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Zusammenfassung der Dissertation

Diese Dissertation entwickelt einen innovativen, modellgestiitzten Ansatz zur physi-
kalisch konsistenten Interpretation stabiler Sauerstoffisotope (§'80) in Speldothemen
mit dem Ziel, grofsskalige atmosphérische Zirkulationsmuster und Niederschlagsprozes-
se vergangener Klimaperioden belastbar zu rekonstruieren. Zentral ist die Verkniip-
fung eines isotopenfihigen globalen Zirkulationsmodells (EMAC/H,OISO) mit einer
objektiven dynamischen Klassifikation grofskaliger Wetterregimes (Diagnostic Synop-
tic Regime Model, DSRM). Ergénzt wird dieser Ansatz durch vier differenzierte Iso-
topengewichtungen: ungewichtete §'%0-Werte des Niederschlags sowie niederschlags-,
infiltrations- und kalzitgewichtete 6'0, die jeweils unterschiedliche Prozesse der Si-
gnalentstehung abbilden. Fiir das heutige Klima wurden 30-jahrige AMIP-konforme
Simulationen durchgefiihrt und anhand von 12 deutschen GNIP-Stationen validiert.
Dabei zeigte sich eine systematische Uberschiitzung der ungewichteten 6'80-Werte um
etwa 1 %o bis 3 %o, welche durch Niederschlagsgewichtung weitgehend korrigiert wer-
den konnte. Eine Hauptkomponentenanalyse ergab, dass Temperatur, Niederschlag und
das vorherrschende synoptische Regime gemeinsam rund 50 % der Variabilitit zwischen
den Stationen erkldren und somit deren zentrale Rolle bei der Steuerung isotopischer
Signale unterstreichen. Unter Bedingungen des Letzten Glazialen Maximums (LGM)
verdndert sich die atmosphérische Zirkulation iiber Europa und dem Mittelmeerraum
deutlich: Zonale Fliisse und zyklonale Regime nehmen ab, wihrend meridionale Mus-
ter und antizyklonale Regime zunehmen. Der Abgleich modellierter §'80-Signale mit
14 mediterranen Speldothem-Datensdtzen aus dem SISAL-Archiv zeigt, dass insbe-
sondere infiltrations- und kalzitgewichtete Signale die beobachtete Proxy-Variabilitat
am besten reproduzieren. Im mediterranen LGM-Szenario fiihren zyklonale Regime
zu ausgepragter isotopischer Abreicherung, antizyklonale Hochdrucklagen hingegen zu
Anreicherung. Eine markante Ost-West-Differenzierung spiegelt die unterschiedlichen
Feuchtigkeitsquellen wider, welche fiir européisch atlantische bzw. mediterrane Regio-
nen charakteristisch sind. Die Ergebnisse belegen, dass die Kombination aus dynami-
scher Regimeklassifikation und physikalisch fundierter Isotopengewichtung eine robuste
Rekonstruktion atmosphérischer Dynamik aus terrestrischen Speldothem-Archiven er-
moglicht. Der Ansatz eignet sich sowohl fiir die Analyse heutiger Klimabedingungen
als auch fiir komplexe glaziale Szenarien und liefert wertvolle Einblicke in die Kopplung
von grofskaliger Zirkulation, regionalem Hydroklima und isotopischer Signaturbildung

in terrestrischen Sedimenten.



Abstract

This dissertation develops an innovative, model-based framework for the physically
consistent interpretation of stable oxygen isotopes (6'%0) in speleothems, with the aim
of robustly reconstructing large-scale atmospheric circulation patterns and precipita-
tion processes of past climate periods. Central to this approach is the integration of
an isotope-enabled general circulation model (EMAC/H,0ISO), an objective and dy-
namic classification of large-scale weather regimes (Diagnostic Synoptic Regime Model,
DSRM), and four differentiated isotope weighting schemes (unweighted §'®0 in pre-
cipitation, precipitation-, infiltration-, and calcite-weighted §'®0), each representing
distinct processes of signal formation. For present-day climate, 30-year AMIP-style
simulations were conducted and validated against 12 German GNIP stations. These
revealed a systematic overestimation of unweighted 580 values by approx. 1 %o to 3
%o, which can largely be mitigated by applying precipitation weighting. A principal
component analysis confirmed that temperature, precipitation, and the prevailing syn-
optic regime together explain approximately 50 % of the variability, underscoring their
importance as key drivers of isotopic signals. Under Last Glacial Maximum (LGM)
conditions, atmospheric circulation over Europe and the Mediterranean region shifts
significantly: the frequency of zonal flows and cyclonic regimes decreases, while merid-
ional patterns and anticyclonic regimes become more prevalent. A comparison of mod-
eled 680 signals with 14 Mediterranean speleothem records from the SISAL database
shows that infiltration- and especially calcite-weighted signals best reproduce observed
proxy variability. In the Mediterranean LGM scenario, cyclonic regimes lead to pro-
nounced isotopic depletion, while anticyclonic regimes result in isotopic enrichment. A
pronounced east—west gradient reflects the contrasting moisture sources characteristic
of the Atlantic and Mediterranean domains. The results demonstrate that the method-
ological combination of DSRM classification and physically motivated isotope weighting
enables a robust and reproducible reconstruction of atmospheric dynamics from terres-
trial speleothem archives. This framework is applicable to both modern climate analy-
sis and complex glacial conditions, offering valuable insights into the coupling between
large-scale circulation, regional hydroclimate variability, and isotopic signal formation

in terrestrial sediments.
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1 Background and Motivation

Understanding how past climates varied and which atmospheric processes drove those
changes remains a cornerstone of Earth-system science. Speleothems (stalagmites and
flowstones) preserve high-resolution records of stable oxygen isotopes (6'®0) that inte-
grate temperature, moisture source, and rainout history. Yet interpreting these signals
demands a clear grasp of large scale circulation regimes. For example, in Europe, the
Grofwetterlagen (GWL) classification was developed as a framework to categorize syn-
optic regimes and their influence on regional hydroclimatic patterns [52]. Until now,
links between different circulation regimes and §'*0 in precipitation have remained
qualitatively acknowledged but quantitatively unexplored. Recent advances in isotope-
enabled climate modeling help to bridge this gap. For instance, the ECHAM5/MESSy
Atmospheric Chemistry (EMAC) model, when coupled with the H20ISO module, is ca-
pable of simulating §'*O in precipitation under varying boundary conditions, including
Pleistocene glacial and interglacial periods as well as the modern era. The quantifica-
tion of the imprint of distinct weather regimes on speleothem isotopes remains largely
unexplored and represents a rather niche area of research. This is primarily due to
speleothem studies often relying on simplified climatic interpretations based on §'80,
such as one-dimensional relationships between §'*O in precipitation and temperature
or precipitation. This dissertation presents an effort to integrate isotope-enabled sim-
ulations with an objective synoptic classification, employing the Diagnostic Synoptic
Regime Model (DSRM), which was specifically developed for this study series and is
grounded in the Hess-Brezowsky Grofwetterlagen (HB-GWL) framework. It comprises
three comprehensive studies that build upon each other, tracing the progressive devel-
opment and refinement of the DSRM.

The first study utilizes the EMAC model to investigate contemporary climate condi-
tions. An objective classification of daily Grofwetterlagen (GWL) types is applied using
the Diagnostic Synoptic Regime Model (DSRM). Observational §'®0 in precipitation
data from Global Network of Isotopes in Precipitation (GNIP) stations across Germany
serve as a reference dataset for evaluating the simulated isotopic signatures [61]. Statis-
tical analyses are employed to assess the relationships between simulated isotopes and

relevant climatic and synoptic variables.

Building on this, the second study reconstructs Groffwetterlagen (GWL) frequencies
under Last Glacial Maximum (LGM) boundary conditions. To better represent karst
recharge processes, an infiltration model was developed and incorporated into the Di-

agnostic Synoptic Regime Model (DSRM). This integration facilitates a more compre-
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hensive evaluation of synoptic influences on regional hydroclimate. Comparison with
European and Mediterranean 60 speleothem records from the Speleothem Isotope
Synthesis and Analysis (SISAL) database [20] underscores the importance of weighted
5180 representations in accurately capturing proxy variability and highlights the critical
role of karst recharge dynamics under glacial forcing.

The third study applies the DSRM classification to an isotope-enabled EMAC simula-
tion under Last Glacial Maximum (LGM) conditions, supplemented with isotope data
from ten Mediterranean speleothems sourced from the Speleothem Isotope Synthesis
and Analysis (SISAL) database [20]. The infiltration model is incorporated into the
DSRM framework to facilitate regime-specific calculations, enabling a detailed examina-
tion of potential direct links between atmospheric circulation patterns and speleothem
isotopic signals. This approach seeks to improve the interpretation of proxy records
by accounting for the complex interplay of synoptic and hydrological processes that
influence isotopic variability.

Together, these studies establish a unified framework for interpreting speleothem 680
in the context of dynamic synoptic processes; advancing our ability to reconstruct both

interglacial and glacial climates.
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2 Research Questions

Understanding the atmospheric controls on the stable oxygen isotope ratio 6*%0 is es-
sential for interpreting paleoclimate records and validating climate model simulations.
This dissertation addresses key questions regarding the synoptic mechanisms that in-
fluence 480 variability across different climatic epochs, with a focus on both glacial

and interglacial periods.

Application of the DSRM

The first study evaluates the performance of isotope-enabled climate simulations under

modern conditions. It asks:

To what degree can EMAC/H20ISO simulations accurately reproduce ob-
served 680 walues in precipitation across Germany, and in what ways are
these isotopic signatures influenced by objectively classified Grofwetterlagen
(GWL) circulation types?

This question is addressed through linear regression and principal-component analy-
ses comparing simulation output to GNIP observations, and by quantifying the joint

influence of temperature, precipitation, and synoptic regime on isotopic variability.

Infiltration Submodel Integration within DSRM

The second study explores how glacial boundary conditions reshape circulation regimes

and their isotope signatures. It asks:

Which mechanisms control 60 wvariability in precipitation during the Last
Glacial Maximum, and to what extent can speleothem proxy records be re-
constructed using unweighted, precipitation-weighted, infiltration-weighted,
and calcite-weighted 60 7

This investigation uses LGM simulations classified by the DSRM, compares regime
frequencies to modern analogues, and evaluates multiple isotope-weighting schemes

against SISAL speleothem records.
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Model Application to Speleothem Archives

Building on the LGM circulation diagnostics, the third study drills down into regional

speleothem archives. It asks:

How do distinct synoptic regime types imprint on 5O signals in Mediter-
ranean speleothems during the LGM, and which isotope-weighting scheme
(precipitation-, infiltration-, or calcite-weighted 6'0) best captures these

regime-dependent variations?

This question is addressed by compositing simulated 6**O under each regime with three
weighting approaches and comparing them directly to speleothem records to disentangle

different isotopic fractionation effects.
Overarching Research Question
Synthesizing insights from modern and glacial climates, the dissertation addresses a

single, unifying question:

How can synoptic-scale circulation diagnostics and isotope-enabled modeling

be integrated into a consistent framework for interpreting speleothem 580 ¢

Answering these questions provides a robust basis for improving paleoclimate recon-
structions and deepening our understanding of atmospheric controls on 6'®0 in precip-

itation.
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3 Theoretical Foundations and Concepts

3.1 Stable Isotope Systems

Stable isotope systems refer to naturally occurring isotopes of chemical elements that do
not undergo radioactive decay. These isotopes differ in mass but exhibit nearly identical
chemical behavior, allowing them to participate in physical and chemical processes in
predictable ways. The most commonly studied stable isotopes in climate and environ-
mental sciences include those of hydrogen, oxygen, carbon, and nitrogen [89]. Isotopic
fractionation occurs when physical processes such as evaporation, condensation, diffu-
sion, or biological activity cause a preferential partitioning of lighter or heavier isotopes.
This leads to measurable variations in isotope ratios between different reservoirs (e.g.,

atmosphere, ocean, biosphere) or phases (e.g., vapor, liquid, solid).

3.1.1 Stable Oxygen Isotope Systems

Stable oxygen isotopes, particularly *O and 0, are naturally occurring variants of
oxygen that differ primarily in mass while exhibiting nearly identical chemical prop-
erties. However, their slight mass difference leads not only to subtle but significant
variations in physical behavior but also affects isotopic fractionation processes during
mineral formation. For example, different isotopes are preferentially incorporated into
crystal structures such as calcite, resulting in measurable isotope-specific partitioning
despite the chemical similarity. These mass-dependent effects influence how the isotopes
participate in phase transitions such as evaporation and condensation, resulting in iso-
tope fractionation that is sensitive to temperature and environmental conditions [24].
These properties make oxygen isotopes valuable tracers in hydrology, climatology, and
paleoclimatology [102]. The ratio of ¥O to %O in water is commonly expressed using
the delta notation 6**0, which quantifies the deviation of a sample’s isotopic ratio from
a standard reference material. This ratio is sensitive to environmental conditions and
can be preserved in natural archives such as ice cores, lake sediments, and speleothems
[49, [73], [80).

3.1.2 Oxygen Isotopes in the Global Water Cycle

The global water cycle governs the distribution and transformation of oxygen isotopes.
During evaporation, lighter °O isotopes preferentially enter the vapor phase, leaving
the residual water enriched in ®O. As moist air masses move and cool, condensation

occurs, and the heavier 80 isotope is more likely to precipitate out. This leads to
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Table 1: Overview of key fractionation processes affecting 610 in the global water cycle
1.

Process Effect on §'®0 (in precipitation)
Evaporation 160 preferentially evaporates; residual enriched in 0.
Condensation 180 condenses more readily.

Rayleigh distillation ~ Progressive *O depletion.

Precipitation amount  Higher rainfall yields more depleted §%0.

Temperature Lower temperatures correspond to more depleted 6'20.
Altitude 180 depletion with increasing elevation.

Latitude Higher latitudes show more depleted §'%0.

Moisture source Vapor origin affects initial §%0.

Infiltration Fractionation during infiltration alters 6'%0.
Mineralization Temperature-dependent fractionation in minerals.

progressive depletion of O in precipitation along the moisture trajectory; a process
known as Rayleigh distillation [24]. Table 1| provides a conceptual overview of how
climatic and environmental factors shape 'O signatures in precipitation and surface
waters, offering a valuable framework for interpreting isotopic records in paleoclimate
studies. These fractionation effects are modulated by climatic and geographic factors
such as latitude, altitude, seasonality, and synoptic-scale atmospheric circulation [42].
Understanding these mechanisms is essential for interpreting isotopic signals in proxy
archives and for developing physically consistent climate models that simulate isotope

dynamics under varying boundary conditions.

3.2 Delta Notation and §°0

In geosciences, stable isotope ratios are typically expressed in delta notation (J), which
quantifies the relative difference between a sample and a standard reference material
[21]. These ratios serve as powerful tracers for reconstructing environmental conditions,
tracking water and carbon cycles, and interpreting paleoclimate signals preserved in

natural archives such as ice cores, sediments, and speleothems.
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3.2.1 Fundamentals of Oxygen Isotopes

The 6'®0 value is calculated as shown in Equation [i}

0 = (—Rsample - 1) x 1000 (1)
Rstandard
where R is the ratio ¥0/'0, and the standard is typically VSMOW (Vienna Stan-
dard Mean Ocean Water) [6]. Positive §'80 values indicate enrichment in 0, often
associated with evaporation or warmer conditions, while negative values reflect deple-
tion, typically linked to condensation, colder or wetter conditions [24], 116]. In climate
science, 020 serves as a proxy for reconstructing past temperature and precipitation
patterns. Its interpretation requires an understanding of the processes that influence
isotopic fractionation, including temperature gradients, moisture sources, and atmo-

spheric transport pathways.

3.2.2 Standards and Reference Materials

The interpretation of stable isotope ratios requires comparison to internationally recog-
nized reference materials. For oxygen isotopes in water, the most commonly used stan-
dard is VSMOW (Vienna Standard Mean Ocean Water), which provides a consistent
baseline for reporting %0 values [6]. In carbonate-based archives such as speleothems,
the VPDB (Vienna Pee Dee Belemnite) standard is often used, and values can be con-
verted to VSMOW for intercomparison [30]. These standards ensure comparability
across laboratories and studies, allowing for the integration of observational datasets
and simulation outputs. Accurate calibration against reference materials is essential
for assessing environmental signals and for validating climate reconstructions based on

isotopic proxies.

3.2.3 Applications in Climate Science

The isotopic ratio §'80 is extensively used in climate science as a proxy to reconstruct
past variations in temperature, precipitation, and atmospheric circulation patterns.
50 in precipitation reflects the integrated effects of moisture source, transport his-
tory, and local meteorological conditions [24]. In speleothems, the isotopic composition
of calcite records the 680 of infiltrating water, modulated by cave temperature and
hydrological filtering |71} [112] [81]. These applications span both modern observational

networks and paleoclimate archives. In contemporary settings, §'*0 measurements in
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precipitation (e.g., Global Network of Isotopes in Precipitation (GNIP)) provide in-
sights into seasonal and synoptic variability [6I]. In paleoclimate research, speleothem
records offer high-resolution reconstructions of hydroclimatic conditions over millennial
timescales [20].

Isotope-enabled climate models simulate §'*0O dynamics within the hydrological cycle,
allowing for direct comparison with proxy data. This integration supports the inter-
pretation of isotopic signals in terms of physical climate processes and enhances the

robustness of climate reconstructions across different temporal and spatial scales [117].

3.3 Speleothems

Speleothems, also known as cave carbonates, are among the most important terres-
trial archives for reconstructing past climate conditions. Their layered growth, mineral
composition, and geochemical signatures provide high-resolution records of environmen-
tal variability over timescales ranging from decades to hundreds of thousands of years
[20, 80]. In particular, speleothems are widely used in paleoclimatology due to their

ability to preserve stable isotope signals, especially 6'*0 and §'3C [100].

3.3.1 Formation and Mineralogy

Speleothems form through the precipitation of calcium carbonate (CaCOs) from drip
water in karst caves [33]. This water originates from meteoric precipitation that infil-
trates through soil and carbonate bedrock, dissolving minerals along its path. Upon
entering the cave atmosphere, CO, degasses from the water, leading to supersatura-
tion and the precipitation of calcite or, less commonly, aragonite. The mineralogical
composition of speleothems is influenced by cave-specific factors such as temperature,
humidity, COs concentration, and drip rate. These conditions also affect the incorpora-
tion of stable isotopes and trace elements into the calcite matrix, making speleothems

sensitive indicators of past environmental conditions [34].

3.3.2 Geographical Occurrence

Speleothems are found in karst regions worldwide, where soluble carbonate rocks such
as limestone and dolomite dominate the geology. Their occurrence spans a wide range
of climatic zones, from tropical to temperate and even semi-arid environments, thus
making them suitable for reconstructing regional climate variability across diverse set-
tings [33]. The SISAL database, which compiles speleothem §'®0 records, reveals a

particularly high density of speleothem datasets in Europe, with key concentrations in
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the Alps, the Balkans, and the Mediterranean basin. These regions provide well-dated
and high-resolution archives that span glacial and interglacial periods, offering insights

into hydroclimatic changes over long timescales [20].

3.3.3 Speleothems and Stable Isotope Systems

Speleothems preserve stable isotope signals, especially 6**0 and 6'3C, which are widely
used in paleoclimate research. The §'80 value in speleothem calcite reflects the isotopic
composition of infiltrating water, modulated by cave temperature and hydrological pro-
cesses such as evaporation, mixing, and residence time in the karst system [112]. Inter-
preting speleothem isotope records requires consideration of seasonal biases, moisture
source variability, and synoptic-scale atmospheric dynamics. Weighting schemes, such
as precipitation-weighted or infiltration-weighted §'*O, help approximate the effective
signal recorded in the calcite. These records thus serve as integrative proxies linking

surface climate variability with subsurface hydrology [33] [34].

3.4 Synoptic Classification

Synoptic classification systematically categorizes large-scale atmospheric circulation
patterns based on pressure, wind, and vorticity. This approach is key to understanding
weather dynamics and their impact on regional climate variability [52]. By grouping
recurring circulation types, it facilitates long-term climate analysis and aids meteoro-

logical and hydrological data interpretation [67, [72].

3.4.1 Pressure Systems

Atmospheric pressure systems are fundamental components of synoptic meteorology.
High-pressure systems (anticyclones) are typically associated with descending air, clear
skies, and stable weather conditions. In contrast, low-pressure systems (cyclones) in-
volve ascending air, cloud formation, and precipitation. The spatial distribution and
movement of these systems govern the transport of air masses and moisture, influencing
local and regional climate.

Pressure systems are identified through surface pressure fields and geopotential height
maps. Their evolution is driven by thermal gradients, planetary wave dynamics, and
interactions with topography and oceanic conditions. Understanding pressure systems

is crucial for interpreting weather patterns and for classifying synoptic regimes [67, [72].
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3.4.2 Synoptic Patterns in Europe and Mid-Latitudes

In the mid-latitudes, including Central and Western Europe, synoptic patterns are
dominated by westerly flow, frontal systems, and seasonal shifts in jet stream position.
These regions experience a wide range of circulation types, from zonal (west—east) to
meridional (north-south) flows, each with distinct impacts on temperature and precip-
itation. As an example, distinct synoptic regimes, such as zonal and meridional flows,
generate markedly different precipitation patterns across southern Europe, underscoring
the climatic significance of circulation type classification [26].

Synoptic variability in Europe is further influenced by large-scale modes such as the
North Atlantic Oscillation (NAO), which modulates both the strength and latitudinal
position of the westerlies. The prevailing westerlies in the mid-latitudes facilitate the
regular eastward movement of cyclones from the North Atlantic toward Europe, con-
tributing significantly to regional precipitation and temperature variability. Cyclonic
regimes are generally associated with ascending air masses, enhanced cloud formation,
and increased precipitation, often resulting in mild and humid conditions. In contrast,
anticyclonic regimes are characterized by descending air and atmospheric stability, lead-
ing to dry conditions that may be accompanied by either cold or hot temperatures
depending on the season. These circulation patterns play a crucial role in shaping
the hydrological cycle and in modulating the distribution of climate-sensitive variables

across Europe.

3.4.3 Classification Systems in Europe

Several objective classification systems have been developed to categorize synoptic
regimes in Europe. The most widely used is the Grofwetterlagen (GWL) system, estab-
lished by Hess and Brezowsky in the 1960s [52]. It defines 29 circulation types based on
surface pressure patterns, geopotential height configurations, and flow directions over
Central Europe, grouped into zonal, meridional and mixed categories. Another promi-
nent classification is the Lamb Weather Type (LWT) system, developed by Lamb in the
1970s [72], which derives flow direction and vorticity parameters from sea-level pressure
data over the British Isles. Both systems are applied in climatological studies to analyze
the frequency and variability of circulation types and their relationship to temperature,
precipitation, and other climate indicators [53], 60, 67]. Synoptic classification provides
a framework for linking atmospheric dynamics to observed climate signals. It enables
the identification of regime shifts, seasonal patterns, and long-term trends in circulation

behavior, contributing to a deeper understanding of regional climate variability.
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Lamb Weather Type (LWT) Classification

The Lamb Weather Type (LWT) classification is an objective system originally de-
veloped by Lamb for the British Isles [72]. It categorizes daily atmospheric circula-
tion based on sea-level pressure data at predefined grid points. The classification uses
parameters such as flow direction, vorticity, and pressure gradients to determine the
prevailing weather type. LWT types are divided into directional flows (e.g., northerly,
westerly, easterly), cyclonic, anticyclonic, and unclassified patterns. This system al-
lows for high-resolution analysis of daily weather regimes and is particularly useful for
studying regional climate variability and the impact of circulation types on meteoro-
logical conditions. The LW classification has been widely adopted in climatological
research across Europe due to its flexibility and objectivity [66], 67]. It supports the
identification of dominant circulation patterns, seasonal shifts, and long-term changes
in atmospheric behavior, making it a key tool in synoptic climatology. An overview of
the individual LWT types and their abbreviations is provided in Table

Table 2: Lamb Weather Type (LWT) classification system, categorizing synoptic-scale
weather patterns over the British Isles into anticyclonic (A), directional, and cyclonic
(C) types based on prevailing wind direction and pressure characteristics.

Base Direction Types
Northeasterly (NE) ANE, CNE
Easterly (E) AE, CE
Southeasterly (SE) ASE, CSE
Southerly (S) AS, CS
Southwesterly (SW) ASW, CSW
Westerly (W) AW, CW
Northwesterly (NW) ANW, CNW
Northerly (N) AN, CN

No direction A C

Grofiwetterlagen (GWL) Classification

The Groffwetterlagen (GWL) classification is a traditional synoptic system developed
by Hess and Brezowsky [52] to categorize large-scale circulation patterns over Central
Europe. It defines 29 distinct weather types based on surface pressure configurations
and prevailing flow directions. These circulation types are classified into three principal
categories: zonal (westerly flow), meridional (north-south or easterly flow), and mixed

regimes. Each GWL type reflects characteristic atmospheric conditions and typically
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persists for several days. The classification is widely used in climatology and meteorol-
ogy to analyze long-term trends, seasonal variability, and the influence of circulation
types on temperature, precipitation, and other climate variables. By linking surface
pressure fields to regional weather outcomes, the GWL system provides a valuable
framework for understanding synoptic-scale climate dynamics in Central Europe; an
overview of the individual GWL types and their definitions is provided in Table

3.5 Climatological Parameters

Climatological parameters are essential variables used to describe and analyze the state
and variability of the Earth’s atmosphere and surface conditions. They provide quanti-
tative insights into temperature, precipitation, pressure, and moisture dynamics, which
are fundamental for understanding weather patterns, climate processes, and environ-
mental interactions. These parameters are typically derived from observational datasets
and climate models, and they serve as the basis for evaluating seasonal trends, long-term

changes, and the impacts of atmospheric circulation on regional climates.

3.5.1 2m Temperature

The 2-meter air temperature is a standard meteorological variable representing the
ambient temperature measured approximately two meters above the ground surface.
It is influenced by factors such as solar radiation, cloud cover, surface albedo, and
atmospheric circulation. This parameter is crucial for assessing thermal conditions
near the surface and is widely used in climate monitoring, weather forecasting, and

impact studies related to agriculture, health, and energy demand [48], [76], [105].

3.5.2 Precipitation

Precipitation encompasses all forms of water, liquid or solid, that fall from the at-
mosphere to the Earth’s surface, including rain, snow, sleet, and hail. Tt is a key
component of the hydrological cycle and directly affects soil moisture, river discharge,
and vegetation dynamics. Precipitation patterns are governed by atmospheric moisture
content, vertical motion, and synoptic-scale circulation. Long-term precipitation data

are essential for evaluating droughts, floods, and climate variability [29, O8] 109).
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Table 3: Classification of European synoptic-scale weather patterns according to the
Grofwetterlagen (GWL) system. Each code represents a distinct circulation type, char-
acterized by dominant pressure systems and prevailing wind directions.

GWL Code Definition

Zonal

WA Anticyclonic westerly

WZ Cyclonic westerly

WS Southern westerly

WW Angled westerly (Eastern European blocking)
Mixed

SWA Anticyclonic southwesterly

SWZ Cyclonic southwesterly

NWA Anticyclonic northwesterly

NWZ Cyclonic northwesterly

HM High pressure over Central Europe
BM Ridge across Central Europe

™ Low pressure over Central Europe
Meridional

NA Anticyclonic northerly

NZ Cyclonic northerly

HNA Icelandic high, anticyclonic

HNZ Icelandic high, cyclonic

HB High pressure over the British Isles
TRM Trough over Central Europe

NEA Anticyclonic northeasterly

NEZ Cyclonic northeasterly

HFA Scandinavian high, ridge over Central Europe
HFZ Scandinavian high, trough over Central Europe
HNFA High Scandinavia-Iceland, anticyclonic
HNFZ High Scandinavia-Iceland, cyclonic
SEA Anticyclonic southeasterly

SEZ Cyclonic southeasterly

SA Anticyclonic southerly

SZ Cyclonic southerly

TB British Isles cyclonic system

TRW Trough over Western Europe
Unclassified

U

Unclassified
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3.5.3 Surface Pressure

Surface pressure refers to the atmospheric pressure exerted at the Earth’s surface, typ-
ically measured in hectopascals (hPa). It reflects the weight of the air column above
a given location and is a fundamental variable in synoptic meteorology. Variations
in surface pressure are associated with the development and movement of high- and
low-pressure systems, which in turn influence wind patterns, temperature, and precip-
itation. Surface pressure maps are used to identify weather fronts and track cyclones

and anticyclones [5], [38].

3.5.4 Evaporation

Evaporation is the process by which water is transformed from liquid to vapor and
transferred from the Earth’s surface to the atmosphere. It is driven by solar radiation,
air temperature, wind speed, and humidity. Evaporation plays a vital role in the water
balance and energy exchange between the surface and the atmosphere. It affects soil
moisture, plant transpiration, and the formation of clouds, making it a key variable in
both hydrological and climatological studies [41] [77, [78].

3.5.5 Isotope Ratios

Isotope ratios, particularly of oxygen (6'®0) and hydrogen (62H), are used as tracers
in climatology and hydrology to study the origin and transformation of water masses.
These ratios vary with temperature, altitude, and precipitation processes, providing
insights into past and present climate conditions. Isotopic composition in precipitation
and surface waters can reveal information about moisture sources, evaporation rates,
and atmospheric circulation patterns. Isotope analysis is a valuable tool in paleoclima-

tology and environmental monitoring [42] [71], 80, [89].

3.6 Climate Modeling

Climate modeling is a fundamental tool in atmospheric science used to simulate and
understand the behavior of the Earth’s climate system. Models integrate physical,
chemical, and biological processes to represent interactions between the atmosphere,
oceans, land surface, and cryosphere. They are essential for studying past climate
variability [13], projecting future climate scenarios [107], and assessing the impacts of

anthropogenic influences [64].
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3.6.1 History of Climate Modeling

The development of climate models began in the mid-20th century with simple energy
balance models [16, T01] and gradually evolved into complex general circulation models
(GCMs) [118]. Early models focused on radiative transfer and global temperature equi-
librium, while later generations incorporated dynamic representations of atmospheric
and oceanic circulation. Advances in computational power and observational data have
enabled the creation of Earth system models (ESMs), which include biogeochemical
cycles and feedback mechanisms [19, 23|. Today, climate models are central to interna-

tional assessments such as those conducted by the Intergovernmental Panel on Climate
Change (IPCC) |54, 62].

3.6.2 Isotope-Enabled Climate Modeling

Isotope-enabled climate models simulate the transport and fractionation of stable iso-
topes, such as §'®0 and 6*H, within the hydrological cycle [83]. These models allow
researchers to link climate dynamics with isotopic signatures found in natural archives
like ice cores [40], tree rings [10], and speleothems [57]. By incorporating isotopic
tracers, models can improve the interpretation of paleoclimate records and validate
hydrological processes [I17]. Isotope-enabled modeling also helps to identify moisture
sources, track precipitation pathways, and assess evaporation and condensation effects

under varying climate conditions [I8] 69].

3.6.3 Advantages and Limitations

Climate models offer powerful insights into the functioning of the climate system and
its response to external forcings. They enable scenario-based projections, sensitivity
analyses, and the evaluation of mitigation strategies. However, models are subject
to limitations due to uncertainties in parameterizations, spatial resolution, and initial
conditions [97]. Simplifications of complex processes and incomplete knowledge of feed-
backs can affect model accuracy [55]. Isotope-enabled models add further complexity
but provide valuable constraints for validating hydrological and climatic processes [117].
Continuous model development and comparison with observational data are essential

for improving reliability and robustness.
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3.7 Geological Time Scale

The geological time scale is a hierarchical system used to describe the timing and
relationships of events in Earth’s history [47]. It is divided into eons, eras, periods,
epochs, and ages, based on significant changes in Earth’s geology, climate, and life forms.
This framework is essential for interpreting paleoclimate records and understanding
long-term environmental evolution [47]. The most recent era, the Cenozoic Era, began
about 66 million years ago and is subdivided into three periods: the Paleogene, Neogene,
and Quaternary. The Quaternary Period, which started approximately 2.6 million years
ago and continues to the present, is particularly relevant for climate research due to its

pronounced variability and the availability of high-resolution climate archives.

Quaternary Period

The Quaternary Period is the most recent geological period, spanning from approx-
imately 2.6 million years ago to the present. It is part of the Cenozoic Era and is
subdivided into two formally recognized epochs: the Pleistocene and the Holocene.
The Quaternary is characterized by dramatic climatic fluctuations, including repeated
glacial-interglacial cycles, and the emergence and expansion of human civilizations. It
provides a crucial framework for paleoclimate research, as it encompasses the most

detailed and accessible climate archives.

3.7.1 Pleistocene Epoch

The Pleistocene epoch extends from about 2.6 million to 11,700 years ago. It is defined
by the presence of extensive glaciations, with large ice sheets periodically covering much
of the Northern Hemisphere. These cycles of glacial advance and retreat significantly
influenced global climate, sea levels, and ecosystems [87]. The Pleistocene also saw
the evolution and dispersal of Homo sapiens and other hominins [I06]. Climate vari-
ability during this epoch is well documented in ice cores [I15], marine sediments [56],
and terrestrial records [3], offering insights into natural climate drivers and feedback

mechanisms.

Last Glacial Maximum (LGM)

The Last Glacial Maximum occurred around 21,000 years ago, during the late Pleis-
tocene. It marks the peak of the last glacial cycle, when ice sheets reached their

maximum extent. Global temperatures were significantly lower, and sea levels were
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approximately 120 meters below present levels. The LGM is a key reference point in
paleoclimate studies, used to validate climate models [86] and understand the Earth’s

response to changes in orbital forcing and greenhouse gas concentrations [103].

3.7.2 Holocene Epoch

The Holocene began approximately 11,700 years ago, following the end of the last
glaciation. It is characterized by relatively stable and warm climatic conditions, which
facilitated the development of agriculture, urbanization, and complex societies. The
Holocene includes notable climate events such as the Holocene Thermal Maximum, the
Medieval Warm Period, and the Little Ice Age. This epoch provides the baseline for
understanding pre-industrial climate variability and serves as a reference for assessing

modern anthropogenic climate change.

Anthropocene (Informal Epoch)

The Anthropocene is a proposed informal epoch that describes the period from the late
19th century to the present, during which human activities have become the dominant
influence on Earth’s climate and ecosystems [22]. Although not yet formally recognized
within the geologic time scale, the Anthropocene concept highlights the unprecedented
rate of environmental change driven by industrialization, fossil fuel combustion, de-
forestation, and urban expansion. This period is marked by rising greenhouse gas
concentrations, global warming, and biodiversity loss, and is central to discussions on

sustainability and climate policy [74].
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4 Summary

Over the course of three interconnected studies, a unified framework has been developed,
validated, and applied to link large-scale atmospheric circulation to the oxygen-isotope
composition (6'80) of precipitation and speleothem calcite. At its core, the methodol-
ogy combines an isotope-enabled general circulation model (EMAC/H,0ISO), an ob-
jective synoptic-classification algorithm (Diagnostic Synoptic Regime Model, DSRM,
based on Lamb parameters and the Hess-Brezowsky Groffwetterlagen catalog) |52
72], and a suite of isotope-weighting schemes (unweighted averages, precipitation- and
infiltration-weighted signals, plus a memory-based calcite model with temperature-
dependent fractionation). This stepwise approach advances from modern-day validation
(Investigation of the Links Between Weather Patterns and Climate Parameters Includ-
ing 0'® O Using Simulation Data), through Last Glacial Maximum (LGM) diagnostics
(Synoptic Regime Shifts and 6O Variability During the Last Glacial Mazimum: In-
sights from Isotope-Enabled Climate Simulations and Speleothem Proxy Comparisons),
to regime-specific cave-site interpretations (Synoptic Controls on Speleothem 6O Dur-

ing the Last Glacial Mazimum).

In the first study, the Diagnostic Synoptic Regime Model (DSRM) classification was
employed to identify circulation types, and the EMAC/H,OISO model was evaluated
using 30 years of AMIP-style modern simulations covering Germany. Daily sea-level
pressure fields were sorted into 29 Hess—Brezowsky weather types via an automated
DSRM procedure sampling six subgrids (British Isles, Iceland, Azores, Eastern Europe,
Scandinavia, Central Europe). Monthly anomalies of simulated temperature, precip-
itation and §'®0 in precipitation were systematically compared to observations from
12 GNIP stations [61]. The simulated climatologies successfully captured the broad
spatial patterns of temperature and precipitation but consistently overestimated 680
values by approximately 1 %o to 3 %o. Principal component analysis showed that the
leading component (accounting for roughly 50 % of variance) couples temperature, pre-
cipitation and 6'80 in precipitation, while subsequent components isolate circulation
frequency and the NAO index. These results validated the ability of our framework to
capture modern synoptic—isotope linkages and established a baseline for paleoclimate

proxy evaluation.

Building on that foundation, the second study applied the identical DSRM-EMAC
setup to the LGM (30-year runs under glacial boundary conditions including reduced
greenhouse gases, altered SST/SIC). Comparing simulated GWL frequencies between

present day and LGM revealed a pronounced migration away from zonal cyclonic
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regimes toward more persistent anticyclonic and meridional regimes, accompanied by
a decrease in transitional flows. Spatial analyses of §'%0 in precipitation, temperature,
precipitation, and sea-level pressure revealed coherent gradients, while also indicating
a persistent model bias over the Bay of Biscay, suggestive of a localized discrepancy in
simulation performance. Regression was performed against fourteen speleothem 680
records from the SISAL database [20], testing four isotope-weighting schemes: un-
weighted §'%0 in precipitation, precipitation-weighted 6180, infiltration-weighted §'%0,
and calcite-weighted 6'%0. Calcite-weighted 5O exhibits the closest agreement with
observational data, characterized by a negligible mean difference of —0.0065 %o and
an insignificant t-test result (t = —0.0086, p = 0.9933). This close agreement under-
scores the robustness of calcite-weighting in capturing the isotopic signature recorded
in speleothems, highlighting its value for accurately linking simulated isotopic signals
with proxy records under glacial conditions.

The third study then focused on regime-dependent isotope signatures at ten Mediter-
ranean cave sites during the LGM. Daily DSRM classification of LGM sea-level pres-
sure fields was used to produce regime composites for each cave, from which monthly
580 anomalies were computed via unweighted, precipitation-, infiltration-, and calcite-
weighted approaches. It was found that pronounced 680 depletion in precipitation
is produced by strongly cyclonic regimes, marked by intense, amount-driven rainfall,
whereas 6180 enrichment in precipitation is generated by anticyclonic patterns charac-
terized by low rainfall, high evaporation, and water-vapor recycling. Eastern and west-
ern Mediterranean cave sites exhibit distinct moisture source characteristics. Western
locations are influenced by enhanced cyclonic activity and substantial moisture input
via westerly Atlantic flow, which reinforces the isotopic amount effect in 680 records.
In contrast, eastern sites are predominantly shaped by recycled and locally sourced
Mediterranean moisture, resulting in enriched §**O values.

Taken together, these three studies chart a coherent research trajectory: calibrating
an isotope-enabled synoptic framework in the modern climate, diagnosing circulation
and isotope shifts during the LGM, and resolving cave-site isotope signals in a regime-
specific context. This progressive workflow demonstrates that large-scale atmospheric
regimes, hydrological filtering and speleothem growth dynamics must all be accounted

for to yield reliable paleoclimate reconstructions.
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5 Application of the DSRM

Investigation of the Links Between Weather Patterns and Climate Parame-

ters Including 6 O Using Simulation Data (manuscript in preparation)

Specific Contribution Summary

The foundational concept of the study was developed by Holger Tost and
Denis Scholz. All simulation data were processed by Tim Liesenhoff and
Holger Tost. Tim Liesenhoff carried out the regime classification across all
datasets and developed the source code for the DSRM. The interpretation of
results was a joint effort by Tim Liesenhoff, Holger Tost, and Denis Scholz,
with Tim Liesenhoff assuming a leading role. He also coordinated and led

the writing of the manuscript.

5.1 Background and Objectives

Large-scale atmospheric circulation patterns exert a fundamental influence on the spa-
tial and temporal variability of meteorological conditions across Central Europe |72
91, ©2]. These synoptic-scale regimes govern not only surface temperature and precip-
itation dynamics, but also the isotopic composition of precipitation, particularly the
ratio of stable oxygen isotopes (6'®0 in precipitation). The latter serves as a critical
proxy in paleoclimatology, offering insights into past hydroclimatic conditions through
its preservation in natural archives such as speleothems, ice cores, and lake sediments
I8, 20, 112].

The interpretation of §'80 signals in precipitation, however, is inherently complex. It
requires a nuanced understanding of the atmospheric processes that modulate isotopic
fractionation, including moisture source variability, transport pathways, condensation
temperature, and the influence of synoptic-scale circulation [31], 65]. In mid-latitude
regions, such as Central Europe, the interplay between westerly flow regimes, frontal
systems, and seasonal shifts in jet stream position introduces substantial variability in
both meteorological and isotopic parameters [58),[60]. Despite the recognized importance
of synoptic dynamics, the relationship between specific circulation types, such as those
defined by the Hess-Brezowsky Grofwetterlagen (GWL) system, and §'%0 variability in
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precipitation remains insufficiently quantified. Traditional GWL classifications, though
widely applied, depend on subjective interpretation and lack the objective framework
needed for seamless integration with climate model outputs [52, 53]. To address this
gap, the present study introduces a novel classification framework: the Diagnostic Syn-
optic Regime Model (DSRM). This model builds upon the GWL system by applying
objective criteria derived from regional sea-level pressure fields, enabling reproducible
and automated classification of daily weather regimes [12] [63].

Using a 30-year simulation dataset generated by the isotope-enabled ECHAM5/ MESSy
Atmospheric Chemistry (EMAC) model [68, 117], this study applies the DSRM frame-
work to classify synoptic regimes and analyze their associations with climate parameters
including temperature, precipitation, and §'%0 in precipitation. Observational data
from 12 GNIP stations across Germany [G1] serve as a validation benchmark, allow-
ing for a robust comparison between simulated and measured values. The overarching

objectives of this study are as follows:

1. To develop and apply an objective classification scheme (DSRM) for synoptic
regimes based on GWL principles and regional SLP diagnostics.

2. To quantify the statistical relationships between circulation types and climate pa-
rameters (T, P, 6'®0), including seasonal variability and regime-specific anoma-

lies.

3. To evaluate the performance of the EMAC model in reproducing observed modern
isotopic and meteorological patterns, with emphasis on precipitation-weighted
5180.

4. To identify the dominant drivers of climate variability through principal compo-
nent analysis (PCA), distinguishing between physical interactions and synoptic
influences, such as the North Atlantic Oscillation (NAO).

This study integrates synoptic classification with isotope-enabled modeling and obser-
vational validation to establish a physically consistent framework for interpreting 6'%0
in precipitation under modern climate conditions. The findings will inform the use of
speleothem-based proxies in paleoclimate reconstruction and contribute to the broader

understanding of atmospheric controls on stable isotope variability.
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5.2 Methods and Data

Table 4: Atmospheric forcing parameters applied in the simulation dataset. Modern
Day values follow Wackerbarth et al. [112].

Simulation Parameter Description

Base Parameters

Simulation Interval 0-40 / 10-30 (excluding spin-up)
Horizontal Resolution T106 (1.12° at the equator)
Vertical Resolution L31IECMWE (31 vertical levels up to 0.01 hPa)

Orbital Forcing
Orbital Parameters Keplerian orbital configuration

Atmospheric Forcing

COq 348 ppm

CHy 1.650 ppm

NO, 0.306 ppm

CFCs 262 ppt (CFC1) / 540 ppt (CFC2)

Oceanic Forcing

SST Prescribed modern SST climatology (AMIP2)
SIC Prescribed modern SIC climatology (AMIP2)

5.2.1 Simulation Configuration

To investigate the relationship between synoptic-scale circulation patterns and climate
parameters, this study employs a 40-year simulation dataset, excluding a 10-year spin-
up phase to ensure equilibrium conditions. The simulations were conducted using the
isotope-enabled ECHAM5/MESSy Atmospheric Chemistry (EMAC) model [68, 117],
which integrates the H20ISO module for tracking stable water isotopologues throughout
the hydrological cycle [3I]. The model operates at T106 spectral resolution, correspond-
ing to a horizontal grid spacing of approximately 1.1°, and includes 31 vertical layers
(L3IECMWF) extending from the surface to the stratosphere (0.01 hPa). Boundary
conditions are prescribed using climatological datasets from AMIP-TIc¢ [43], including
sea surface temperature (SST) and sea ice concentration (SIC). Orbital parameters fol-
low Keplerian dynamics consistent with present-day configurations. Atmospheric trace
gases such as CO,, CHy, NO,, and CFCs are prescribed based on observational records

representative of the simulation period [I12]. A detailed overview of all applied forc-
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ing parameters, including orbital, atmospheric, and oceanic components, is provided in
Table |4l These settings ensure physical consistency with the modern climate state and
allow for direct comparison with observational datasets.

Validation of the model output is performed using data from 12 GNIP (Global Network
of Isotopes in Precipitation) stations distributed across Germany [6I]. These stations
provide high-resolution records of temperature, precipitation, and §**O in precipitation,
enabling robust evaluation of the model’s performance. The H20ISO module plays a
central role in this setup, enabling the explicit simulation of fractionation processes
during evaporation, condensation, and transport. By resolving the behavior of Hi®O
and HI®O across all phases of the water cycle, the model facilitates direct comparison
between simulated 680 values in precipitation and empirical isotope data, thereby

linking atmospheric dynamics with geochemical proxies.

5.2.2 Synoptic Classification

A central methodological innovation of this study is the development and application
of the Diagnostic Synoptic Regime Model (DSRM). This model builds upon the Lamb
Weather Type (LWT) classification system [66, [72] and the Hess-Brezowsky Grofwet-
terlagen (HB-GWL) framework [52] 53], adapting and extending them to objectively
classify daily synoptic regimes over Central Europe. The classification begins with the
definition of six regional subgrids spanning key areas across the North Atlantic and Eu-
rope; namely Western Europe, Iceland, the Azores, Eastern Europe, Scandinavia, and
Central Europe. Each subgrid contains 16 systematically arranged reference points used
for extracting daily sea-level pressure (SLP) values from climate model output. The
spatial configuration of these subgrids and reference points is illustrated in Figure
which provides a visual overview of the diagnostic framework applied in this study. The
color-coded subgrids help distinguish regional circulation influences and ensure spatial
coverage of dominant pressure centers.

Using the Lamb methodology, geostrophic flow components are calculated from the
pressure fields, specifically the zonal (westerly) and meridional (southerly) components
[66, [72]. These are combined to determine the resultant flow direction and magnitude.
In parallel, shear vorticity is derived to assess whether the flow exhibits cyclonic or an-
ticyclonic curvature. Based on these diagnostics, each day is assigned a circulation type
according to the extended Lamb scheme, which includes 27 distinct types such as pure
directional flows (e.g., N, NE; SW), cyclonic (C), anticyclonic (A), and hybrid forms
(e.g., CNW, ASW). To ensure regional applicability, the Lamb-type diagnostics were

recalibrated for Central Europe [63]. The underlying classification logic is visualized in
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Figure 1: (a) Geographic distribution of sub-grids across the North Atlantic and Europe used in this study. Colors represent
distinct regions: Western Europe (light orange), Iceland (light blue), Azores (green), Eastern Europe (yellow), Scandinavia
(blue), and Central Europe (orange). (b) Grid points over the Azores employed in the calculations following the methodology
of [66]. The numbered nodes correspond to the computational scheme illustrated in Figure 2]
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Figure 2| which presents the diagnostic flowchart used in the DSRM. This schematic
outlines the stepwise calculation of key parameters (westerly (W) and southerly (S) flow
components, resultant flow magnitude (F), flow direction (6), and shear vorticity (¢))
based on SLP gradients. Threshold criteria are applied to these diagnostics to assign
each day a specific circulation type within the extended Lamb framework.

To bridge the gap between regional Lamb-type diagnostics and continental-scale synop-
tic interpretation, the DSRM incorporates a hierarchical aggregation scheme that trans-
lates subgrid-level circulation types into composite Grofwetterlagen (GWL) [52, 53].
Each of the six subgrids (Western Europe, Iceland, Azores, Eastern Europe, Scandi-
navia, and Central Europe) produces a daily Lamb classification based on local pressure
gradients and flow parameters [66] [72]. These regional types are then evaluated collec-
tively to determine the dominant synoptic regime for Central Europe. As illustrated
in Table [ and [6], the aggregation scheme follows a rule-based logic that emphasizes
spatial coherence and dynamical consistency. For example, if multiple subgrids simul-
taneously exhibit cyclonic types (C or hybrid forms with positive vorticity), and the
Central European grid confirms a cyclonic curvature with enhanced southerly flow, the
day is classified as a cyclonic GWL (e.g., Tief Mitteleuropa). Conversely, widespread
anticyclonic signatures across the Azores, Western Europe, and Central Europe, com-
bined with suppressed vorticity, support the assignment of an anticyclonic GWL (e.g.,
Hoch Mitteleuropa or Briicke Mitteleuropa). By synthesizing the Lamb classifications
across all subgrids, the DSRM framework reconstructs GWLs in a reproducible and
physically grounded manner. This approach preserves the diagnostic strengths of the
Lamb scheme while enabling direct comparison with traditional synoptic climatolo-
gies and proxy-based reconstructions. Unlike traditional GWL classification, which
relies on manual interpretation of synoptic charts, the DSRM enables reproducible and
automated regime identification directly from climate model output [12], 63]. This ob-
jectivity is particularly valuable when comparing simulated and observed circulation
patterns across different climate states, such as modern and glacial conditions. The
model demonstrates the capability to differentiate between cyclonic, anticyclonic, and
transitional regimes, and offers a promising basis for exploring links between atmo-

spheric circulation and isotopic variability in precipitation.

5.2.3 Validation Data

To evaluate the performance of the EMAC model and the DSRM classification, obser-
vational data from 12 GNIP (Global Network of Isotopes in Precipitation) stations dis-

tributed across Germany were used [GI]. These stations provide high-resolution records
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Figure 2: Diagnostic flowchart for Lamb-type weather classification used in the DSRM. The schematic illustrates the spatial
arrangement of 16 sea-level pressure (SLP) reference points and the calculation of key flow parameters: westerly (W) and
southerly (S) components, resultant flow magnitude (F), flow direction (6), and shear vorticity (¢). These diagnostics are used
to assign daily circulation types within the extended Lamb scheme, including directional, cyclonic (C), anticyclonic (A), hybrid,

and unclassified (U) regimes.
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Table 5: Schematic representation (Part A) of the individual circulation modes across
the reference grids used to determine the Furopean atmospheric circulation regime,
based on the GWL catalog by Gerstengarbe (2010) [45]. The table lists the dominant
circulation type for each mode and region. Abbreviations denote: C — cyclonic (low-
pressure influence), AC — anticyclonic (high-pressure influence), H — hybrid (mixed or
transitional state). Region abbreviations: WE — Western Europe, IC — Iceland, AO —
Acores, EE — Eastern Europe, SC — Scandinavia, CE — Central Europe.

Index WE I1C AO EE SC CE
Zonal

WA H / AC C AC H/C H/C H / AC
W7 H/C H/C AC H / AC H/C H/C
WS H / AC H / AC H / AC H/C AC H/C
WW H/C C AC AC H/C H/C
Mixed

SWA H/C H/C H H/C C H / AC
SWZ H/C H/C H/C H / AC C H/C
NWA H / AC H/C H H/C C H / AC
NWZ H C AC H/C H/C H/C
HM H H/C H / AC H/C H/C AC
BM AC H/C H/ AC H/C H / AC AC
TM H/C H / AC H / AC H / AC H C

of essential climatic variables, including daily and monthly mean air temperature (7),
daily precipitation totals (P), and oxygen isotope ratios in precipitation (6'*0). In ad-
dition, monthly precipitation-weighted 6'¥0O values were calculated to account for the

influence of precipitation amount on isotopic composition [112], as shown in Equation

?:1 61801‘ P

518Owei ed — Z
ghted 2?21 R

(2)

where 6'80; is the daily isotope ratio and P; the corresponding daily precipitation.

Figure [3| shows the geographic distribution of the GNIP stations used in this study.
The network spans a broad latitudinal and longitudinal range within Germany, encom-
passing inland and alpine regions and capturing a range of subclimatic conditions that
support meaningful validation of model output. The location of Mainz is shown for
reference only and does not represent a GNIP station with available isotope data. In

addition to local parameters, synoptic-scale indicators were incorporated to contextu-
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Table 6: Schematic representation (Part B) of the individual circulation modes across
the reference grids used to determine the European atmospheric circulation regime,
based on the GWL catalog by Gerstengarbe (2010) [45]. The table lists the dominant
circulation type for each mode and region. Abbreviations denote: C — cyclonic (low-
pressure influence), AC — anticyclonic (high-pressure influence), H — hybrid (mixed or
transitional state). Region abbreviations: WE — Western Europe, IC — Iceland, AO —
Acores, EE — Eastern Europe, SC — Scandinavia, CE — Central Europe.

Index WE 1C AO EE SC CE
Meridional

NA AC H/C AC H/C H / AC H/C
NZ AC AC H / AC H/C H/C H
HNA H/AC AC AC C H/C H / AC
HNZ H/C AC AC H/C H/C H

HB AC H/C H/C H/C H/C H
TRM H/C C AC H / AC H/C C

NEA AC H/C AC H/AC AC H / AC
NEZ AC H/C AC H/AC AC H/C
HFA H/C H/C H/C H/AC AC H / AC
HFZ H H/C H / AC H/AC AC H
HNFA H / AC H/C AC AC AC H/C
HNFZ H / AC H / AC H / AC H/AC AC H/C
SEA H / AC C H / AC H H / AC AC
SEZ H/C C H/C H/AC AC H/C
SA H/C C H/C H/C AC H

S7Z C H/C AC H / AC H/C H/C
TB C H / AC AC H/C H / AC H/C
TRW C H / AC H / AC H / AC C /
Miscellaneous

U / / / / / /

STR H H H H H H
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alize isotopic variability. These include monthly frequencies of GWL circulation types
derived from the DSRM classification [52] 53], as well as the North Atlantic Oscillation
(NAO) index [58, [60], which captures large-scale pressure anomalies influencing Eu-
ropean climate. To ensure comparability across stations with differing climatological
baselines, station-specific anomalies were computed. The anomalies were standardized
by removing the spatial mean across all GNIP stations and dividing by the standard
deviation calculated from these spatial means. The resulting anomaly dataset serves as
the basis for principal component analysis (PCA) and GWL-dependent trend analyses

to identify dominant circulation—isotope relationships.

5.3 Results
5.3.1 GWL Frequency Distributions

Figure {| presents the simulated frequency distributions of Groffwetterlagen (GWL)
derived from the DSRM classification and from observational data provided by the
Deutscher Wetterdienst (DWD) [28,[45]. The DWD is Germany’s national meteorolog-
ical service, responsible for the acquisition and dissemination of standardized weather
and climate observations [27]. Each segment in the charts represents a specific GWL
type and its relative frequency. Color codes are defined as follows: blue and dark
blue indicate zonal regimes (e.g., W, WA, WZ), green denotes mixed regimes, orange
represents meridional regimes (e.g., N, S, E), and grey corresponds to transitional or
undefined regimes, including days with ambiguous or shifting synoptic conditions. The
DSRM classification additionally introduces the Straight Flow (STR) regime to account
for days with minimal pressure gradients over Central Europe and the North Atlantic.

These cases are not explicitly represented in traditional HB-GWL schemes.

In the simulation, zonal and straight-flow regimes account for 14.0 % and 5.6 % respec-
tively. Mixed regimes comprise 26.9 %, with HM (10.9 %) and NW (8.3 %) representing
the largest shares, followed by TM (5.1 %) and SW (2.6 %). Meridional regimes to-
tal 39.1 %, with E (16.3 %) and S (14.7 %) contributing most, and N (8.1 %) less
frequently. Unclassified regimes constitute 14.4 % of the total. The DWD reference
data show the following distribution: zonal regimes account for 26.9 %, mixed regimes
for 32.6 %, and meridional regimes for 39.6 %. Within the mixed category, HM (16.6
%) and NW (8.5 %) are most frequent, while TM (2.5 %) and SW (5.0 %) are less
represented. Meridional regimes are distributed among E (15.5 %), N (15.8 %), and S
(8.3 %). The proportion of unclassified regimes is 0.9 %.
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The simulation reproduces the general structure of the synoptic frequency distribution.
Differences are primarily observed in the frequency of zonal and unclassified regimes, as
well as in the detailed composition of mixed and meridional categories. The DSRM clas-
sification applies an objective diagnostic scheme, which results in a higher proportion of
unclassified cases. In contrast, the DWD classification is based on manual assignment,

typically allocating ambiguous patterns to established regime types.

5.3.2 Evaluation of Simulation Accuracy

Figure [5] presents four scatter plots comparing simulated values with experimentally
measured data. Each panel includes a 1:1 reference line to indicate ideal agreement
between simulation and observation. All statistical comparisons between simulated
and observed values were evaluated using a one-sample t-test, testing whether the
mean difference significantly deviates from zero. Across all panels, the error bars reflect
a range of uncertainties in the measurements.

Panel (a) shows the oxygen isotope signal (6'®O in precipitation, expressed in %¢ VS-
MOW), with data points clustering near the reference line but generally exhibiting a
positive offset. The associated error bars reflect varying levels of measurement un-
certainty. On average, the simulated values are higher than the observations, with
a mean difference of —0.8676 %o (t = —2.5317, p = 0.0279). Panel (b) shows the
modified precipitation-weighted isotopic oxygen signal (6*¥Oy,p, in %0 VSMOW), where
most data points align closely with the 1:1 line, although some deviations are present.
The mean difference is 0.3953 %o, indicating slightly lower simulated values, but the
deviation is not statistically significant (t = 0.8627, p = 0.4067). Panel (c) presents
temperature data (in °C), with a broader distribution of points around the reference
line and most measurements falling above it. The simulated temperatures are signifi-
cantly lower than the observed ones, with a mean difference of 2.037 °C (t = 3.0893,
p = 0.0103). Notably, three observed values are substantially underestimated by the
simulation, with discrepancies reaching up to 6 °C. Panel (d) illustrates monthly pre-
cipitation values (in mm per month), with approximately half of the data points lying
near the 1:1 line, while several others exhibit more pronounced positive deviations. The
simulation substantially overestimate precipitation, with a mean difference of -21.1344
mm per month (t = —3.6665, p = 0.0037).

Overall, the results highlight strengths and limitations of the EMAC model: while
isotopic signals, especially when precipitation-weighted, are reasonably well captured,
temperature and precipitation simulations show greater variability and reduced statis-

tical agreement.
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5.3.3 Climate Parameter Anomalies by Circulation Type

Figure [6] presents four boxplots showing station-specific anomalies for precipitation-
weighted 6180, unweighted §'%O in precipitation, temperature, and precipitation. These
anomalies are expressed as deviations in units of standard deviation (o) relative to the
station-wide mean and grouped by circulation type. The color scheme follows the
convention established earlier: blue and dark blue indicate zonal regimes (e.g., W, WA,
WZ), green denotes mixed regimes (e.g., SW, NW, HM, TM), red represents meridional
regimes (e.g., N, E; S), and grey corresponds to transitional or undefined regimes.
Circulation types W, SW, NW, HM, and TM display elevated median o values and
wider interquartile ranges across all parameters. Circulation types N, E, S, U, and
STR show lower median values and narrower interquartile ranges. Whisker lengths are
comparable across all circulation types. Panel (a) shows precipitation-weighted %0,
anomalies. Positive anomaly values are observed in the following order: STR, W, SW,
NW, and HM. TM shows the most negative anomaly. N, E, S, and U are centered
near zero, with N, E, and S exhibiting narrow boxplot widths. Panel (b) displays
raw 080 anomalies. STR, W, SW, NW, HM, TM, and N show negative shifts. S
shows a positive shift. U and E remain near baseline. Panel (c) presents precipitation
anomalies by circulation type. Positive anomalies are observed in SW, S, and TM.
Negative anomalies are recorded in HM, E, N, and W. STR, NW, and U are near the
climatological baseline. Panel (d) shows temperature anomalies by circulation type.
Positive anomalies are observed in SW, NW, and S. Negative anomalies are recorded
in TM, E, and N. W, HM, STR, and U remain near zero.

Overall, these results highlight the influence of synoptic circulation on local climate
parameter anomalies. Standardizing the anomalies using o units enables meaningful

comparisons across parameters with different natural scales and variabilities.

5.3.4 Principal Component Analysis (PCA)

Principal component analyses (PCAs) were conducted separately for summer and winter
on standardized monthly anomalies of temperature (7'), §'80 in precipitation, precipi-
tation (P), the NAO index, and circulation types (GT). Components with eigenvalues
> 1 were retained, yielding four principal components (PC1-PC4) in each season. In
the summer season, PC1 was heavily loaded on T, §'*0, and P. PC2 showed strong
loadings on the NAQO index and GT, with a moderate loading on P. PC3 was domi-
nated by GT and NAO, while PC4 was primarily influenced by P and NAO. Together,

these four components explained 90.5 % of the total variance, with individual contri-
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butions of 40.5 %, 21.3 %, 16.3 %, and 12.4 %, respectively. The corresponding loading
structures are illustrated in Figure [7] and Figure [§] In the winter season, PC1 was
strongly associated with 7', P, and §'80, and moderately with GT. PC2 was domi-
nated by GT, with additional moderate loadings on NAO and 6'¥0. PC3 was heavily
loaded on GT and NAO, and PC4 showed strong associations with P, including mod-
erate associations with 80 and GT. The cumulative variance explained by these four
components was 90.3 %, with individual contributions of 41.1 %, 22.6 %, 15.3 %, and
11.3 %, respectively. These patterns are visualized in Figure [9] and Figure The
cumulative explained variance of the first four principal components exceeded 90 % in
both seasons. To assess the dataset’s suitability for factor analysis, Bartlett’s test of
sphericity and the Kaiser-Meyer-Olkin (KMO) measure were applied across all GTs.
The average Bartlett’s x? value of 139.04 indicated sufficient intercorrelations, while the
mean KMO value of 0.602, which is slightly above the recommended threshold, sug-
gested moderate limitations in sampling adequacy. All p-values were highly significant

(p =5.06 x 10719), confirming the statistical robustness of the results.

5.4 Discussion

The comparison between simulated and observed Grofwetterlagen (GWL) frequencies
demonstrates that the EMAC model captures the overall structure of large-scale cir-
culation patterns over Central Europe. However, systematic biases are evident. Zonal
regimes are underrepresented, likely due to the model’s difficulty in classifying weak
pressure gradients over Europe, which often leads to misclassification as Unclassified
(U) or Straight (STR) [53]. Mixed regimes including SW, NW, HM, and TM are also
underrepresented, suggesting limitations in distinguishing transitional synoptic states.
In contrast, meridional regimes (N, E, S) are well represented, reflecting the model’s
ability to reproduce strong north—south advection patterns. The introduction of the
Straight Flow (STR) regime helps account for days with minimal pressure gradients,
which are not adequately captured by traditional HB-GWL schemes [63]. These find-
ings underscore the importance of classification methodology and demonstrate that
objective schemes like the DSRM offer improved reproducibility and diagnostic clarity
[12).

The accuracy of the EMAC model was further evaluated by comparing simulated values
of 6180 in precipitation, precipitation-weighted 680, temperature, and precipitation
against observational data from 12 GNIP stations [61]. The scatter plots reveal sys-
tematic deviations across all parameters. Simulated §'80 in precipitation consistently

overestimates observed values by approximately 1 %o to 3 %o, highlighting limitations
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Figure 10: PCA biplot of winter anomalies showing the distribution of PC3 and PC4, highlighting secondary patterns shaped
by GT, NAO, and precipitation.
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in the model’s representation of isotope fractionation processes [31]. Precipitation-
weighted 6180 improves agreement with observations, suggesting that accounting for the
amount of precipitation enhances the isotopic signal [112]. Simulated temperatures are
systematically underestimated across most stations, likely due to missing topographic
detail and simplified representations of greenhouse gas concentrations and radiative
forcing in the simulation setup. Precipitation simulations exhibit high variability, with
a tendency to overestimate extreme events, reflecting challenges in modeling convective
processes and moisture transport [36]. While the simulation reproduces broad climatic
patterns, these biases highlight areas for refinement in future simulations. Station-
specific anomalies grouped by circulation type reveal distinct patterns in climate vari-
ability. Cyclonic and mixed regimes (W, SW, NW, HM, TM) are associated with higher
median anomalies and broader interquartile ranges, indicating stronger deviations from
the station-wide mean and greater variability. In contrast, meridional and undefined
regimes (N, E, S, STR, U) exhibit lower median anomalies and narrower distributions,
suggesting more stable conditions. Despite differences in general tendency, the over-
all spread remains consistent across circulation types, implying that deviations occur
under all regimes. Notably, HM shows the highest positive anomalies in precipitation-
weighted 680 and unweighted 6'®0 in precipitation, while TM exhibits the strongest
negative anomalies. Temperature and precipitation anomalies also vary significantly by
circulation type, underscoring the role of synoptic patterns in modulating local climate
conditions |58, [60].

Principal Component Analysis (PCA) was performed separately for summer and win-
ter seasons using standardized monthly anomalies of temperature, precipitation, %0
in precipitation, NAO index, and circulation type frequency (GT). Components with
eigenvalues > 1 were retained, yielding four principal components (PC1-PC4) per sea-
son. Notably, the first four components explained a high cumulative variance: approx-
imately 90 % in both summer and winter season. PC1 alone accounted for nearly 45
% of the variance, highlighting its dominant role in climate variability. In summer,
PC1 showed strong loadings on temperature (7'), 60, and precipitation (P), reflect-
ing their interconnected seasonal influence. PC2 was primarily driven by NAO and GT,
with a moderate contribution from P, indicating links between atmospheric circulation
and precipitation patterns. PC3 was associated mainly with GT and NAO, while PC4
was dominated by P and NAO. During winter, PC1 was strongly loaded on T and
0180, with a moderate influence from GT, emphasizing the persistent importance of
temperature and isotopic composition. PC2 showed strong loadings on P, alongside

moderate associations with GT and §'80, capturing seasonal moisture variability. PC3
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was influenced predominantly by GT and NAO, whereas PC4 exhibited strong load-
ings on P, NAO, and GT, underscoring the combined effects of atmospheric circulation
and precipitation variability in winter climate dynamics. Bartlett’s test of sphericity
(x* = 139.04) and the Kaiser-Meyer-Olkin measure (KMO = 0.602) indicated suffi-
cient intercorrelations and moderate sampling adequacy. Highly significant p-values
(P = 5.06 x 10716) confirmed the robustness of the factorability.

In summary, the study highlights the strengths and limitations of the EMAC model
in reproducing observed climate variability and isotopic signals. The integration of
synoptic-scale classifications with local diagnostics provides a nuanced understanding
of how circulation regimes influence temperature, precipitation, and ¢80 dynamics in

precipitation across seasons.

5.5 Conclusion

This study demonstrates that combining long-term simulations from the ECHAMS5/
MESSy Atmospheric Chemistry (EMAC) model [68], 117] with an objective synoptic
classification via the Diagnostic Synoptic Regime Model (DSRM) approach [12] 63]
provides a robust framework for investigating the links between large-scale atmospheric
circulation and local climate parameters, particularly the variability of 580 in precip-
itation over Central Europe. The EMAC model qualitatively reproduces the general
distributions of temperature and precipitation, although systematic biases are evident
under specific synoptic conditions [36]. Cyclonic regimes are associated with enhanced
moisture advection and lower 680 values, while anticyclonic regimes tend to produce
enriched isotopic signals [58, 60]. The precipitation-weighted 60 metric (6'*0y,)
improves the agreement between simulated and observed values, effectively compensat-
ing for the model’s tendency to overestimate unweighted §'80 in precipitation [112).
Principal Component Analysis (PCA) reveals that nearly 50 % of the total variance
is explained by the combined behavior of temperature, precipitation, and 6**O in pre-
cipitation, highlighting the strong physical coupling among these variables. The cir-
culation type frequency (GT) does not act as a primary driver but contributes sig-
nificantly to secondary components, indicating that synoptic-scale dynamics modulate
local isotopic signals indirectly through their influence on temperature and moisture
availability. A similar pattern is observed in winter, with temperature and §'80 in
precipitation remaining dominant, and G'T contributing meaningfully to later compo-
nents. The study also emphasizes the value of the DSRM classification, which enables
reproducible and automated identification of circulation regimes, facilitating large-scale

analysis of weather patterns and their climatic impacts [53].
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The integration of synoptic-scale classifications with local climate diagnostics signifi-
cantly advances the understanding of the processes governing variability in temperature,
precipitation, and 'O in precipitation. The results demonstrate that atmospheric
circulation patterns influence isotopic signals regionally, while the model framework is
capable of realistically reproducing spatial and seasonal variations. Notably, accounting
for precipitation-weighted 6'®0 enhances the agreement between simulations and ob-
servations. These findings provide a robust basis for capturing the complex interactions
between large-scale circulation regimes and local climate conditions, which is essential
for applications in paleoclimate reconstructions. To further improve the fidelity and
predictive capability of isotope-enabled climate simulations, future efforts should prior-
itize higher spatial resolution, more comprehensive seasonal analyses, and the inclusion
of ocean—atmosphere feedback mechanisms. Additionally, the current simulation setup
relies on prescribed sea surface temperature (SST) and sea ice concentration (SIC) [43],
future work should incorporate a coupled ocean model such as MPI-OM [120] to better
represent ocean—atmosphere interactions and improve the simulation of hydrological

processes.
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6 Infiltration Submodel Integration within DSRM

Synoptic regime shifts and 6O wariability during the Last Glacial Maz-
imum: Insights from isotope-enabled climate simulations and speleothem

proxy comparisons (manuscript in preparation)

Specific Contribution Summary

The foundational concept of the study was developed by Holger Tost and
Denis Scholz. All simulation data were processed by Tim Liesenhoff and
Holger Tost. Tim Liesenhoff carried out the regime classification across all
datasets and developed the source code for the DSRM and the infiltration
model. The interpretation of results was a joint effort by Tim Liesenhoff,
Holger Tost, and Denis Scholz, with Tim Liesenhoff assuming a leading role.

He also coordinated and led the writing of the manuscript.

6.1 Background and Objectives

Large-scale atmospheric circulation patterns exert a central influence on regional climate
and isotopic variability across Europe [72 91, [92]. During the Last Glacial Maximum
(LGM) reorganized boundary conditions such as expanded ice sheets reduced green-
house gas concentrations and altered sea surface temperatures resulted in significantly
different climate conditions across Europe. This shift is traditionally associated with
more persistent high-pressure systems and a more stable atmospheric configuration over
the European continent [52 63]. As a key paleoclimate proxy, stable oxygen isotope
ratios (6'%0) preserved in speleothems integrates signals from moisture source trajecto-
ries, rainout histories, and synoptic-scale dynamics [8, 20]. However, interpreting these
signals remains complex due to the interplay of local meteorological conditions and
large-scale atmospheric circulation [65, 112]. To address these challenges, this study
applies the Hess-Brezowsky Groffwetterlagen (GWL) classification [52] to objectively
characterize synoptic regimes using output from the isotope-enabled EMAC model. The
HB-GWL framework, which defines 29 circulation types and has undergone multiple
revisions [45], [53|, provides a robust basis for analyzing the daily dynamics of Euro-

pean weather regimes. The Diagnostic Synoptic Regime Model (DSRM) framework,
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developed by the authors of this study, is employed to assign daily weather types based
on regional sea-level pressure fields, enabling reproducible identification of circulation
types under glacial boundary conditions. In addition, this study employs a multi-tiered
isotope modeling approach to derive monthly §**O values in precipitation from climate
model output. Three distinct weighting schemes are applied to account for different
hydrological and geochemical processes: (i) precipitation-weighted %0 values empha-
size the contribution of effective rainfall to the isotopic signal, (ii) infiltration-weighted
values incorporate hydrological filtering mechanisms such as evapotranspiration and
karstic recharge dynamics, and (iii) calcite-weighted 'O values simulate speleothem
formation by applying temperature-dependent isotopic fractionation to the infiltrated
water during mineral precipitation. Together, these methods offer a refined framework
for linking climate model output with speleothem-based proxy records. By combining
synoptic diagnostics with isotope-enabled modeling and proxy integration, this study
aims to improve the interpretability of paleoclimate signals and contribute to a deeper

understanding of glacial climate dynamics.

The specific objectives of this study are:

1. To characterize spatial patterns and statistical relationships between simulated
6180 values in precipitation and key climate parameters (temperature (71'), pre-

cipitation (P), sea-level pressure (SLP), and evaporation(E)) during the LGM.

2. To reconstruct LGM circulation regimes through an objective, pattern-based clas-

sification of model output using the HB-GWL framework.

3. To apply an infiltration-weighted isotope modeling approach that enables direct
comparison between simulated §**O in precipitation and European speleothem

records.

By combining synoptic diagnostics with isotope-enabled modeling and proxy valida-
tion, this study refines our understanding of glacial climate dynamics and improves the
interpretation of speleothem-based §'%0 records. The findings underscore the value of
circulation-based frameworks in paleoclimate reconstruction and offer new insights into

the mechanisms driving isotopic variability under glacial boundary conditions.



6 INFILTRATION SUBMODEL INTEGRATION WITHIN DSRM 52

6.2 Methods and Data
6.2.1 Simulation Configuration

To investigate the influence of synoptic-scale circulation on §**O variability in precipita-
tion during the Last Glacial Maximum (LGM), this study utilizes a 30-year simulation
dataset generated with the isotope-enabled ECHAMS5/MESSy Atmospheric Chemistry
(EMAC) model [68, 117]. The H20ISO submodel is employed to simulate the transport
and fractionation of stable water isotopologues (H*O, H°O) across all phases of the
hydrological cycle [3I]. This includes explicit resolution of fractionation processes dur-
ing evaporation, condensation, and atmospheric transport, enabling direct comparison
between simulated 6'80 in precipitation and speleothem-derived proxy records. The
simulation setup is informed by glacial boundary conditions consistent with PMIP3
recommendations [I], while allowing for scenario-specific adjustments. It ensures equi-
librium in both isotopic and hydrological components. Observational data from 14
European and Mediterranean cave sites are used for validation, extracted from the
SISAL database v2.0 [20]. All simulations are performed at high spatial resolution
(T106), allowing for detailed regional analysis of isotopic variability across Europe. A
comprehensive overview of the applied forcing parameters is provided in Table [7]

Daily synoptic regimes during the Last Glacial Maximum (LGM) are identified using the
same Diagnostic Synoptic Regime Model (DSRM) framework described in Section[5.2.2]
In short, sea-level pressure (SLP) fields are extracted from six regional subgrids covering
Western Europe, Iceland, Azores, Eastern Europe, Scandinavia, and Central Europe
(see Figure (1] for subgrid layout). Geostrophic flow diagnostics are then computed,
including zonal and meridional components (W, S), resultant flow magnitude (F), flow
direction (), and shear vorticity (¢), following the classification logic illustrated in
Figure 2l Based on threshold criteria shown in Table [5] and Table [6], each simulation
day is assigned to one of 27 circulation types: zonal, mixed, meridional, straight, or
unclassified. Monthly Groffwetterlagen (GWL) frequencies are derived from these daily

labels, enabling direct comparison with climate simulations and observational datasets.

6.2.2 Infiltration Model and §'*0 Weighting

To complement the synoptic classification and isotope diagnostics, this study imple-
ments a physically based infiltration model designed to estimate effective karst aquifer
recharge from daily climate model output. The model integrates surface temperature,
relative humidity, and precipitation to compute potential evapotranspiration (PET)

using the Haude method [5I], which relies on saturation vapor pressure derived via
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Table 7: Atmospheric forcing parameters applied in the simulation dataset. The forcing
parameters for the LGM scenario are determined by the authors of this paper.

Simulation Parameter

Description

Base Parameters

Simulation Interval
Horizontal Resolution
Vertical Resolution

Orbital Forcing
Orbital Parameters
Atmospheric Forcing

COq
CH,
NO,
CFCs

Oceanic Forcing

SST
SIC

0-40 / 10-40 (excluding spin-up)
T106 (1.12° at the equator)
L31IECMWF (31 vertical levels up to 0.01 hPa)

Keplerian orbital configuration

149 ppm
162 ppb
196 ppb
0ppt (CFC1) / 0ppt (CFC2)

Prescribed LGM sea surface temperatures (T106)
Prescribed LGM sea ice concentrations (T106)

the Magnus formula [I5]. Infiltration is then calculated as the residual between pre-
cipitation and PET, constrained to non-negative values to reflect realistic hydrological
conditions and prevent artificial recharge during dry periods. The resulting infiltra-
tion time series forms the basis for calculating monthly §'80 values using four distinct

weighting schemes, as illustrated in Equations [3] to

Unweighted 6'%0,,.,, in precipitation:

1 n
0" Omean = — D, 0"°0; (3)
=1

where n is the number of days in the month and §*20; is the daily isotope value.

Precipitation-weighted §'°0,,:

> i1 07%0; - By
Z?:l b,

where P; is the daily precipitation amount. This weighting emphasizes the con-

60y =

(4)

tribution of wetter days to the isotopic signal.
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Infiltration-weighted §'%0,,;:

8804 = 2im1 0°0; - I
Zz‘:l I;

where [; is the daily infiltration rate, accounting for hydrological filtering processes

(5)

such as evapotranspiration and recharge seasonality.

Calcite-weighted §'80,,.:

Simulated speleothem calcite values derived from the infiltration-weighted 610
signal using a memory-based mixing model and temperature-dependent fraction-

ation [I112]. The reservoir mixing follows:
18 : 1
Rt = Rtfl + - ((5 Oinﬁow,t — Rtfl) with o= — (6)
T

where R; is the monthly reservoir value and 7 is the mixing time in months. The

calcite isotope value is then calculated as:

R; + 1000 2780 2.89
5% 0ges = [ —— ) - — == ) —1000 7
t ( 1.03086 ) P (T; 1000) (7)

with Tye,, as the annual mean site temperature in Kelvin.

All calculations are conducted at the grid-cell level for each speleothem site using bi-
linear interpolation of the simulation output. This ensures spatial consistency between
simulated climate variables and proxy locations. The resulting time series (compris-
ing unweighted 6'®0 in precipitation, precipitation-weighted §'*0, infiltration-weighted
5180, and calcite-weighted 6'®0) are subsequently compared to speleothem records
from the SISAL database [20] to evaluate simulation—proxy agreement and to explore

the climatic controls on isotopic variability.

6.2.3 Speleothem Cave Sites

To validate the simulated 680 signals under glacial conditions, this study utilizes
speleothem records from 14 well-dated cave sites across Europe and the Mediterranean
region, as compiled in the SISAL database [20]. These sites span a broad range of
climatic zones and karst environments, offering a diverse and spatially representative

proxy network for simulation—data comparison.
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The selected speleothems provide high-resolution records of stable oxygen isotope ratios
(6'80), which are used to benchmark the simulated infiltration-weighted and calcite-
weighted isotope signals. Each cave site is treated as a grid-cell reference point within
the EMAC model simulation domain, enabling direct comparison between simulated
and observed values. Analytical precision of the speleothem records is approximately
+0.15 %o, and values are converted from VPDB to VSMOW for consistency with model
output [6, 21]. The geographic distribution of the cave sites used in this study is shown
in Figure [I1] This distribution allows for assessment of regional coherence, site-specific
anomalies, and the influence of synoptic regimes on isotopic variability.

Sites such as Villars Cave, Katerloch Cave, Sofular Cave, and Soreq Cave are particu-
larly well-documented and serve as key anchors for evaluating model fidelity |7, [8, 121].
The combination of high-resolution proxy data and isotope-enabled climate simulations
provides a robust framework for interpreting speleothem §'80 signals in the context of

glacial climate dynamics.

6.3 Results
6.3.1 Synoptic Regime Shifts

A comparative analysis of Grofwetterlagen (GWL) frequencies between the Last Glacial
Maximum (LGM) and the Modern Day (MD) reveals substantial shifts in synoptic-scale
circulation patterns (Figure [I2)). Under LGM conditions, westerly types WA (-20 %),
WS (-15 %), SWZ (-10 %), and NWZ (-15 %) occur less frequently, whereas WZ (+5
%), WW (+20 %), SWA (+30 %), and NWA (420 %) become more frequent. Northerly
and northeasterly types NZ (-70 %), NEA (-35 %), and NEZ (-40 %) show decreased
frequency, while NA remains unchanged (0 %) and NWA increases (+20 %). Southern
and southeastern types exhibit mixed trends: SEA (-15 %) decreases, SEZ and SZ
remain stable (0 %), and SA (+15 %) increases. Stationary high-pressure systems HM
and BM both increase in frequency (+10 %), with TM unchanged (0 %). Hybrid and
transitional regimes HNA (-100 %), HNZ (-35 %), HNFA (-55 %), HFZ (-30 %), and
HFA (-25 %) occur more frequently under MD conditions, as do TRM (-5 %) and
TB (-5 %), while TRW (+7.5 %) and HB (+15 %) increase in frequency in the LGM
scenario. Finally, the occurrence of unclassified flow types (U) decreases under LGM
conditions (-15 %), whereas STR becomes more frequent (10 %). These observed shifts
are statistically significant, as confirmed by a Pearson chi-squared test (x* = 80.30,
p < 0.0001), underscoring a robust reorganization of synoptic-scale dynamics under

glacial boundary conditions.
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Figure 11: Geographic distribution of speleothem cave sites from the SISAL database across Europe and the Mediterranean
region, serving as reference points for comparing simulated 680 values with the SISAL dataset.
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6.3.2 Spatial Climate Parameter Fields

Figure shows climatological mean fields averaged over 30 years from the isotope-
enabled EMAC model, highlighting four key climate parameters under Last Glacial

Maximum boundary conditions.

Simulated §'®0 in precipitation (Panel (a)) exhibits a clear north-south gradient:
strongly depleted values appear over high-latitude regions (Scandinavia, the Baltic,
British Isles), while enriched signatures occur in southern zones (Levant, North Africa,
southern Arabian Peninsula, Azores). A secondary depletion extends from Eastern
Europe into Siberia and Central Asia. A pronounced minimum in §*®O values in pre-
cipitation extends across the Bay of Biscay and the Iberian Peninsula, with the lowest
values situated northwest of Galicia. Simulation resolution limits topographic detail,
leading to only approximate reproduction of cave site isotopic values. Comparison with
SISAL speleothems shows close agreement in the Western Mediterranean (Chauvet
Cave), slight overestimates in the Eastern Mediterranean (Jeita Cave, Jerusalem West
Cave), and larger biases at mountainous sites (Sieben Hengste Cave, Poleva Cave,
Sofular Cave, Karaca Cave). Precipitation totals (Panel (b)) form wave-like spatial
patterns. Maximum rainfall concentrates over the Bay of Biscay and Iberian Penin-
sula (peak northwest of Galicia), with additional high-precipitation belts in Central
Europe, the British Isles, the Sahel, the Arabian Peninsula, and the Persian Plateau.
Conversely, western North Africa, the Azores, Western Europe, Central Asia, and the
Eastern European Plain receive relatively low precipitation. Annual mean tempera-
ture (Panel (c)) shows a steep latitudinal gradient, with coldest conditions in northern
Europe and progressively warmer values toward the south. Western Europe remains
marginally warmer than Central Europe under LGM forcing. The British Isles exhibit
notably lower temperatures compared to surrounding regions, and the coldest tempera-
tures align again over the Bay of Biscay and Iberia, with a local minimum near Galicia.
Surface pressure (Panel (d)) exhibits a meridional dipole pattern, with cyclonic circu-
lation dominating Central and Northern Europe, and anticyclonic highs prevailing over
the Mediterranean—Middle East region, extending westward to the Azores. Weak yet
discernible cyclonic influences are also evident over the Southern Sahara and the Red
Sea. North of the Alps, sea level pressure (SLP) steadily drops with latitude, reinforcing

a strong meridional gradient.
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6.3.3 0'80—Climate Parameter Correlations

Figure[14] presents the coefficient of determination (R) between simulated monthly mean
6180 in precipitation and four climatic drivers (temperature (Panel (a)), precipitation
(Panel (b)), sea-level pressure (Panel (c¢)), and evaporation (Panel (d))) across Europe
and adjacent regions during the Last Glacial Maximum.

The temperature-§'®0 relationship (Panel (a)) is generally weak and positive across
the domain, with correlation coefficients ranging from 0 < R < 0.3, except over the
Sahara and Arabian Peninsula where negative correlations (R < 0) occur. A local-
ized maximum is observed northwest of Galicia, spanning the Bay of Biscay and the
Iberian Peninsula. Statistically insignificant correlations appear north of the British
Isles and within narrow bands across North Africa and the Middle East. Panel (b) il-
lustrates weak to moderate correlations between 680 and precipitation, with R values
between 0.25 and 0.5 throughout continental Europe and the Northern Mediterranean.
The §'®O-sea-level pressure correlation (Panel (c)) is moderate (R = 0.3-0.5), forming
a broad band extending from the British Isles through Central Europe to the East-
ern European Plain, with a localized maximum over the Bay of Biscay and Iberia.
Evaporation-§'80 correlations (Panel (d)) exhibit a complex pattern: low correlations
(R < 0.2) dominate the North Sea, Baltic Sea, neighboring Baltic states, and the North
Atlantic off Western Europe. Regions of insignificant correlation appear in the Sahel,
while a pronounced local maximum recurs northwest of Galicia over the Bay of Biscay

and Iberian Peninsula.

6.3.4 Evaluation of §'®*0 Weighting Schemes

Figure [L5| presents regression results comparing long-term mean speleothem §'80 values
from the SISAL database with simulated climatological means under four weighting
schemes: (a) calcite-weighted §'%0, (b) infiltration-weighted §'®0, (¢) precipitation-
weighted §'80, and (d) unweighted §'®O in precipitation. Statistical comparisons were
conducted using one-sample t-tests to assess whether the mean differences significantly
deviate from zero. Error bars represent measurement uncertainties.

Panel (a) displays calcite-weighted §'80 values (in %0 VSMOW), with data points
closely clustering around the reference line. The mean difference is negligible (—0.0065 ),
and the result is statistically insignificant (t = —0.0086, p = 0.9933), demonstrating
a high level of concordance between simulated and observed values. Sofular Cave and
Sieben Hengste Cave are strongly overestimated, Karaca Cave and Poleva Cave are

slightly overestimated, and Chauvet Cave aligns closely with the ideal fit. Slight under-
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estimations occur at La Mine Cave, Dim Cave, Jeita Cave, Jerusalem West Cave, and
Ma’ale Efrayim Cave, while Soreq Cave, Villars Cave, Pindal Cave, and Buraca Glo-
riosa Cave show moderate underestimation. Panel (b) shows infiltration-weighted §'%0O
values, where most points lie near the 1:1 line, though a slight negative bias is evident.
The mean difference of —0.7185 % is not statistically significant (t = —1.2515, p =
0.2328). Sofular Cave and Sieben Hengste Cave remain strongly overestimated. Karaca
Cave, Poleva Cave, La Mine Cave, Dim Cave, Jeita Cave, Chauvet Cave, Jerusalem
West Cave, and Ma’ale Efrayim Cave fall close to the ideal fit. Buraca Gloriosa Cave
is slightly underestimated, and Pindal Cave, Soreq Cave, and Villars Cave are strongly
underestimated. Panel (c) presents precipitation-weighted 'O values, with a mean
difference of 0.1963 %o. The data points are broadly distributed around the reference
line, and the deviation is statistically insignificant (t = 0.3520, p = 0.7305). Sofular
Cave and Sieben Hengste Cave are strongly overestimated; Poleva Cave, La Mine Cave,
and Dim Cave are slightly overestimated; Karaca Cave, Jeita Cave, Chauvet Cave,
Jerusalem West Cave, and Ma’ale Efrayim Cave align closely; and Buraca Gloriosa
Cave is slightly underestimated. Pindal Cave, Soreq Cave, and Villars Cave exhibit
strong underestimation. Panel (d) illustrates unweighted §'80 values in precipitation,
where a more pronounced positive deviation is observed. The mean difference of 1.2791
%o approaches statistical significance (t = 2.1272, p = 0.0531), suggesting a tendency
for the simulation to overestimate observed values. Sofular Cave and Sieben Hengste
Cave remain strongly overestimated; Karaca Cave and Poleva Cave are moderately
overestimated; La Mine Cave, Dim Cave, and Jeita Cave show slight overestimation;
Chauvet Cave, Jerusalem West Cave, Ma’ale Efrayim Cave, and Buraca Gloriosa Cave
lie near the ideal fit; and Pindal Cave, Soreq Cave, and Villars Cave are slightly under-
estimated.

Overall, the results indicate that calcite-weighted and infiltration-weighted schemes
yield the closest agreement with observations, while unweighted values show the largest
deviation. Precipitation-weighted results fall in between, with moderate discrepancies

but no significant bias.

6.4 Discussion

The comparison of Grofwetterlagen (GWL) frequencies between the Last Glacial Max-
imum (LGM) and the Modern Day (MD) period reveals a profound reorganization of
mid-latitude circulation over Central Europe. During the LGM, anticyclonic or weakly
cyclonic westerly flows (WW, SWA, NWA) become more frequent, indicating persistent

zonal regimes associated with stable, dry conditions and a muted Atlantic storm track
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[75, [79]. In contrast, other cyclonic westerly types (WA, WS, SWZ, NWZ) dominate
under modern boundary conditions, reflecting intensified frontal systems. Northerly
and northeasterly regimes (NZ, NEA, NEZ) diminish under glacial conditions, pointing
to reduced or shifted Arctic and continental cold-air intrusions and a less amplified
planetary wave pattern [79]. The unchanged frequency of NA alongside the increased
occurrence of cyclonic NWA further underscores altered meridional exchange. Southern
and southeastern types show nuanced shifts: SEA declines, suggesting weakened warm-
air advection from the southeast, while SA increases slightly and SEZ/SZ remain stable,
indicating that some Mediterranean-influenced pathways persist despite overarching at-
mospheric reconfiguration [39]. Stationary highs over Central Europe (HM, BM) rise in
frequency, likely driven by enhanced radiative cooling and an expanded Siberian High,
contributing to prolonged dry, cold spells [90]. Hybrid and transitional types (HNA,
HNZ, HNFA, HFZ, HFA, TRM, TB) decrease, whereas TRW and HB gain prevalence,
all pointing to fewer regime transitions and a more locked-in synoptic state. Finally,
the greater share of unclassified flow patterns under interglacial conditions highlights a

more variable, less predictable circulation [17].

Simulated fields from the isotope-enabled EMAC model reveal coherent spatial anoma-
lies in isotopic composition, precipitation, temperature, and surface pressure under
LGM forcing. A pronounced north-south gradient in §'®O in precipitation arises from
temperature-driven fractionation, characterized by strongly depleted values at high lat-
itudes (Scandinavia, Baltic region, British Isles) and enriched values along the southern
margins (Levant, North Africa, southern Arabian Peninsula, Azores) [119]. Continental
rainout across the Eastern European Plain intensifies depletion toward Siberia and Cen-
tral Asia. A well-defined region of low 580 values in precipitation, centered northwest
of Galicia and extending over the Bay of Biscay and the Iberian Peninsula, consistently
emerges across all analyzed fields. This feature is most plausibly attributed to inherent
limitations in the model parametrization rather than representing a genuine paleocli-
matic signal [T17]. Precipitation totals exhibit alternating bands of high and low values,
with pronounced maxima over the Bay of Biscay, Iberian Peninsula, Central Europe,
British Isles, Sahel, Arabian Peninsula, and Persian Plateau. These patterns are in-
dicative of substantial shifts in precipitation coherent with a southward displacement of
the polar front [82 [00]. Nevertheless, the recurring high and low bands may also reflect
limitations inherent to the model parametrization rather than true climatic variability.
Anticyclonic ridges over western North Africa, the Azores, Western Europe, Central
Asia, and the Eastern European Plain reflect anticyclonic dominance and continental

aridity [93]. Temperature maps mirror the §'®0 gradient in precipitation, showing cold
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conditions over northern Europe and the Bay of Biscay/Iberia, with Western Europe
marginally warmer than Central Europe. This pattern is consistent with glacial inso-
lation dynamics, reduced Gulf Stream influence, and a poleward shifted frontal zone
[84, TTT]. Surface pressure exhibits a meridional dipole: cyclonic over Central /Northern
Europe and anticyclonic over the Mediterranean—Middle East (Azores), reinforcing a

southward-shifted polar front and a steep meridional gradient [70].

Figure [14] demonstrates that no single climatic driver fully explains the variability in
simulated monthly §'80 in precipitation across Europe and adjacent regions during the
Last Glacial Maximum. The temperature-6'*O correlation (Panel a) is consistently
weak and predominantly positive (0 < R < 0.3), with localized negative correlations
over the Sahara and Arabian Peninsula, indicating a limited thermal coupling in the
simulation [4]. Moderate correlations between precipitation and §'80 in precipitation
(Panel b), ranging from 0.25 < R < 0.5, are evident over continental Europe and
the northern Mediterranean, in line with the classical amount effect [104], and also
reflect continental isotopic depletion in Eastern Europe [99]. The relationship between
6180 in precipitation and sea-level pressure (Panel ¢) shows intermediate correlations
(R ~ 0.3-0.5) extending from the British Isles through Central Europe to the Eastern
European Plain, capturing the linkage between large-scale pressure patterns and mois-
ture transport and paralleling the cyclonic westerly flow associated with a southward-
displaced polar front [44]. Evaporation—§'80 correlations (Panel d) are generally low
(R < 0.2) over the North Sea, Baltic region, and North Atlantic, but exhibit a recurrent
local maximum northwest of Galicia over the Bay of Biscay. The consistent appearance
of this maximum across all panels suggests it likely reflects a model parametrization

artifact rather than a robust paleoclimatic signal.

The regression analysis of four 50 weighting schemes against SISAL speleothem
records reveals that the calcite-weighted approach most accurately reproduces observed
values. Calcite-weighted results cluster tightly around the 1:1 line, with a negligible
mean offset of —0.0065 %o (t = —0.0086, p = 0.9933), indicating near-perfect cor-
respondence between simulated and measured §'%0. Infiltration weighting induces a
modest negative bias (mean offset = —0.7185; ¢t = —1.2515, p = 0.2328), while most
sites cluster closely along the 1:1 line, highlighting the significant role of subsurface
flow processes in shaping speleothem isotope signatures. Precipitation weighting yields
a slight positive offset (0.1963 %o; t = 0.3520, p = 0.7305) with broadly scattered devi-
ations around the 1:1 line, while the unweighted scheme exhibits the largest systematic
overestimation (1.2791 %o; t = 2.1272, p = 0.0531). All weighting approaches con-

sistently overestimate §'®0 at Sofular Cave and Sieben Hengste Cave, while tending
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to underestimate values at Pindal Cave, Soreq Cave, and Villars Cave |7, [121]. The
close agreement achieved by calcite and infiltration weighting supports their applica-
tion for reconstructing paleo-hydrological conditions in karst environments, whereas
the pronounced bias of the unweighted method underscores the need for process-based

weighting schemes [94], 113].

6.5 Conclusion

This study demonstrates that the Last Glacial Maximum (LGM) featured a fundamen-
tally reorganized atmospheric circulation over Europe, marked by a pronounced decline
in transitional and hybrid synoptic regimes, a reorganization of meridional flow types,
and an increase in stationary anticyclonic systems over Central Europe, reflecting more
stable yet less dynamically active conditions under glacial boundary forcings such as ex-
panded ice sheets, altered sea-surface temperatures, and shifted jet-stream trajectories
[79]. The spatial distribution of simulated ¢80 in precipitation reveals coherent deple-
tion patterns across western and central Europe which are consistent with temperature
fractionation and continental rain-out effects, while a recurring anomaly over the Bay
of Biscay and the Iberian Peninsula, evident in multiple climate fields and correlation
maps, points to systematic model parameterization deficiencies. Correlation analyses
between §'80 in precipitation and climatic variables (temperature, precipitation, sea-
level pressure, evaporation) uncover robust coupling in central and northern Europe,
with the §'**O-SLP correlation band mirroring the cyclonic westerly drift during glacial
periods and indicating directional coherence between isotopic signals and synoptic cir-
culation, whereas southern regions exhibit more complex, heterogeneous relationships
influenced by seasonal recharge, evaporative processes, and subtropical circulation [96].
A comparative evaluation of four §'®0O weighting schemes against SISAL speleothem
records confirms the critical role of hydrological weighting in improving simulation—
proxy agreement. Calcite- and infiltration-weighted approaches show the closest agree-
ment with observed values. Calcite weighting yields a near-zero mean offset, while
infiltration weighting introduces a modest negative bias but effectively captures key
subsurface dynamics, as evidenced by the tight clustering of most sites along the 1:1
line. In contrast, the unweighted scheme exhibits the largest systematic overestimation.
The consistent performance of process-based schemes underscores their importance for
accurately reconstructing paleo-hydrological conditions in karst environments. Persis-
tent overestimations at Sofular Cave and Sieben Hengste Cave and underestimations
at Pindal Cave, Soreq Cave, and Villars Cave highlight the limitations of simplified

weighting strategies.
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The combined use of synoptic-scale circulation analysis, detailed spatial correlation
assessments, and rigorous evaluation of isotopic weighting schemes establishes a com-
prehensive approach for deciphering the complex controls on §'80 variability during the
Last Glacial Maximum. This integrative framework enables robust reconstruction of
speleothem proxy records by capturing the nuanced interactions between large-scale at-
mospheric patterns, local hydrological processes, and isotopic fractionation mechanisms.
Such an approach not only improves the fidelity of paleoenvironmental interpretations
but also guides future model developments aimed at refining isotope-enabled climate

simulations.
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7 Model Application to Speleothem Archives

Synoptic Controls on Speleothem 6O During the Last Glacial Mazimum

(manuscript in preparation)

Specific Contribution Summary

The foundational concept of the study was developed by Holger Tost and
Denis Scholz. All simulation data were processed by Tim Liesenhoff and
Holger Tost. Tim Liesenhoff carried out the regime classification across all
datasets and developed the source code for the DSRM and the infiltration
model. The interpretation of results was a joint effort by Tim Liesenhoff,
Holger Tost, and Denis Scholz, with Tim Liesenhoff assuming a leading role.

He also coordinated and led the writing of the manuscript.

7.1 Background and Objectives

Large-scale atmospheric circulation patterns are a fundamental driver of regional cli-
mate and isotopic variability across Europe [72, O1, ©2]. During the Last Glacial
Maximum (LGM), glacial boundary conditions, including expanded ice sheets, reduced
greenhouse gas concentrations, and modified sea surface temperatures, fostered more
persistent high-pressure systems and a stabilized atmospheric configuration over the
European continent |75, 90]. To understand past climate variability, it is essential to
examine synoptic-scale circulation dynamics and their imprint on hydroclimatic con-
ditions. The Grofwetterlagen (GWL) classification system, originally developed by
Hess and Brezowsky [52], remains a cornerstone in characterizing persistent synoptic
conditions over Central Europe. With 29 defined circulation types, grouped into cir-
culation types (GT) and flow regimes (GR), the system enables detailed analysis of
prevailing atmospheric directions and their climatic impacts [45], 53]. A key parameter
in paleoclimate research is 60, a stable oxygen isotope widely used to reconstruct
past environmental conditions [8, 20]. Speleothem-derived 6’0 values integrate signals
from temperature, moisture sources, and rainout histories, but their interpretation is
complicated by interactions with meteorological variables such as precipitation amount,

temperature variability, and circulation dynamics [65] 112].
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This study investigates the direct influence of atmospheric circulation types on speleo-
them §'80 signals during the Last Glacial Maximum (LGM) in the Mediterranean re-
gion. By analyzing the interplay between synoptic-scale weather patterns and isotopic
variations recorded in speleothems, it aims to unravel the climatic and hydrological
controls shaping these proxy records in this climatically complex area [2]. This regional
perspective provides valuable insights into the mechanisms driving isotopic variabil-
ity and helps improve the interpretation of paleoclimate archives from the Mediter-
ranean basin. Using records from the SISAL database, isotopic variability is analyzed
in relation to synoptic-scale regimes classified via a Diagnostic Synoptic Regime Model
(DSRM) framework. This framework applies objective classification to daily sea-level
pressure (SLP) fields from the isotope-enabled ECHAMS5/MESSy Atmospheric Chem-
istry (EMAC) model, allowing reproducible identification of circulation types under
glacial conditions and targeted comparison with proxy data. To link simulation out-
put with speleothem records, a multi-tiered isotope modeling approach is employed.
Monthly 6O means are derived using three weighting schemes: precipitation-weighted
values emphasize effective rainfall contributions, infiltration-weighted values incorpo-
rate hydrological filtering such as evapotranspiration and karstic recharge, and calcite-
weighted values simulate speleothem formation through temperature-dependent frac-

tionation of infiltrated water [112].

The specific objectives of this study are:

1. To quantitatively evaluate the robustness and climatological relevance of the

DSRM-based circulation types under glacial boundary conditions.

2. To determine direct linkages between objectively classified synoptic regimes and
speleothem-derived 610 signals, thereby identifying circulation-dependent iso-

topic imprints in Mediterranean proxy records.

3. To assess the reproducibility and generalizability of the combined DSRM and

infiltration modeling framework for paleoclimate applications.

By integrating synoptic diagnostics with proxy-based isotope modeling, this study aims
to disentangle the climatic drivers of speleothem §'%0 variability and enhance under-

standing of glacial climate dynamics across Europe and the Mediterranean.
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7.2 Methods and Data

This study employs a process-based framework that integrates climate model diagnos-
tics, isotope modeling, and circulation classification to assess how glacial boundary
conditions modulate speleothem-relevant isotopic variability. A 30-year simulation us-
ing the ECHAM5/MESSy Atmospheric Chemistry (EMAC) model, which includes the
H,OISO submodel for stable water isotopologues (Hi%0, H;°0), is forced with pre-
scribed Last Glacial Maximum (LGM) sea surface temperatures (SST), sea ice concen-
trations (SIC), and atmospheric trace gas levels [31, [68, 117]. The full suite of forcing
parameters is summarized in Table [7] as previously detailed in Chapter [6.2.1]
Observational validation relies on ten well-dated speleothem records from the SISAL
database [20], regionally grouped into Eastern and Western Mediterranean domains
(Fig. [L6)). Eastern Mediterranean sites (Jeita Cave, Dim Cave, Ma’ale Efrayim Cave,
Jerusalem West Cave, and Soreq Cave) and Western Mediterranean sites (Buraca Glo-
riosa, Pindal Cave, Villars Cave, Chauvet Cave, and La Mine Cave) provide high-
precision oxygen isotope ratios (6'®0) on the VPDB scale, subsequently converted to
VSMOW, with analytical precision of £0.15 %o and temporal coverage from 19-29 ka BP
[6, 20, 2T]. The analysis integrates three primary datasets: (i) daily and monthly out-
put from isotope-enabled EMAC simulations under Last Glacial Maximum boundary
conditions at T106 horizontal resolution (approximately 1.1°), (ii) speleothem proxy
6180 records from SISAL, and (iii) synoptic regime classifications derived from the
HB-GWL framework. Key meteorological and hydrological variables include air tem-
perature (7T'), precipitation amount (P), infiltration rate (I) from the process-based
infiltration model, and frequencies of classified Grofwetterlagen (GWL). Isotopic pa-
rameters evaluated comprise unweighted 680 in precipiation, precipitation-weighted
6180, infiltration-weighted §'%0, and calcite-weighted 6180 values.

Daily synoptic regimes during the Last Glacial Maximum (LGM) are identified using the
same Diagnostic Synoptic Regime Model (DSRM) framework described in Section[5.2.2]
In short, sea-level pressure (SLP) fields are extracted from six regional subgrids covering
Western Europe, Iceland, Azores, Eastern Europe, Scandinavia, and Central Europe
(see Figure (1] for subgrid layout). Geostrophic flow diagnostics are then computed,
including zonal and meridional components (W, ), resultant flow magnitude (F'), flow
direction (), and shear vorticity ({), following the classification logic illustrated in
Figure 2l Based on threshold criteria shown in Table [5] and Table [0 each simulation
day is assigned to one of 27 circulation types: zonal, mixed, meridional, straight, or
unclassified. Monthly Groffwetterlagen (GWL) frequencies are derived from these daily

labels, enabling direct comparison with climate simulations and observational datasets.
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For each identified GWL, composite fields of temperature, precipitation, and the oxy-
gen isotope signal (6'®0) are generated and evaluated using three weighting schemes
(precipitation-weighted §'%0, infiltration-weighted 610, and calcite-weighted §'0) to
reflect hydrological and geochemical processes relevant to speleothem formation [112].
A detailed description of the used infiltration model is provided in Section All
calculations are performed at each speleothem site’s grid cell using bilinear interpo-
lation of EMAC fields, ensuring spatial consistency with SISAL site locations. The
resulting monthly §'80 time series for each weighting scheme form the basis for eval-
uating synoptic-scale circulation controls on isotopic variability under LGM boundary
conditions, building on prior comparisons with SISAL records. Climate Parameters,
including precipitation amount, infiltration dynamics, and temperature, are also ana-
lyzed, and observational reference data from ten speleothem sites in the SISAL database

support the interpretation and regional differentiation of circulation impacts [20].

7.3 Results
7.3.1 GWL Frequency Distributions (LGM)

Each segment represents a specific synoptic regime, color-coded as follows: blue and
dark blue indicate zonal regimes (pure westerly flow), green denotes mixed regimes,
orange represents meridional regimes, and grey corresponds to transitional or unde-
fined regimes. As shown in Figure [I7] the hierarchical distribution of Grofwetterlagen
(GWL) frequencies during the Last Glacial Maximum (LGM) is dominated by merid-
ional regimes, which account for 37.8 % of all classified patterns. Mixed regimes follow
at 28.5 %, while pure zonal flows contribute 14.6 % and straight flow patterns only
6.4 %. Transitional or ambiguous types remain unclassified and comprise 12.6 % of
the distribution. The low overall frequency of the Straight Flow Regime (STR) re-
flects a comnsistently pronounced pressure gradient across Europe, indicative of a stable
and persistent anticyclonic configuration under glacial boundary conditions, character-
ized by atmospheric blocking and reduced zonal flow. Within the mixed GWL, HM
(High-pressure Central Europe) and NW (Northwest) types are most prevalent, to-
gether representing roughly 21 % of mixed regimes, whereas SW (Southwest) and TM
(Low-pressure Central Europe) types are comparatively rare at about 7.5 %. Northern
and Eastern flow types collectively contribute approximately 23 % to the total circula-
tion, and Southern types account for around 14.9 %. Zonal regimes are comparatively
minor, underscoring the reorganization toward meridional and mixed circulation during

the LGM.
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7.3.2 Climate Parameter Anomalies by Circulation Type

Figures[I8 and [19|illustrate standardized climate anomalies for the Eastern and Western
Mediterranean, respectively. These anomalies are expressed in standard deviations (o)
relative to the region-wide mean and grouped by circulation type across four parameters:
(a) 6'80 in precipitation, (b) precipitation, (¢) infiltration, and (d) temperature. Each
boxplot aggregates station-specific deviations for the Grofwetterlagen (GWL) types,
with bracketed labels denoting the dominant pressure regime (H = anticyclonic, T =
cyclonic) or flow direction (e.g., NW, SW).

In the Eastern Mediterranean, the 6'80 anomalies in precipitation are generally centered
on zero, with HM (T) exhibiting a slight negative shift and SW (H) and U showing minor
positive deviations. Precipitation anomalies also cluster around zero, although HM (T)
displays a broad positive distribution. Infiltration anomalies trend slightly negative
overall, driven by pronounced negative trends under HM (T), S (W), and N (NW).
Temperature anomalies remain symmetrically distributed about the median across all
regimes. Similarly, in the Western Mediterranean, 680 deviations in precipitation
are close to zero; TM (W) shows a modest negative bias and U features a narrow
distribution, while HM (H), TM (W), and NW (H) exhibit wider spreads. Precipitation
and infiltration anomalies both tend toward slight negative means, with TM (W) and S
(E) near the median and HM (H) spanning a wide range. Temperature anomalies again
cluster around zero, with TM (W) slightly negative and HM (H) and S (E) slightly
positive. Overall, climate anomalies in both Mediterranean regions concentrate near
the climatological mean, with HM and TM regimes associated with greater variability

in isotopic, hydrological, and thermal parameters.

7.3.3 680 Anomalies by Circulation Type

Figure [20| and Figure [21] illustrates standardized 6'®0 anomalies for the Eastern and
Western Mediterranean, expressed in standard deviations (o) relative to the region-
wide mean and grouped by circulation type, across four weighting schemes: (a) calcite-
weighted 6'80, (b) infiltration-weighted 680, (c) precipitation-weighted §'*0, and (d)
unweighted 6180 in precipitation. Each boxplot aggregates station-specific deviations
for the Grofwetterlagen (GWL) types, with bracketed labels denoting the dominant
pressure regime (H = anticyclonic, T = cyclonic) or flow direction (e.g., NW, SW).

In the Eastern Mediterranean, calcite-weighted §'®0 anomalies (Panel (a)) show the
strongest depletion under northerly and southwesterly flows (NW (T) and SW (H)),
both exhibiting median shifts below zero and broad interquartile ranges. E (T) and S
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Figure 19: Boxplot distributions of standardized climate variables across different Groffwetterlagen (GWL) types in the Western
Mediterranean (WM). Variables are labeled as follows: (a) — 'O in precipitation, (b) — Precipitation, (¢) — Infiltration,
(d) — Temperature. GWL types are classified according to the Hess-Brezowsky system; bracketed labels denote the dominant
regional atmospheric flow direction or pressure regime associated with each type.
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(W) regimes also produce moderate negative deviations, while the Straight Flow regime
(STR) stands out with a pronounced positive anomaly exceeding +1o. Infiltration-
weighted 6180 values (Panel (b)) cluster tightly around the median for most regimes,
but STR again yields a strong positive deviation and TM (E), N (NW), and E (T)
display slight positive biases. Precipitation-weighted §'80 anomalies (Panel (¢)) remain
centered near zero, although HM (T) exhibits a clear negative skew and both HM (T)
and U have widened distributions. Unweighted 'O values in precipitation (Panel (d))
mirror these patterns, with HM (T) moderately depleted and SW (H) and U slightly
enriched. In the Western Mediterranean, calcite-weighted anomalies (Panel (a)) shift
positively under southwesterly and northwesterly flows (SW (H), NW (H)), as well
as under S (E) and U regimes, indicating enriched isotope signals, whereas HM (H)
aligns closely with the climatological mean. STR again produces the highest positive
anomaly. Infiltration-weighted 6'®0 anomalies (Panel (b)) show minimal spread for
most regimes, with U and STR revealing moderate positive deviations and HM (H) a
slight depletion. Precipitation-weighted §'80 values (Panel (¢)) and unweighted §'¥0
anomalies in precipitation (Panel (d)) both concentrate around zero; HM (H) records a
small negative offset, S (E) and U remain narrowly distributed, and HM (H), TM (W),
and NW (H) present the largest interquartile ranges.

Overall, straight flow regimes consistently drive the most positive §'80 anomalies across
all weighting schemes, while meridional flows, especially under calcite-weighted condi-
tions, yield the most pronounced negative deviations, highlighting the strong influence

of synoptic-scale circulation on speleothem isotope signals.

7.4 Discussion

During the Last Glacial Maximum (LGM), European atmospheric circulation was fun-
damentally reconfigured by a dominant anticyclonic regime, in which meridional and
mixed atmospheric flows transported cold, dry air masses from subarctic regions such
as Scandinavia and Siberia, yielding a distinctly continental climate [39]. In contrast,
modern conditions are governed by zonal west—east flows and Atlantic dynamics [59, 60].
The limited occurrence of zonal and straight-flow patterns, together comprising only
about 20 % of synoptic types, points to a weakened Gulf Stream and reduced Atlantic
influence, while the near-constant low pressure gradient across Europe, revealed by
STR analysis, underscores the stability of glacial synoptic conditions [75]. Almost 40
% of circulation types fall into Mixed and Unclassified categories, indicating transi-
tional or overlapping pressure systems and heightened atmospheric complexity. Within
the Mixed regime, HM (High-pressure Central Europe) and NW (Northwest) types
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Figure 20: Boxplot distributions of standardized climate variables across different Grofiwetterlagen (GWL) types in the Eastern
Mediterranean (EM). Variables are labeled as follows: (a) — Calcite-weighted §'®0, (b) — Infiltration-weighted §'%0, (¢) —
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dominate with roughly 21 %, suggesting persistent high-pressure centers and subarctic
intrusions from the northwest. By contrast, SW (Southwest) and TM (Low-pressure
Central Europe) account for only about 7.5 %, reflecting limited Atlantic air incur-
sions. Northern and eastern flows contribute approximately 23 %, further emphasizing
meridional control, and a substantial southern component (14.9 %) likely signals a
southward displacement of the polar front |75, O0]. Collectively, these patterns reveal

a glacial circulation structure starkly different from today’s.

Standardized climate anomalies in the Mediterranean basin exhibit clear regime- and
sector-specific signatures. In the Eastern Mediterranean, §'®0 anomalies in precipita-
tion cluster around the median, indicating limited isotopic variation. However, HM (T)
displays a slight negative anomaly and broad distribution, attributable to convective
rainfall and the isotopic amount effect under cyclonic conditions [95], while SW (H) and
U regimes show slight enrichment due to reduced precipitation and increased evapora-
tion and moisture recycling under anticyclonic influence [I1]. Precipitation anomalies
remain low and stable, except for elevated variability under HM (T), and infiltration
anomalies trend slightly negative overall, with pronounced deficits under HM (T), S
(W), and N (NW). Temperature remains largely invariant across regimes, consistent
with dominant subtropical anticyclonic control and weak temperature contrasts induced
by flow changes [I10]. In the Western Mediterranean, a modest negative 6’0 anomaly
in precipiation under TM (W) reflects enhanced Atlantic moisture input, whereas the
narrow distributions observed for the U regime indicate uniform moisture sources un-
der this synoptic circulation type. Precipitation and infiltration anomalies both exhibit
slight negative means, with HM (H) spanning a wide range due to alternating dry spells
and brief convective bursts, which can occur despite the prevailing high-pressure influ-
ence. These convective events are often facilitated by boundaries between different air
masses, leading to localized instability within an otherwise stable atmospheric regime
[25]. Temperature anomalies are also subdued, with cooler deviations under TM (W)
and slight warming under HM (H) and S (E) linked to subtropical anticyclonic centers
[110]. These findings highlight the critical role of pressure regime and flow direction in

modulating hydrometeorological variability across the basin.

The spatial and regime-dependent variability of standardized and weighted §'*O anoma-
lies further elucidates how circulation patterns interact with moisture sourcing and
precipitation processes in each Mediterranean sector. In the Eastern Mediterranean,
calcite-weighted §'80 values under NW (T) and SW (H) reveal moderate to strong
negative anomalies, and the broad interquartile ranges under SW (H) point to highly

variable precipitation intensity [95]. The pronounced positive excursion under STR re-
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flects dry spells with minimal rainfall and enhanced evaporative enrichment from local
recycling or continental sources [9]. Infiltration-weighted 40 anomalies remain clus-
tered near zero for most regimes, yet slight positive biases under TM (E), N (NW), and
E (T) indicate evaporative concentration in recharge waters during low-rainfall events
[37]. Precipitation-weighted 680 signals and unweighted §'%0 signals in precipitation
consistently show moderate depletion under HM (T) and slight enrichment under SW
(H) and U, underscoring the balance between isotopic amount and source effects.

In the Western Mediterranean, calcite-weighted §'*0 anomalies under SW (H) and NW
(H) regimes indicate anticyclonic conditions characterized by scarce rainfall and strong
evaporative enrichment, likely influenced by moisture sourced from the Mediterranean
basin [37]. The compact distribution under U implies consistent maritime moisture,
while STR again yields the highest enrichment. Infiltration-weighted 60 values are
generally near zero but show moderate enrichment under U and STR [9]. Precipitation-
weighted anomalies center around zero, with HM (H) slightly depleted and narrow
spreads under S (E) and U. Unweighted §'®0 anomalies in precipitation show a slight
depletion under TM (W) and display broad variability under HM (H), TM (W), and NW
(H), reflecting fluctuations in storm intensity and the corresponding isotopic amount
effects during precipitation events. Collectively, these spatially resolved regime signa-
tures confirm that cyclonic regimes influenced by Atlantic or subpolar moisture lead to
depleted 6'80 values, whereas anticyclonic conditions sourced from the Mediterranean
promote enrichment through isotopically enhanced moisture sources and recycling. This

highlights the nuanced hydroclimatic controls governing speleothem isotopic signals.

7.5 Conclusion

Speleothem 680 records in the Mediterranean region are governed by a multifaceted
interaction of temperature, precipitation and synoptic-scale circulation regimes. While
local temperature and moisture remain primary controls on isotopic composition, pres-
sure systems and flow directions introduce additional variability that is critical for
interpreting speleothem archives.

During the Last Glacial Maximum, European atmospheric circulation was reorga-
nized under dominant meridional flows, whereas zonal and Atlantic-driven patterns
declined. Persistent high-pressure centers, low pressure gradients and frequent transi-
tional regimes limited moisture availability, reinforced a continental climate and pro-
moted isotopic enrichment in speleothems. The observed isotopic variability reflects
the interplay of circulation regimes, moisture sources and precipitation processes. Cy-

clonic regimes associated with Atlantic or subpolar air masses generally correspond to
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580 depletion, primarily reflecting variations in precipitation amount, temperature,
and moisture source characteristics. In contrast, anticyclonic conditions dominated by
Mediterranean-sourced or recycled moisture tend to be linked with 6'®O enrichment,
driven by differences in moisture origin and recycling processes, and associated atmo-
spheric dynamics. The spatial and regime-dependent variability of standardized 6180
anomalies is particularly pronounced between the Western and Eastern Mediterranean
sectors. Advective inflows from the North Atlantic dominate in the west, whereas evap-
orative enrichment and local recycling from the Mediterranean Sea prevail in the east,
producing a distinct east—west gradient in moisture contributions.

Distinct synoptic regime types have been demonstrated to impart characteristic 620
signatures in Mediterranean speleothems during the Last Glacial Maximum. Zonal
and transitional regimes are typically linked to isotopic depletion driven by subpolar
moisture advection and cyclonic activity, whereas anticyclonic regimes (including zonal
regimes within the Eastern Mediterranean) promote isotopic enrichment through evap-
oration and moisture recycling sourced from the Mediterranean Sea. Among the evalu-
ated isotope-weighting schemes, calcite-weighted values most accurately capture these
regime-dependent variations by integrating both hydrological and, to some extent, ther-
modynamic factors controlling speleothem formation. Precipitation-weighted anomalies
reflect the isotopic amount effect prevalent under cyclonic conditions but tend to under-
estimate evaporative enrichment, while infiltration-weighted signals remain near neutral
and exhibit limited sensitivity to regime-specific dynamics. Although calcite-weighted
5180 values are derived from infiltration-weighted signals, their enhanced sensitivity
arises from the temperature-dependent fractionation applied during mineral formation.
This non-linear transformation amplifies regime-specific thermal contrasts, allowing
calcite weighting to more effectively capture synoptic-scale hydroclimatic variability.
Consequently, the calcite-weighted scheme is identified as the most robust method for
reconstructing synoptic-scale hydroclimate variability from speleothem §**O records.
These findings underscore the necessity of integrating synoptic-scale circulation infor-
mation into paleoclimate reconstructions. Coupling speleothem records with isotope-
enabled climate model outputs, expanding synoptic classification to other regions and
combining 6*¥*O data with complementary proxies will enhance the spatial resolution
and interpretative power of climate reconstructions. Additionally, long-term analyses
of regime frequency promise deeper insights into how atmospheric circulation shaped

hydroclimate variability across glacial-interglacial transitions.
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& Discussion

In the Modern Day Scenario, the EMAC model reproduces the large-scale circulation
over Central Europe with reasonable fidelity but exhibits notable classification biases.
Zonal flow types are systematically underrepresented because the simulation frequently
fails to resolve weak pressure gradients, relegating these days to Unclassified (U) or
Straight Flow (STR) categories [53]. Although introducing the STR regime improves
the detection of low-gradient conditions compared to classical HB-GWL schemes, mixed
regimes (SW, NW, HM, TM) remain undercounted. By contrast, meridional regimes
are well captured, underscoring the model’s strength in simulating strong north-south
advection patterns [12]. Validation against GNIP station data reveals a consistent over-
estimation of 6'®0 in precipitation by approximately 1 %o to 3 %o, indicative of simpli-
fied fractionation schemes [31]. Incorporating precipitation-weighting reduces this bias
considerably [112]. Simulated temperatures tend to be too low, which may be attributed
to coarse topography and simplified representations of radiative forcing and greenhouse
gas parameters. Similarly, precipitation models often overestimate extremes, poten-
tially due to rudimentary convection parameterizations [36]. Station-specific anomaly
distributions show that cyclonic and mixed regimes exhibit higher medians and broader
spreads, whereas meridional and undefined regimes yield more stable, narrow anomaly
distributions. Furthermore, PCA of seasonal anomalies identifies four principal com-
ponents explaining about 90 % of total variance. PC1 is dominated by temperature,
50, and precipitation; PC2 by NAO index and circulation frequencies; PC3 and PC4
capture finer synoptic modulations. Bartlett’s test (x> = 139.04) confirmed sufficient
intercorrelations, while a mean KMO of 0.602 indicated moderate sampling adequacy.
All p-values were highly significant (p = 5.06 x 10719), supporting the robustness of the

results.

A profound synoptic reorganization was identified during the transition from the Mod-
ern Day Scenario to the LGM Scenario. Modern boundary conditions are character-
ized by predominantly cyclonic westerlies (WS, SWZ, NWZ), while the LGM scenario
is dominated by anticyclonic or westerly flows exhibiting anticyclonic features (WW,
SWA, NWA), indicative of stable, dry conditions and a weakened Atlantic storm track
[75, ©0]. During the Last Glacial Maximum, a reduction in northerly and northeasterly
circulation types (NZ, NEA, NEZ) is observed, likely resulting from modifications in
Arctic air mass intrusions. Concurrently, the frequency of stationary high-pressure sys-
tems (HM, BM) increases, attributable to intensified radiative cooling and an expansion

of the Siberian High [79]. Additionally, transitional and hybrid synoptic types exhibit
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a general decline, contributing to a more persistent and quasi-stationary atmospheric
circulation regime [75]. In the LGM Scenario, meridional circulation dominates almost
exclusively: only about 20 % of days are zonal or STR, signaling a weakened North
Atlantic surface circulation and diminished Atlantic influence |75, 111]. Nearly 40 % of
days fall into Mixed and Unclassified categories, with HM and NW each accounting for
roughly 21 %, indicative of persistent subarctic intrusions [75]. Southwest (SW) and
low-pressure central (TM) types occur only about 7.5 %, while southern flows (14.9 %)
represent a distinct circulation pattern influencing the region [90]. Isotope-enabled
EMAC simulations reveal a pronounced north-south gradient of §'80 in precipitation:
highly depleted values at high latitudes and enriched signals in southern margins (e.g.,
North Africa, the Levant). Precipitation totals exhibit alternating bands of enhanced
and reduced values, consistent with persistent cyclonic westerlies and a southward-
displaced storm track [82] [90]. However, these spatial patterns may also be affected by
model parameterization uncertainties, particularly in the representation of precipita-
tion processes. Temperature fields closely follow the isotopic gradient, showing extreme
cold over northern Europe and relatively milder conditions over Western Europe due to
reduced Gulf Stream forcing [84, T11]. A meridional dipole in surface pressure, cyclonic
over Central Europe, anticyclonic over the Mediterranean, reinforces the notion of a
southerly displaced frontal zone [70]. In the Mediterranean sector, regime-dependent
hydrometeorological signatures are pronounced. In the Eastern Mediterranean, cyclonic
regimes generate convective rainfall and slight negative §'80 anomalies [95], whereas
anticyclonic and straight regimes produce enriched signals through reduced precipita-
tion and increased evaporation [11, B2]. Temperature anomalies remain muted under
subtropical anticyclonic control [I10]. In the Western Mediterranean, TM regimes lead
to moderate isotopic depletion from Atlantic moisture influx, while STR regimes yield
the highest enrichment through local evaporation [37].

Finally, the regression analysis of four %0 weighting schemes against SISAL speleo-
them records shows that the calcite-weighted approach best reproduces observed val-
ues, with a negligible mean offset (—0.0065 %o; t = —0.0086, p = 0.9933). Infiltration
weighting introduces a modest negative bias (—0.7185 %o; t = —1.2515, p = 0.2328),
precipitation weighting a slight positive offset (0.1963 %o; ¢t = 0.3520, p = 0.7305),
while the unweighted scheme shows the largest overestimation (1.2791 %o; t = 2.1272,
p = 0.0531), highlighting the importance of process-based weighting [94] 113|. System-
atic over- and underestimations occur at key cave sites (including Sofular cave, Sieben
Hengste cave, Pindal cave, Soreq cave, and Villars cave) reflecting the complex interplay

of local hydrology and challenging topography [7, 121].
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9 Conclusion

This dissertation demonstrates that the integration of objective synoptic classification
with isotope-enabled climate simulations provides a coherent and versatile framework
for analyzing the variability of temperature, precipitation, and isotopic composition
across diverse climatic contexts. By applying the EMAC model in conjunction with the
Diagnostic Synoptic Regime Model (DSRM) scheme, and by incorporating insights from
speleothem-based proxy evaluations as well as modern GNIP station data, a deeper
understanding has been gained of how large-scale atmospheric circulation modulates

local hydroclimatic signals under modern and glacial conditions.

Research Question 1:

To what degree can EMAC/H20ISO simulations accurately reproduce ob-
served 680 walues in precipitation across Germany, and in what ways are
these isotopic signatures influenced by objectively classified Grofwetterlagen
(GWL) circulation types?

The results show that the EMAC model realistically captures spatial and seasonal
080 variability in precipitation, particularly when precipitation-weighted values are
applied. Synoptic-scale circulation types exert a clear regional imprint on isotopic sig-
nals, and their integration into the modeling framework enhances the diagnostic power
of simulations. These findings underscore the importance of combining circulation-type
frequency with isotope diagnostics to improve simulation—data agreement and paleocli-

mate interpretability.

Research Question 2:

Which mechanisms control 60O wvariability in precipitation during the Last
Glacial Maximum, and to what extent can speleothem proxy records be re-
constructed using unweighted, precipitation-weighted, infiltration-weighted,
and calcite-weighted 580 7

A fundamental reorganization of atmospheric circulation during the LGM, marked by
stationary high-pressure systems and meridional flow, produces pronounced north—
south gradients in temperature and isotopic composition. Among the tested weighting
schemes, calcite-weighted §'%0 yields the highest agreement with SISAL speleothem
records, highlighting the importance of integrating both hydrological and thermody-
namic controls in proxy-simulation alignment. This approach enables robust recon-

structions of glacial hydroclimate variability and guides future model development.
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Research Question 3:

How do distinct synoptic regime types (meridional, zonal, mized, and tran-
sitional) imprint on 680 signals in Mediterranean speleothems during the
LGM, and which isotope-weighting scheme best captures these regime-dependent

variations?

The analysis reveals that zonal and transitional regimes are associated with isotopic de-
pletion driven by subpolar moisture advection, whereas anticyclonic regimes foster en-
richment through Mediterranean-sourced evaporation and moisture recycling. Among
the evaluated approaches, calcite- and infiltration-weighted 6O exhibit the greatest
sensitivity to synoptic variability, effectively integrating hydrological and thermody-
namic controls on speleothem formation. This highlights the importance of regime-

specific isotope modeling for accurate Mediterranean paleoclimate reconstructions.

Main Research Question:
How can synoptic-scale circulation diagnostics and isotope-enabled modeling
be integrated into a consistent framework for interpreting speleothem 680

across interglacial and glacial periods?

Particular emphasis is placed on speleothems as high-resolution archives of hydrocli-
matic variability, where isotopic signals in cave drip water and calcite are governed not
only by local meteorological conditions but also significantly influenced by the origin,
trajectory, and seasonal dynamics of moisture transport. The close agreement between
calcite-weighted §'80 and observed speleothem profiles validates the diagnostic value
of these archives for complex climate simulations. This dissertation demonstrates that
integrating objective synoptic-scale circulation diagnostics with isotope-enabled climate
modeling and proxy validation provides a methodologically rigorous and scientifically in-
sightful framework. By capturing regime-dependent isotopic variability and accounting
for hydrological and thermodynamic processes, this framework enhances the robustness
and interpretative power of paleoclimate reconstructions across diverse temporal and
spatial scales. It thus offers a powerful toolset for interpreting speleothem §'*O signals

in both interglacial and glacial contexts, advancing the field of paleoclimate diagnostics.
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10 Outlook and Future Research

The findings of this dissertation provide a robust foundation for understanding the
interplay between synoptic-scale atmospheric circulation and the variability of 680
in precipitation under both modern and glacial climate conditions. Building on this

framework, several promising avenues for future research emerge.

One important direction is the extension of the developed methodology to other pa-
leoclimatic periods beyond the Last Glacial Maximum (LGM). Periods such as the
mid-Holocene, the Last Interglacial, or abrupt climate events like Heinrich and Dans-
gaard-Oeschger episodes offer valuable opportunities to test the transferability of the
DSRM classification and isotope-enabled modeling framework [88]. Applying these
tools to different boundary conditions would allow for a more comprehensive under-
standing of how synoptic regimes and isotopic signals co-evolve across diverse climatic

contexts.

Another key area for future work lies in improving spatial resolution. While the cur-
rent simulations were conducted at T106 resolution, which is relatively high for global
climate models, it may still be insufficient to resolve fine-scale topographic and hydro-
logical features, particularly in karst regions where speleothems form. Incorporating
regional climate models (RCMs) or applying statistical downscaling techniques could
help better capture site-specific processes, especially in cave systems with complex hy-

drology and microclimatic variability [46].

The strong performance of the calcite-weighted §'*O signal in matching speleothem
records highlights the importance of subsurface hydrological filtering. Although the
infiltration model employed in this study captures key hydrological features, it re-
mains limited in representing karst-specific dynamics, including prior calcite precipi-
tation (PCP) and cave-internal processes [94]. Integrating these mechanisms would
enhance its realism and applicability for simulating speleothem-based paleoclimate sig-
nals. Future studies could integrate more sophisticated karst hydrology models or
couple isotope-enabled climate simulations with karst system simulators to improve the
realism of speleothem signal generation and interpretation [14] [108]. Furthermore, the
comparison with SISAL speleothem records revealed both strengths and limitations
in the simulation—proxy agreement. To address these, future research should aim to
systematically quantify uncertainties in both model outputs and proxy interpretations.
Bayesian data assimilation techniques or proxy system models (PSMs) could be em-
ployed to formally integrate observational and simulated data, thereby improving the

robustness and credibility of paleoclimate reconstructions [35].
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Although this dissertation focused on speleothems, the methodological framework de-
veloped here could be extended to other isotope-based proxy systems such as ice cores,
lake sediments, or tree rings [50, 114]. Each of these archives responds differently to
climatic and hydrological processes, and applying the synoptic-isotopic approach across
multiple proxy types could yield a more holistic picture of past climate dynamics and
enhance cross-validation between archives.

The observed shifts in GWL frequencies between the LGM and the modern period
suggest that synoptic regimes are sensitive to large-scale climate forcings. This raises
important questions about how these regimes may respond to anthropogenic climate
change. Future studies could explore the stability and predictability of synoptic pat-
terns under warming scenarios using CMIP6 or next-generation isotope-enabled Earth
system models [85]. Such work would help assess the resilience of circulation regimes
and their role in shaping future hydroclimatic variability. Finally, the DSRM devel-
oped in this dissertation has proven effective for classifying synoptic regimes in both
modern and glacial contexts. Future work could focus on integrating machine learning
techniques, or expanding the model to include additional circulation metrics such as jet
stream position, blocking indices, or moisture transport diagnostics. These enhance-
ments would increase the model’s diagnostic power and facilitate broader applications
in climate research.

In conclusion, this dissertation demonstrates the value of combining synoptic diag-
nostics with isotope-enabled climate modeling and proxy comparison. The framework
developed here provides a scalable and transferable approach for investigating climatic
controls on §'80 across diverse archives. It establishes a robust foundation for fu-
ture interdisciplinary research bridging paleoclimatology, hydrology, and atmospheric

science.
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