row: win-
ter precipitation, third row: summer precipitation.

month it is vice versa except the location of Crag Cave, which experiences throughout all
month a rise in precipitation. Except in the winter season, the Alps seem to be exposed
to wetter pronounced conditions.

A trend of the precipitation anomalies is not visible in the ECHO-G mode. However
it agrees with the wetter conditions in the Alps predicted by the CCSM mode. The
precipitation anomalies yielded by COSMOS mode cannot be summarised as drier or
warmer conditions. The precipitation pattern seems to vary all over Europe.

Simulated §'®0pec anomalies The European pattern of §*¥Opye is more homogeneous
than the precipitation anomalies. This is not surprising since the (51801)]rec is also influ-
enced by the surface temperature at the cave location.

In general the mean 6180prec is lightest in the COSMOS mode, slightly heavier at 6ka
in the ECHO-G mode and reveals a trend from slightly heavier to slightly lighter values
corresponding to the temperature trend in the CCSM mode.
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Figure 7.7.: §'80,c. anomalies (6k-PD) in %o in Europe (x-axis: longitude, y-axis: lat-
itude) simulated by ECHAMS5-wiso coupled with three different forcing models (CCSM,
COSMOS, ECHO-G). First row: annual mean 518Oprec, second row: winter 5180prec,
third row: summer 618Oprec.

However, the 5180prec values are also influenced by different parameters and can be af-
fected by the circulation and the source of the precipitation.

The winter situation yielded by ECHO-G is a good example. The temperature anomaly
pattern shows a homogeneous behaviour for all the cave locations. In contrast to that,
the 6180prec anomaly has a clear north-south trend with heavier 680 values in the
Mediterranean. This could result from a stronger influence at 6k of the Mediterranean
Sea as a source of precipitation.
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7.3.3.2. Simulated §'®0,icite anomalies

The next step is to calculate the resulting 6'¥O¢acite anomalies with the ODSM from the
respective ECHAMS5-wiso output values. The results are composed in figure 7.8. There
are two graphics for each model forcing - Setup 1 and Setup 2 (as described in section
7.1.3) The specific numbers are given in table 7.3.

At first glance the simulated 6'®Oalcite pattern looks in general more regular and struc-
tured as the stalagmite data. This is probably due to the lower resolution of the input
climate values which is not comparable to the data which represent a smaller scale
climate. The CCSM mode agrees roughly in most 6'8Ogacite anomalies for the Mediter-
ranean stalagmites and up to B7 Cave. For higher latitudes (Tartair, Korallgrottan) the
modelled values differ from real §'80¢ycite values. The ECHO-G mode reveals also some
agreements with the data, however, less than the CCSM mode. In Setup 1 ECHO-G
seem to match the stalagmite data better than in Setup 2. The 6'8Ocalcite anomalies
simulated by the COSMOS mode reveal a lower isotopic pattern in 6k than in the present
for nearly all the caves. This originates from the low simulated 6180prec in this mode.
The resulting §'®Oacite value pattern does not resemble the data.

Data | CCSM | ECHO-G | COSMOS | CCSM | ECHO-G | COSMOS
Setup 1 Setup 1 Setup 1 Setup 2 Setup 2 Setup 2

Korall. -0.7 0.1 0.2 -0.0 0.2 0.2 0.3
Crag 0.9 -0.1 0.0 0.2 -0.0 -0.2 0.2
Bunker 0.4 -0.3 -0.6 -0.6 0.0 -0.4 -0.2
B7 -0.1 -0.3 -0.6 -0.6 0.0 -0.4 -0.2
Spannagel -0.4 -0.5 -0.8 -0.4 -0.4 -0.5 -0.0
Holloch -0.3 -0.2 -0.9 -0.2 -0.1 -0.5 0.1
Savi -0.6 0.5 0.4 -0.2 0.5 0.4 -0.3
Ernesto 0.2 0.4 0.1 -0.0 0.2 0.1 -0.2
Poleva 0.8 1.3 0.1 -1.0 1.2 0.3 -1.0
Clamouse 0.2 -0.0 -0.2 -0.5 0.1 -1.1 -0.5
Garma -0.4 -0.6 -0.4 -0.5 -0.2 -0.4 -0.5
Carbur. 0.5 0.2 1.0 0.4 0.3 0.6 -1.5

Table 7.3.: § 1socalcite(6k—PD) values of the stalagmites and the corresponding modelled
values of the different forcings.

To prove this statement the correlation between modelled and stalagmite 6'8O¢alcite (6k-
PD) is displayed in figure 7.9. The black lines represent the 1:1 lines. In the figures the
Root Mean Square Deviation, RMSD, is given calculated as

" (6180(6k-PD — 6180(6k-PD 2
RMSD:\/ZZ:1(5 0(6 )MOdel 5 0(6 )Data)z (71)

n
where n is the number of samples (here: n=12). The RMSD is a measure for the
deviation of the modelled from the measured §'®Oa1cite (6k-PD) values.

The CCSM implementation shows in both setups the best (lowest) RMSD values.
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Figure 7.8.: 6'80.a1cite difference 6k-PD in Europe simulated by ECHAMS5-wiso coupled
with three different models (CCSM, COSMOS, ECHO-G)
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The ECHO-G mode approaches the measured §'8Oca1cite(6k-PD) values better in Setup
1 than in Setup 2, however, both RMSD values are lower than in the CCSM mode. The
COSMOS mode reveals in both modes a significantly higher RDSM value than the other
modes.

In addition, the linear regressions between modelled and measured §'¥Oq1cite(6k-PD)
values are calculated (dashed, blue line in figure 7.9) and the slope, m, is noted on the
figures for comparison to the 1:1 line (black lines in figure 7.9 where m=1).

The linear regressions show a slope smaller than 1 in all the model modes. However,
the CCSM mode results in the slope with the highest value. The linear regression of
the modelled values of the ECHO-G mode has also a positive slope in Setup 1, but
approaches m=0 in Setup 2. The slopes in the COSMOS modes are even worse and
have negative values. Figure 7.9 indicates that the CCSM mode seems to be the best
choice to simulate the stalagmite 680 cq1cite(6k-PD) values.
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Figure 7.9.: Modelled versus stalagmite 6'8O¢a1eite (6k-PD) values for the different model
setups. The value of the Root Mean Square Deviation, RMSD, gives an evaluation
of how well the modelled §'¥Oa1cite(6k-PD) values agree with the data. In addition,
the slopes, m, of linear regressions between modelled and stalagmite 518Ocalcite(6k—PD)
values (blue, dashed lines) are displayed in order to compare to the 1:1 lines (black line).
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Discussion of discrepancies Since some 6'8Oacite anomalies could not be simulated
correctly, a discussion of some general problems and uncertainties helps to understand
the origin of discrepancies between simulated and observed values.

On one hand the influence of kinetic fractionation between drip water and speleothem
calcite can be a factor responsible for shifts in the §'¥Og¢aicite value of the speleothems
which is not included in the model so far due to lack of knowledge of the required pa-
rameters to simulate kinetic fractionation. To some extent this problem is compensated
by the use of anomalies instead of absolute values.

On the other hand due to the lack of sufficiently small scaled model output parameters
the climate conditions of the gridbox simulated by ECHAMS5-wiso could not be an ade-
quate representation of the true condition at the cave.

In the following, possible reasons are discussed for the 6'®O¢acite anomalies, which no
model setup could simulate correctly.

Korallgrottan For the stalagmite from Korallgrottan kinetic effects can be neglected
due to very low cave temperatures. The mismatch between simulated values and data
must arise from the ECHAMS5-wiso output parameters. The § 1801)reC value has the main
influence (see figure 7.1). The only ECHAM5-wiso output, which shows low annual mean
5180prec values is the COSMOS mode (see figure 7.7). However, the winter season, which
has the largest influence on cave drip water is rather enriched than depleted at 6k. One
possible explanation for very light isotope values could be an increased influence of the
Norwegian Sea. As a source of precipitation this would lead to lighter o 180meC values
due to the low §'80pe. value compared to the Northern Atlantic where European pre-
cipitation usually originates [Lachniet, 2009]. This influence might be underestimated
in ECHAMS5-wiso. Another explanation can be the annual pattern of precipitation. The
COSMOS setup predicts an increase of summer precipitation at 6k while the other sea-
sons diminish. This leads to a bias towards heavier summer precipitation in the drip
water and calcite.

Crag Cave The stalagmite from Crag Cave shows a strong enrichment in 6k. The COS-
MOS mode is the best simulation of the 68 O¢gcite anomaly. Kinetic fractionation could
in principle play a major role in this cave since cave temperature is relatively warm. How-
ever, the COSMOS mode (which yields the best agreement with the measured value)
shows rather cold temperatures which could diminish the amplitude of fractionation
compared to today instead of enriching it [Miihlinghaus et al., 2009]. Therefore, kinetic
fractionation is no reason for the mismatch between simulation and observed values. A
more likely reason is that the simulated 5180prec is already too low.

Bunker Cave At Bunker Cave kinetic influence was proven in section 4.2. Slightly
warmer cave temperatures (as predicted by CCSM mode) would lead to an increased
influence of kinetic fractionation. In addition, Bunker Cave is very close to B7 Cave
(< 10km). The climatic conditions are bound to be similar at the caves. However, the
stalagmite of B7 does not show the same significant enrichment at 6ka. This indicates,
that kinetic fractionation is a realistic reason why the model yields too low 6™¥O¢acite
anomalies.

Savi Cave The simulated §'®Ocacite anomalies for Savi cave show too heavy values
compared to the stalagmite value. For a warm cave as Savi kinetic fractionation could
play a major role. The only model mode which approaches the measured anomaly is
the COSMOS mode (setup 2) and is still too high by 0.3%0c. Again two reasons could
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explain the offset: i) a reduction of the amplitude of the kinetic fractionation at 6k and
ii) an overestimated influence of the Mediterranean. It is possible that the precipitation
approaching the cave did not primarily originate from the Adriatic Sea but from the
Atlantic or western Mediterranean crossing northern Italy and depleting successively.
This would lead to lower 6'8Og1cite values.

Poleva Cave The stalagmite from Poleva Cave shows a very strong enrichment at 6k
compared to today. In other modes than CCSM this enrichment cannot be observed at
all. The CCSM mode, however, overestimates the value. This might origin from the very
enriched 5180prec value in the CCSM mode in Autumn. With regard to the situation at
Savi Cave where the model also yields too enriched §'®O aicite anomalies, it is possible
that at Poleva Cave the model slightly overestimates the influence of the Mediterranean
Sea.

7.3.4. Conclusions from the 6k experiment

First, there is to say that an evaluation of the model forcings is hard from one time
slice and 12 stalagmites. An appropriate way is to use more time slices (calculated
by ECHAMS5-wiso) in combination with as much stalagmite data (from different caves
as well as other stalagmites from the same cave) as possible to assess, if discrepancies
between model and stalagmite data are a temporary or temporally varying problem (sta-
lagmite kinetics) or a systematical offset (resulting from for example the geographical
position of the cave). Any conclusion from this study must be further tested.

From this study the CCSM coupled ECHAMS5-wiso seems to be the best climate model
setup to simulate stalagmite data from Europe. Why the CCSM might be a more real-
istic climate model for the European climate situation could be for the explanation in
the next section.

Meteorological interpretation of the ECHAMb-wiso output in CCSM mode The
CCSM mode reveals some features which are not present in the other ECHAMS-wiso
results. In this context only the winter results of the CCSM must be attended. The tem-
perature anomaly at 6k shows an overall warming (from 0.02°C for Korallgrottan and
Poleva up to 1°C at Hélloch Cave) which is pronounced in Central Europe. The precip-
itation anomalies reveal a strong precipitation increase for Northern Europe (including
B7 and northwards) and a decrease in southern Europe with a minimum at Poleva Cave.
The 6180prec anomalies have positive values for the entire set of cave locations except
the location at Korallgrottan (depleted by 0.4%0). Strong enrichment is revealed by the
location at Tartair Cave, Ernesto Cave and Poleva Cave.

The pattern of these three parameters display striking similarities with the synoptic
phenomenon of a strong positive phase of the North Atlantic Oscillation. In this mode
a characteristic pattern of temperature, precipitation and 6180prec can be observed in
Europe, which would lead to a certain spatial §'®Og¢alcite distribution.

The basics of the NAO system are described in the section 2.7. Trigo et al. [2002] deter-
mined correlation coefficients between the NAO index and precipitation and temperature
for the European winter climate by analysing the NCEP reanalysis data set of 1958-1997.
The results are in agreement with the general European pattern published by Hurrell
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[1995] and the work of Baldini etal. [2008]. The latter is a very useful paper, since in
addition to climate data sets, they analysed isotopic dataset and detected correlations
between temperature, precipitation and 5180prec value to the NAO index from all over
Europe.

In the following the impact of a positive NAO on temperature, precipitation, §'8Opyec
and the resulting 6'®Oalcite in Europe is outlined as it can be summarised from the given
references above. Figure 7.10 illustrates this topic.

If the NAO is in a positive mode, strong westerlies from the Atlantic transport a large
amount of precipitation to Mid- and Northern Europe during the winter month. The
winter temperature is also higher than in a negative NAO phase. This mode is also
accompanied by a significant, positive correlation of the NAO index to 5180prec (see
Baldini et al. [2008]). These conditions account for the German caves, the caves in the
northern Alps and presumably also Garma Cave which cannot be assigned to the typical
Mediterranean area.

For the location at Crag Cave the correlations to temperature and 5180prec are positive
due to the source of precipitation, but a correlation to the amount of winter precipitation
cannot be detected in the data set from Baldini etal. [2008]. Maybe due to the cave
position which is exposed to the Atlantic Sea, the storm tracks do not play a significant
role.

High latitude locations (here location for Korallgrottan) reveal a negative correlation to
5180prec and the amount of winter precipitation [Baldini et al., 2008]. This could result
from an influence of the Norwegian Sea, however, the positive correlation to winter tem-
perature suggest, that the air masses come from southern direction. An explanation for
the anticorrelation to 5180prec and amount of winter precipitation can be offered by a
NAO+ phase in which the precipitation arriving at the cave is highly depleted due to the
latitude effect. If precipitation originates from the Northern Sea, the air mass is lighter
at the source (after evaporation) due to the lower isotopic composition of the Norwegian
Sea, however, the depletion due to progressive rain-out yields lower 5180prec values at
the location of Korallgrottan than the source effect (Mook [2006], Lachniet [2009]).

In southern Europe! winter precipitation originates primarily from the Mediterranean
in a positive NAO mode and is reduced, compared to the negative NAO mode, in which
precipitation has its origin in the Atlantic. Temperature is also positively correlated
to the NAO index due to the diminished Atlantic influence (which carries colder air
compared to the Mediterranean as source of precipitation). The same is valid for the
5180prec value. Precipitation from the Mediterranean Sea is isotopically heavier than
from the Atlantic. This can also be derived from the study by Baldini et al. [2008].

In addition, a strong positive NAO phase is accompanied by a weak Siberian anticyclone
restraining cold air from the North to influence the climatic condition in south-east Eu-
rope (important for location of Poleva Cave). The positive correlation to temperature
and anticorrelation to precipitation was shown by (Winterhalder [2011], Tomozeiu et al.
[2002], Tomozeiu et al. [2005]).

The expected 68O¢aicite pattern can be observed in figure 7.10. For the locations in
Northern Spain (Garma Cave), Germany (Bunker, B7) and Austria (Holloch, Spannagel)

!meaning south of the Alps that behave as a kind of meteorological divide
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Figure 7.10.: Scheme illustrating the impact of the positive NAO mode on the European
pattern of temperature, precipitation, 5180prec and the resulting, hypothetical 6" Ocaicite
as discussed in the text. '+’ represents an increase, -’ represents a decrease and the circle
represents invariance of the respective parameters.

the increased weight of isotopically lighter winter precipitation due to the positive cor-
relation between NAO index and winter precipitation leads to lower 6'®Ocaeite values.
The influence of the biased weight of winter season dominates in this case the influence
of increasing 5180prec values of winter precipitation (see section 6.2). For the location at
Korallgrottan, the negative correlation of NAO index to 518Oprec yields lower 68 Ogalcite
values in a positive NAO mode.

Although Crag Cave belongs in principle to the northern caves, the missing correlation
of the amount of precipitation to the NAO index leads to an invariant weight of winter
precipitation. The positive shift of the § 1801),rec dominates the system leading to enriched
5180drip and consequently to a heavier §'®Oacite value.

In southern Europe (Clamouse, Ernesto, Savi, Poleva, Carburangeli) the isotopic com-
position of precipitation increase in a NAO+ situation. In contrast to the situation in
northern Europe winter precipitation diminishes under NAO+ conditions. The weight
of the winter season is thus also reduced shifting the mean annual (5180drip towards the
summer §'8O0p;ec. Finally, this leads to heavier 6*¥Ocalcite values.
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Figure 7.11.: Expected parameter variation during a positive NAO mode and the
assumed resulting 6'8Ogaicite values. Coloured dots represent the measured §'¥Ocalcite
anomalies from the discussed speleothems (see figure 7.4.

This pattern is indeed found in the stalagmite data (figure 7.11). The stalagmites Ko-
rallgrottan, B7, Spannagel, Holloch and Garma Cave show depleted 6'8Ogqicite values
as expected, while the samples from Crag Cave, Clamouse, Ernesto, Poleva and Carbu-
rangeli Cave are enriched. The extent of the respective enrichment or depletion depends
on the related cave system and the response to surface variations. This is not considered
in this study.

Only two caves (Bunker and Savi Cave) disagree with the expected 6'¥Ocacite values.
Bunker Cave is enriched instead of depleted. Due to the previous studies with the Bunker
Cave stalagmite (section 6.3 and figure 6.8) this problem can be understood. The model
approaches (Dual-Proxy Approach and Correlation Approach) which were used to recon-
struct temperatures from the §'8Ocuicite record of BU4 disagree at 6k with each other.
While the Correlation Approach (inclusion of the NAO based correlation between winter
temperature and winter precipitation) states a negative temperature anomaly at 6k, the
Dual-Proxy Approach (§'¥O¢aleite model combined with the Mg/Ca model) yields a pos-
itive temperature anomaly. The Correlation approach thus yields drier conditions, while
the Dual-Proxy Approach disagrees with this. This might suggest, that the enrichment
of 880 calcite Was not caused by a true climate signal, but by kinetic fractionation which
was underestimated in the ODSM.
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The stalagmite from Savi Cave was not studied here. Therefore, any explanation would
be pure speculation.

The conclusion of a strong positive NAO mode at 6ka B.P. can be compared with the
profound study of Wanner etal. [2008]. By comparison of a climate model with the
indications from proxy data, they also show evidence that in this time the NAO was in
a pronounced, positive mode. The same statement is supported by Jansen et al. [2007]
suggesting an overall temperatures increase for Europe compared to pre-industrial times.
Both studies encourage that at 6 ka B.P. the presented model approach yields the true
climate situation.

In the 6™ O¢acite values which were simulated by the CCSM coupled with ODSM the pre-
dicted, NAO+ related pattern is visible showing a clear depletion of §'8Oacite value for
Garma, Holloch, Spannagel, Bunker, B7 Cave and an enrichment in the Mediterranean
region. Problems occur only with the §'®Ocajcite values from Korallgrottan and Tartair
Cave. Although the ECHAMS5-wiso output yields the strong NAO+ phase pattern, the
other seasons weaken the pattern of the winter season. This might mean that the influ-
ence is to some extent underestimated in the model or on the other hand, that the other
seasons show a pattern which does not represent the true climate. As mentioned before
these statements must be tested for different time slices before profound conclusions can
be drawn about the best forcing mode of the ODSM. However, it becomes clear that the
approach to simulate 6'¥Oyicite values by using a General Climate Model as input for
the ODSM is a helpful tool to understand 68 O¢acite changes of the past and in addition
conclusions can be drawn about circulation pattern in the past.
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Cave Stal. Lat. Lon. Alt. 5%0¢ca1 || 6 0cal
PD 6k
Korallgrottan K1 64.89° || 14.16° || 570m || -8.55%0 || -9.2%0
(Sweden)
Sundqvist
et al. 2007
Crag Cave CC3 52.23 || -9.44° 60m -3.8%0 -2.9%0
(Ireland)
McDermott
et al. (2001)
Bunker Cave BU4 51.38° || 7.55° 100m -5.8%0 -5.4%o
(Germany)
Riechelmann
(2010)

B7 Cave B7-5 51.34° || 7.65° 185m -5.7%0 -5.8%0
(Germany)
Niggemann
et al. (2003)
Spannagel Cave || COMNISPA || 47.09° || 11.67° || 2500m || -7.9%o -8.3%0
(Austria)
Vollweiler
(2010)
Hélloch Cave StalHoell 47° 10° 1440m || -7.97%0 || -8.27%0
(Germany)
Wurth

et al. (2004)
Ernesto Cave ERT76 45.96° || 11.65° || 1165m || -7.8%0 -7.6%0
(Italy)
McDermott
et al. (2009)
Savi Cave SV1 45.61° || 13.88° 441m -6.1%o0 -6.74%0
(Italy)
Frisia

et al. (2005)
Poleva Cave PP9 44.77° || 21.73° || 390m || -8.62%0 || -7.8%0
(Romania)
Constantin
et al. (2007)
Clamouse Cave CL26 43.7° 3° 75m -4.95%0 || -4.76%0
(France)
McDermott
et al. (1999)
Garma Cave Gar01 43.43° || -3.66° 75m || -3.99%0 || -4.39%o0
(Spain)
Baldini

et al. (2008)
Carburangeli CR1 38.15° || 13.3° 22m -6%0 -5.5%0
(Italy)
Frisia

et al. (2006)

Table 7.4.: Cave locations and compilation of isotope data of the studied 12 speleothems
extracted from McDermott et al. [2011].
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8.1. Conclusions

This work aimed for a deeper understanding of the processes modifying the values of two
different climate proxies from stalagmites - the 6'8Ocaicite value and the Mg/Ca ratio.
From literature both parameters are known to be sensitive to climate variations. How-
ever, quantitative analyses remain a challenging task, since climate signals are masked
by different other parameters which are not directly linked to climate. In addition, the
true climate parameters affect the proxies in different ways and to a different extent and
interfere with each other making the interpretation of the proxies ambiguous. This work
has established models, which are supposed to enhance the understanding of climate
signals recorded in speleothem calcite. The following paragraphs summarise the results
of the presented models.

Forward Modelling Here, the models were primarily applied for Bunker Cave in west-
ern Germany. The advantage of this cave is the extensive, ongoing monitoring program
established in 2007, which is necessary to calibrate the models and confirm the model
results.

The model design of the 6'¥0 model and the Mg/Ca model differ in one essential point
from each other - the initial signal of the respective parameter. In the Mg/Ca system,
the initial signal originates from the host rock above the cave, while the initial 6'8Ogacite
value bears an atmospheric signal. In context of model calibration this is an advantage
for the §'%0 model, since the initial value can be measured. On the other hand the
atmospheric origin of the §'80 signal leads to a sensitivity of this initial value to climate
parameters resulting in additional uncertainties, which the Mg/Ca advantageously lacks.
Conclusions from the Mg/Ca model The Mg/Ca ratio shows a more pronounced
sensitivity to precipitation compared to temperature. The relation to precipitation is
clearly negative. This is a logical result, since the amount of precipitation or infiltration
drives Prior Calcite Precipitation, PCP, and thus the Mg/Ca ratio of the stalagmite.
By comparison of the possible variability of the modelled Mg/Ca values to the stalag-
mite record of BU4, it becomes obvious that PCP as the only process occurring in the
karst matrix cannot explain the natural variability. Two additional processes bear the
potential to enhance the range of the Mg/Ca variability. These are the dissolution of
dolomite and the re-dissolution of calcite in the karst matrix, which does not belong to
the host rock, but was deposited during PCP occurred at an earlier stage. Both types
of rock show significantly different Mg/Ca ratios and can finally explain the observed
Mg/Ca range of a stalagmite.

Conclusions from the 60 model The §'®¥O,ite value reveals also a strong sensi-
tivity to temperature and precipitation. However, the correlations are less distinct than

123
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for the Mg/Ca model.

In contrast to the Mg/Ca model the initial 680 value reveals a pronounced seasonal
cycle. While for the Mg/Ca model the total amount of precipitation is the relevant
feature, for the (5180drip value the seasonality of precipitation plays a major role. There-
fore the results of a changed seasonality (more or less winter precipitation') need to be
investigated. The impact on the 6™¥O¢acite Sensitivity to temperature and precipitation
variations is a clearly negative correlation between §'®Oaicite and precipitation as well
as temperature.

The comparison of the §'¥Oqicite and Mg/Ca record of stalagmite BU4 shows major
similarities indicating that both are influenced by climate variability in the same way.
This encourages the suggestion that the §'®Ocaicite model, which allows the seasonal
contribution to change, is the more realistic representation of the natural system. If the
580 calcite model is applied in this configuration, both proxy models show the same sen-
sitivity to precipitation. However, it must be kept in mind that in this configuration the
5180 model draws only conclusions about the amount of winter (NDJFM) precipitation,
while the amount of precipitation of the other months is constant. For the 'O model
this is an advantage, since it was proven that the changing contribution of precipitation
of the winter season is one of the major parameters controlling the §'*0 value of stalag-
mites. However, for the Mg/Ca the more important factor is the total annual amount of
precipitation. The application of the setup with varying influence of the winter season
to the Mg/Ca model is therefore not advisable.

For both models the kinetic isotope fractionation between drip water and calcite can
affect the proxies to a major extent and therefore had to be included in the model setup.
A function had to be defined describing the relationship between drip interval and mete-
oric precipitation for this purpose. The influence of this function on the model results is
fortunately a minor factor compared to climate signals. However, it must be noted that
uncertainties remain whether the true behaviour of kinetic fractionation can be captured
by the model.

Inverse Modelling Two approaches of inverse modelling were presented in this work
to reconstruct temperature and precipitation from 6'®Ocaicite values. The Dual-Proxy
Approach involves both analysed proxies - Mg/Ca and §'80 - and yields by comparison
of both proxy models temperature-precipitation solution sets that fit to the respective
proxy values of a certain stalagmite sample.

The Correlation Approach uses a correlation between winter temperature and winter
precipitation to derive temperature values from the 6'¥Ogaieite record. The correlation
is based on the general relationship between temperature and precipitation during the
winter season in Northern Europe caused by the regime of the North Atlantic Oscilla-
tion.

The model approaches are based on different forward models. While the Correlation
Approach is based on a varying influence of the winter season, the Dual-Proxy approach
assumes identical and uniform variation of temperature (and precipitation) for all the

!For the investigated cave as in general caves in Europe stronger long term variations are visible in the
winter than the other seasons. See 2.7 for details
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months.

Both bear characteristic advantages and disadvantages. A disadvantage of the Cor-
relation Approach is the defined correlation between winter temperature and winter
precipitation, which could have changed in the past. In addition, modern correlation
coefficients between these parameters are small (R?=0.21) so that the relation is better
described as a trend than a clear correlation.

The advantage of the Correlation Approach is, that most of the parameters which influ-
ence the §'%0 value can be connected to climate. In contrast, the Dual-Proxy Approach
depends on several parameters which are not linked to climate (initial Ca?* content,
initial Mg/Ca ratio, natural behaviour of flow paths and PCP characteristics). This
evokes uncertainties and is a disadvantage of the Dual-Proxy Approach. On the other
hand, the advantage of the Dual-Proxy Approach is that temperature and precipitation
are derived independently from each other.

Temperature reconstruction. Although both approaches have significant differences
in the model realisation, the temperature histories reconstructed from the proxy records
of BU4 reveal remarkably similar patterns (figure 6.8). Reconstructed temperatures us-
ing the Correlation Approach generally show smaller variations than the Dual-Proxy Ap-
proach. The reason might be that Mg/Ca is influenced by geological parameters, which
are misleadingly ascribed to temperature changes. If the proxy values are smoothed
reducing small scale variations, both temperature reconstructions agree well with each
other.

Precipitation reconstruction. The Dual-Proxy Approach shows significant higher
variations of the total annual amount of precipitation than the Correlation Approach.
The reason is that the Correlation Approach yields winter precipitation (NDJFM), while
the other monthly precipitation values are constant. The Dual-Proxy Approach deter-
mines directly the total annual precipitation. This causes higher values in general.

The reconstructed precipitation time series agree less between the approaches than the
temperature reconstructions. The differences occur from the model design. While pre-
cipitation is bound to show the same variation as temperature using the Correlation
Approach, in the Dual-Proxy Approach precipitation can evolve in a different pattern
than temperature.

Closer inspection of the precipitation pattern reveals that the variations resulting from
the Dual-Proxy Approach increase strongly, when the precipitation resulting from the
Correlation Approach shows higher values. In contrast, the variation of the precipita-
tion reconstructions agrees, when precipitation values are low (e.g. between 0.5 ka and
lka or 4-5.5 ka in figure 6.8). This suggests that in phases where the Correlation Ap-
proach predicts a warmer and wetter climate (NAO+ situation) the general variability
of water supply is very different to colder and drier phases (NAO-). A positive NAO
phase evokes massive storm tracks across the northern Europe. However, where exactly
the water masses precipitate as rain depends on the geographical conditions and on the
exact trajectory of the respective storm track.

A suggestion is that the Correlation Approach detects the general mode regarding the
NAO during winter times, but the Dual-Proxy Approach gives a more realistic value
of the extent of precipitation at the cave location. For a negative NAO mode it is vice
versa. The storm tracks are reduced, when winter conditions become drier. Dry air from
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the north carries in general less precipitation, leading to a more uniformly distributed
precipitation pattern. This explains why in colder and drier conditions both modelled
precipitation reconstructions tend to agree with each other.

It is also possible that the Dual-Proxy Approach yields the more realistic values due to
the independent determination of precipitation. The idea might occur to calibrate the
model for the Correlation Approach with the ’true’ precipitation values resulting from
the Dual-Proxy Approach. However, the Dual-Proxy Approach cannot reflect changing
seasonal contributions (wetter or drier winter) which is an essential point for the Corre-
lation Approach. These very different model assumptions should not be mixed, before
a correlation between the amount of winter precipitation and the precipitation of the
rest of the year could be defined (which could not be derived by analysing observational
data).

Reconstructed climate variations. The suggested temperature variation from the
reconstruction using BU4 range about £2°C (peak to peak) between present day and
8ka before present (figure 6.8). Both reconstructions show a pronounced colder period
around 0.5 ka, that can be associated with the Little Ice Age, which is known as a colder
period in Europe. Colder temperatures are accompanied with reduced precipitation in
both models. At about 1.5 ka a warmer and wetter phase started ending at around 1 ka
which could be connected with the Medieval Climate Anomaly. Also the warmer period
from 3.5 to 5.5 ka was published before ([Joerin et al., 2006], [Schonwiese, 2008]). The
presumed Holocene optimum at around 6.5 ka [Schonwiese, 2008] agrees with a signifi-
cant warm phase in the Holocene climate study of Joerin et al. [2006]. The temperature
reconstruction of BU4 indicated in this time also increasing temperature, though not
significant higher than the other warm phases.

These results suggest that the established, inverse models are able to identify large scale
climate phases. The Correlation Approach tends to detect the general synoptical mode
(NAO+, NAO-), while the Dual-Proxy Approach is a helpful tool to derive the specific
phases when at the cave strong precipitation events occurred or when the actual amount
of precipitation was less pronounced although climate was in a general wetter mode. If
the results are discussed deliberately, the models represent a valuable tool for climate.
In addition, the model results indicate that the assumption of a NAO regime on winter
season climate of the investigated cave can be confirmed.

ECHAMB5-wiso forced Modelling The approach to force a stalagmite §'¥O¢a1eite model
(here: ODSM) with climate and isotope data from a General Circulation Model (here:
ECHAMS5-wiso) has not been performed before.

Present day experiment. The present day experiment was necessary to establish a
general forcing procedure and evaluate the results.

The differences of the simulated, climate parameters (mean annual temperature, to-
tal annual precipitation, weighted mean 6180prec) and measured values are presumably
caused by general offsets between the averaged climate parameters of the grid box and
the respective parameter values at the cave location. This instance justifies the presented
adjustment of the input parameters for testing, if the forcing approach can be applied.
However, some discrepancies occur between modelled and measured & 1SOdrip and 68O ¢alcite
values. First, although the simulated, mean annual climate parameters reflect after the
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adjustment the actual parameters, the seasonal pattern can reveal differences shifting the
weight of monthly & 180preC values. This leads to offsets between modelled and measured
5180drip and 8% Ocalcite values. Secondly, kinetic fractionation requires cave specific pa-
rameters, which could not be supplied for all the included stalagmites. Therefore, kinetic
fractionation could not be applied which is a significant uncertainty in the warmer and
drier caves.

Important insights can be derived from the sensitivity tests. They show that the § 180drip
and 6% Ocalcite signals react highly sensitive to the 5180prec and a little less to tempera-
ture. The former is an important conclusion, because it shows that it is a relevant factor
from where on the ocean the precipitation originates and which trajectories the air mass
followed.

These insights were needed to design an experiment in which the ODSM is forced with
ECHAMS5-wiso output data for a calculated time slice (here at 6ka B.P.).

The 6k experiment. For the experiment, ECHAMS5-wiso was driven by three different
models, which prescribe sea surface temperature and sea ice cover (CCSM, COSMOS,
ECHO-G), which were supplied by observational data in the present day experiment.
It is advisable for this experiment to compare the differences between modelled and
measured, relative 0'¥Ocarcite values (6¥Ocatcite(6k-PD)) to reduce two effects: i) the
discrepancy between modelled and measured values originating from kinetic fraction-
ation and ii) the offset between measured and simulated §'8Ocaicite Tesulting from the
offset between simulated and actual climate data evoked by the geographical position of
the cave in the grid box.

The experiment was performed for twelve, European caves. The respective, measured
0"®0calcite values reveal a pattern suggesting a strong NAO+ mode at 6ka. This pattern
could be confirmed by ECHAMS5-wiso (with CCSM forcing).

The experiment showed that forcing the ODSM with ECHAMb-wiso output data is a
very useful tool to analyse the 6'8Ogaicite signal from speleothems and indicated that it is
advantageous to apply the model to several stalagmites. While one stalagmite alone can
yield a misleading interpretation, a set of stalagmites as presented in the 6k experiment
helps to better identify true climate signals.

The 6k experiment emphasized the influence of the NAO regime for European climate
and confirmed therefore that the model inversion (Correlation Approach and Dual-Proxy
Approach) are qualified approaches to analyse climate changes using §'®Ocaite and
Mg/Ca values from stalagmites.

Future work suggestions For future work the following guidelines should be regarded
when the presented models are applied:

Suggestion I. It should be refrained from universal statements describing the influence
of a certain parameter on the §'*0 or Mg/Ca incorporation in stalagmites. Each cave
represents a unique response to environmental changes.

Suggestion II. It is advantageous to apply both presented approaches of inverse mod-
elling to a stalagmite in the context of climate reconstruction, since each approach
supplies helpful information on climate conditions.

Suggestion ITI. To diminish small scale variation (kinetic influence, effects in soil and
karst affecting the drip water characteristics) in the proxy records it is helpful to use
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several stalagmites from one region to detect common climate signals.

Suggestion IV. The European winter climate is driven by a large synoptic pattern
(NAO). To analyse the temporal evolution of this pattern involving a set of stalagmites
from all over Europe is advisable. This helps to reduce the probability of falsely inter-
preting stalagmite signals.

8.2. Outlook

Modelling in the context of climate research is about finding a compromise between
including enough parameters to reflect the processes influencing the respective proxy in
a realistic way without creating to many degrees of freedom, making applications and
reversing of the models complicated.

The presented models already seem to represent the processes influencing the respective
stalagmite proxies in a realistic way. However, four main points could improve the cli-
mate reconstruction:

e Tie points. In the inverse models certain relations were established for present day
conditions (NAO strength, relation between drip water and infiltration amount),
which might have significantly changed in the past. If tie points existed on which
the temperature or precipitation in the past is known, the relations could be re-
calibrated by forcing the model to yield the requested temperature and adjusting
the established relations. Such tie points can be supplied by noble gas tempera-
tures derived from water in fluid inclusions for certain depth along the stalagmite’s
growth axis. Although the noble gas thermometry may become a robust and re-
liable technique for palaco temperature reconstructions (Aeschbach-Hertig et al.
[1999], Kluge et al. [2008]), the required sample size is still too big (0.5g-1g [Kluge,
2008]) to yield a high resolution record like 5180 or Mg/Ca. However, the inde-
pendently derived temperature reconstructions could be valuable to improve the
climate reconstruction of the presented models.

e Precipitation source. The isotopic composition of meteoric precipitation de-
pends beside other parameter on the origin of air masses. The isotopic compo-
sition of the northern Atlantic where precipitation is usually formed is enriched
compared to the high northern Atlantic or Norwegian Sea (see figure 2.2). So far
this effect is not included in the developed models, however, it can lead to dimin-
ished variance of the reconstructed temperature. If the temperature during winter
is low, the 5180prec value is also rather low due to the temperature effect. For
Bunker Cave this coincides with the meteorologic situation in which precipitation
is transported by air masses from the north, which exhibit lower initial 630 val-
ues. The measured §'%0 value at the cave location is in the model ascribed only
to lower temperature, but actually part of the lower §'%0 value may be due to the
origin of precipitation. For the opposite situation the 680 value is rather high,
which is interpreted as higher temperatures. However, part of the increased 680
value is due to the more southern (Atlantic) vapour source.

If the origin of precipitation could be included in the model, quantitative tem-
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perature reconstructions could be improved. This could be derived by analysing
the deuterium excess (intercept of the relation between %0 and §2H) from fluid
inclusions. The deuterium excess of the Meteoric Water Line Gat [1996] of precip-
itation is beside other parameters (water recycling, evaporation of water droplets)
related to the moisture source due to the humidity during evaporation [Merlivat
and Jouzel, 1979]. For ice cores this technique has been applied to identify palaeo
moisture origins [Masson-Delmotte et al., 2005]. Matthews et al. [2000] presented
a study on the deuterium excess on speleothems. However, due to large required
sample amounts for the §'*0 determination compared to 62H (5ml and 2ug, re-
spectively - method: [Clark and Fritz, 1997]), the 680 value was calculated in
comparison with the surrounding speleothem calcite. However, the study reveals
the potential of this technique.

e Drip rate determination. One critical point of the models is the kinetic frac-
tionation or in particular the relationship between precipitation and drip interval.
This correlation is poorly investigated. However, §'3C of speleothem calcite is
dominantly sensitive to the drip interval [Deininger, 2010]. If this proxy could be
included in the current models, a better estimation for the true drip interval could
be given leading to more precise determination of the kinetic fractionation factor
in past times.

e Transient ECHAMS5-wiso run. Restricted by computation time it was so far
only possible to apply the new approach of forcing the ODSM with the ECHAMS5-
wiso output data for one time slice. The study revealed that this experiment can be
highly useful for interpreting §'®Ocalcite values. More time slices or even a transient
run should be aimed for.

With these ideas the model performance could lead to an advanced interpretation of
stalagmite records. As the next step the model should be applied to other stalagmites
from different European regions. This might be the best option to achieve robust results
in palaeo climate research using speleothems. A model can never include all small scale
variations which might influence a specific proxy. Therefore, the detection of common
features in a selection of stalagmites allows to separate cave internal variations from
large scale climate patterns and can finally lead to identification of true climate signals.






A. Caves included in the ECHAMb-wiso
experiment

Soylegrotta (Norway)

Lauritzen and Lundberg [1999] presented a temperature calibration of the §'80 signal of
a stalagmite from Soylegrotta (modern calcite 6'20 is -7.33%¢). Hendy tests (according
to Hendy [1971] the simultaneous isotopic enrichment along growth layers) indicate that
the stalagmite grew in equilibrium with its parent drip water. Lauritzen and Lundberg
(1999) monitored one annual cycle of the 5180 of precipitation and cave drip water. The
0'80 revealed a very stable pattern throughout this year. The cave temperature agrees
with the mean annual temperature from the weather service station in Neverdal (1966-
1989). Unfortunately the amount of precipitation is not recorded. The mean 5180prec
over the monitoring period is -9.90%c. This value should be handled with care, since the
weighted mean 5180prec might be different.

Korallgrottan (Sweden)

In Korallgrottan Sundqvist etal. [2007] established a monitoring program from 2000-
2006. Onme year of drip water from eight drip sites was sampled and analysed. In this
period the 'O signal varies by 2% maximum. In comparison with meteoric precipita-
tion this signal is smoother and heavier. The mean § 180drip is about -12.2%0 whereas the
precipitation weighted mean §'80 is -13.7%0 (Burgman et al. [1980], Calles and Westman
[1989]). In Sundqvist et al. [2007] an actively growing stalagmite is discussed whose up-
permost calcite sample reveals a §'8Ocacite value of -9.41%0. Hendy-tests [Hendy, 1971]
confirm that the stalagmite seems to have grown in a quasi-equilibrium state. Long
term meteorologic data were taken from the weather service station in Jormlien and
Ankarvattnet (1961-1990). The mean cave temperature is 1°C higher than the surface
temperature.

Tartair Cave (Scotland)

Two annual cycles of drip water sampling are presented in Fuller etal. [2008]. They
analysed water from 13 drip sites which show a damped 680 signal with respect to pre-
cipitation. The mean 5180drip (-7.09%0) agrees with the §'80 of precipitation measured
close to the cave in Inchnadamph. The §'®0 values of contemporary calcite (-5.2%)
refer to two stalagmite tips which were actively growing when collected in the cave. For
surface temperature and annual amount of precipitation Fuller et al. (2008) refer to long
term averages from 1971-2000 in Proctor et al. [2000].

Bunker Cave (Germany) In the context of the DFG grant 668 (DAPHNE) a mon-

itoring program has been carried out since 2003 which includes 5180prec and 618Odrip
from eight drip sites [Riechelmann etal. [a], in press]. They show a diminished annual
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) 18Odrip signal (mean: -7.92) with respect to precipitation and the mean value is slightly
lower. Below four of the drip sites watch glasses were installed to analyse modern calcite
precipitates. Their mean value is -5.92%q¢. It should be noted, that in comparison with
the parent drip water all the precipitates show signs of kinetic fractionation.

The climatic data is taken from the German Weather Service (Deutscher Wetterdienst
- DWD, www.dwd.de) from the station Hagen-Fley of the years 1978-2007.

Katerloch Cave (Austria)

Boch etal. [2010] provide a comprehensive monitoring of Katerloch Cave between 2005
and 2007 including six drip sites which were analysed for §'%0 . A smoothed 680 signal
is displayed which is in agreement with the weighted mean & 18Oprec (GNIP station: Graz
1973-2004). Modern calcite ranges between -5%0 and -7%c. Boch et al. (2009) hint that
calcite precipitation takes place in equilibrium.

Temperature are supplied by the monitoring program (2005-2007) and isotope and pre-
cipitation data by the GNIP station from Graz (1973-2004). The cave temperature is
2-4°C lower than surface temperature depending on the cave chamber.

Cogola Grande di Giazzera (Italy) Giazzera Cave was monitored from 2001-2003
Miorandi etal. [2007] in the context of the AQUAPAST project and from 2006-2009 in
the context of the DAPHNE research group. In this period three different drip sites
were analysed each over one year. Two of the drip sites reveal a mean 620 value of
-9.2%0 though the drip site which belongs to a modern stalagmite has a mean 630 value
of -10.1%0. The §'80 value at the top of the stalagmite GZ-1 is -6.7%o and affected by
kinetic effect.

Close to the cave meteorologic data are available between 1992 and 2004 as well as iso-
tope data (2002-2004). The annual mean §'8Opyec (-8.8%0) is clearly heavier than the
mean 5180drip (-9.5%0) indicating the loss of summer precipitation due to evaporation.

The temperature data show that the cave temperature is 5°C colder than surface temper-
ature (annual mean 13.3°C). All the data were supplied by courtesy of Andrea Borsato.

Grotte de Clamouse (France)

Drip water sampling in Clamouse Cave was carried out between 1999 and 2001 [Plagnes
etal., 2002]. In Frisia etal. [2002] an overview of the important cave features is given.
The (5180drip shows a stable value between -5.8%¢ and -6.6%0. The calcite fractionation
is close to equilibrium [Plagnes et al., 2002].

Modern precipitates range between -4.26 and -5.54%o.

Meteorologic and isotope data can be derived from the GNIP station in Avignon from
1997 to 2007, though temperature values are available only from 2003 to 2007. According
to the isotope data a shift to lighter values from rainwater to drip water can be observed.



B. Weather service station Hagen Fley:
Data
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Date Humidity (2p.m.) [%] | Mean Temp. [°C] | Prec. [mm/month] | 6*¥Opyec [%0]
1988-01-15 70.13 6.46 93.20 -9.44
1988-02-15 69.86 4.17 108.80 -11.02
1988-03-15 71.71 4.66 168.40 -8.99
1988-04-15 48.50 8.92 13.40 -10.15
1988-05-15 49.48 14.95 37.60 -4.32
1988-06-15 65.03 15.44 56.50 -6.56
1988-07-15 57.68 17.14 109.60 -7.84
1988-08-15 53.61 17.35 51.70 -6.81
1988-09-15 65.80 13.98 92.80 -7.62
1988-10-15 72.48 10.77 50.30 -7.08
1988-11-15 68.93 5.78 70.90 -8.39
1988-12-15 81.06 6.11 135.50 -8.52
1989-01-15 67.39 5.03 37.50 -7.12
1989-02-15 64.32 5.11 69.20 -7.72
1989-03-15 56.52 8.31 89.90 -7.43
1989-04-15 62.83 7.48 84.70 -9.17
1989-05-15 38.10 14.60 16.20 -6.03
1989-06-15 45.83 15.81 77.60 -6.16
1989-07-15 49.84 18.46 53.20 -5.94
1989-08-15 48.16 17.72 46.90 -9.63
1989-09-15 60.70 15.19 62.90 -7.62
1989-10-15 57.03 12.07 78.40 -6.41
1989-11-15 56.60 4.86 36.90 -5.81
1989-12-15 69.87 5.03 114.00 -11.41
1990-01-15 75.10 5.39 71.10 -9.34
1990-02-15 55.46 7.93 140.10 -10.05
1990-03-15 58.81 8.33 38.30 -6.31
1990-04-15 51.53 8.25 53.60 -6.44
1990-05-15 42.42 14.34 20.10 -5.36
1990-06-15 56.37 15.72 116.30 -5.14
1990-07-15 47.16 17.33 28.50 -6.01
1990-08-15 46.52 19.29 81.10 -6.29
1990-09-15 66.73 12.47 95.10 -5.85
1990-10-15 55.03 12.03 37.50 -17.37
1990-11-15 78.27 5.90 96.20 -8.09
1990-12-15 76.94 3.19 114.00 -12.13
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Date Humidity (2p.m.) [%] | Mean Temp. [°C] | Prec. [mm/month] | 6*¥Opec [%0]
1991-01-15 67.90 3.18 69.50 -7.99
1991-02-15 57.36 -0.65 25.00 -12.80
1991-03-15 54.29 8.40 39.10 -8.78
1991-04-15 41.97 8.07 31.90 -7.20
1991-05-15 49.65 10.74 45.10 -8.24
1991-06-15 56.77 13.85 82.90 -6.77
1991-07-15 50.61 19.59 55.30 -6.88
1991-08-15 50.29 17.83 78.20 -6.32
1991-09-15 56.97 15.00 51.00 -9.12
1991-10-15 63.35 9.51 42.90 -6.30
1991-11-15 71.53 5.83 122.60 -9.52
1991-12-15 73.13 3.18 110.80 -6.93
1992-01-15 76.74 2.69 38.80 -6.25
1992-02-15 68.83 4.95 46.20 -6.12
1992-03-15 59.55 6.87 106.20 -8.80
1992-04-15 55.77 8.85 65.70 -6.73
1992-05-15 42.42 15.57 17.80 -6.14
1992-06-15 59.23 16.97 88.00 -7.73
1992-07-15 51.26 19.00 73.80 -5.96
1992-08-15 55.39 18.97 99.20 -7.80
1992-09-15 57.30 14.29 53.70 -4.82
1992-10-15 68.87 7.64 103.70 -10.56
1992-11-15 71.80 7.61 127.10 -9.89
1992-12-15 76.81 3.58 77.10 -8.64
1993-01-15 68.55 4.73 148.60 -8.73
1993-02-15 72.29 1.11 35.40 -6.66
1993-03-15 48.65 5.40 12.30 -3.18
1993-04-15 53.53 11.50 68.10 -7.10
1993-05-15 52.55 14.79 127.90 -6.46
1993-06-15 50.40 16.54 28.80 -5.88
1993-07-15 54.32 16.81 149.50 -7.06
1993-08-15 53.81 15.58 35.20 -6.21
1993-09-15 66.93 12.86 124.50 -7.36
1993-10-15 71.00 8.70 101.30 -10.16
1993-11-15 70.40 1.93 52.20 -10.91
1993-12-15 81.32 5.04 210.30 -10.03
1994-01-15 75.68 5.07 125.40 -7.83
1994-02-15 62.11 1.98 25.10 -8.66
1994-03-15 59.55 7.89 134.60 -5.83
1994-04-15 54.23 9.02 62.60 -9.86
1994-05-15 60.52 13.12 71.90 -7.27
1994-06-15 55.00 16.49 95.40 -5.99
1994-07-15 43.87 21.72 45.80 -3.98
1994-08-15 50.06 17.95 40.90 -5.94
1994-09-15 66.00 13.69 75.20 -10.34
1994-10-15 59.16 9.03 88.20 -7.72
1994-11-15 7717 9.51 104.40 -8.32
1994-12-15 75.13 5.68 109.50 -8.19
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Date Humidity (2p.m.) [%] | Mean Temp. [°C] | Prec. [mm/month] | 6*¥Opyec [%0]
1995-01-15 71.26 2.93 174.10 -7.83
1995-02-15 69.18 6.41 110.00 -8.66
1995-03-15 55.77 4.65 88.90 -5.83
1995-04-15 58.17 9.59 46.50 -9.86
1995-05-15 46.71 13.14 56.40 -8.31
1995-06-15 57.63 15.17 45.10 -7.85
1995-07-15 44.84 20.72 68.70 -5.39
1995-08-15 38.87 19.43 47.40 -6.50
1995-09-15 65.83 13.68 115.40 -6.87
1995-10-15 63.48 13.51 24.80 -4.33
1995-11-15 66.90 6.42 42.90 -7.52
1995-12-15 80.13 -0.28 56.10 -11.85
1996-01-15 68.03 -0.28 7.20 -18.22
1996-02-15 74.21 -0.04 88.00 -10.96
1996-03-15 54.48 3.05 12.00 -7.57
1996-04-15 40.23 9.11 6.20 -4.72
1996-05-15 59.55 11.52 99.60 -7.29
1996-06-15 51.93 16.10 49.00 -4.79
1996-07-15 54.03 16.66 69.20 -8.96
1996-08-15 55.55 17.24 173.50 -8.96
1996-09-15 64.30 11.88 49.10 -5.80
1996-10-15 67.23 10.17 109.00 -7.03
1996-11-15 80.93 5.68 92.40 -10.96
1996-12-15 74.58 -0.23 54.30 -10.70
1997-01-15 7177 -1.23 7.70 -7.90
1997-02-15 67.39 6.56 132.50 -7.70
1997-03-15 57.03 7.80 51.10 -4.76
1997-04-15 47.00 7.68 63.00 -5.38
1997-05-15 53.35 12.94 80.40 -6.76
1997-06-15 47.37 16.38 82.80 -6.84
1997-07-15 57.68 17.63 77.10 -7.06
1997-08-15 48.00 20.27 36.10 -6.74
1997-09-15 52.67 13.85 31.30 -5.57
1997-10-15 60.26 8.91 95.60 -6.24
1997-11-15 70.13 6.40 29.10 -8.98
1997-12-15 77.06 4.78 80.90 -9.08
1998-01-15 69.71 4.54 81.60 -9.17
1998-02-15 60.64 6.63 14.80 -5.55
1998-03-15 61.90 7.20 132.60 -5.79
1998-04-15 67.57 9.72 88.90 -10.26
1998-05-15 56.19 14.87 58.00 -6.23
1998-06-15 62.73 16.65 115.90 -5.93
1998-07-15 64.42 16.37 77.50 -4.62
1998-08-15 57.10 16.82 60.50 -7.34
1998-09-15 68.90 14.41 168.10 -10.52
1998-10-15 76.16 9.62 214.90 -13.00
1998-11-15 75.03 3.68 64.70 -9.41
1998-12-15 79.06 4.20 49.00 -8.60
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Date Humidity (2p.m.) [%] | Mean Temp. [°C] | Prec. [mm/month] | §8O0pec [%0]
1999-01-15 76.71 5.39 91.30 -8.18
1999-02-15 75.71 2.73 111.20 -5.55
1999-03-15 59.68 7.38 72.70 -5.79
1999-04-15 56.43 9.97 75.40 -8.74
1999-05-15 48.65 14.53 56.70 -4.51
1999-06-15 50.63 16.03 62.30 -4.60
1999-07-15 47.74 19.85 38.40 -6.33
1999-08-15 53.71 17.58 83.00 -5.86
1999-09-15 52.93 17.66 66.60 -7.96
1999-10-15 61.45 10.39 68.60 -5.44
1999-11-15 74.17 5.95 77.90 -8.97
1999-12-15 76.26 4.56 157.30 -10.44
2000-01-15 74.74 4.01 67.50 -6.59
2000-02-15 64.03 5.59 121.20 -8.57
2000-03-15 69.13 6.63 109.60 -5.97
2000-04-15 50.43 10.97 30.90 -8.27
2000-05-15 56.32 15.59 58.60 -5.97
2000-06-15 49.53 17.55 48.60 -3.97
2000-07-15 67.55 15.69 159.90 -7.28
2000-08-15 54.13 17.91 66.10 -6.05
2000-09-15 66.00 15.74 83.20 -5.93
2000-10-15 65.55 11.62 77.80 -7.52
2000-11-15 67.50 8.53 53.20 -9.77
2000-12-15 68.97 5.62 51.00 -12.54
2001-01-15 73.97 3.07 70.80 -9.55
2001-02-15 65.86 4.85 86.20 -9.84
2001-03-15 73.97 5.79 100.20 -9.91
2001-04-15 S7.77 8.48 98.40 -8.13
2001-05-15 49.10 15.33 111.80 -6.62
2001-06-15 51.43 15.79 82.40 -7.32
2001-07-15 46.03 19.50 74.10 -6.29
2001-08-15 45.65 19.52 59.60 -4.77
2001-09-15 67.80 13.02 131.20 -6.39
2001-10-15 57.10 14.45 56.50 -6.30
2001-11-15 70.73 6.09 98.50 -8.01
2001-12-15 78.39 2.39 74.10 -9.55

Table B.1.: Data from 1988-2001 from DWD station Hagen Fley - www.dwd.de
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