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About

M3ODEL
Computational methods and data-driven modeling have become indispens-
able tools across the sciences. The highly interdisciplinary Mainz Institute
of Multiscale Modeling brings together researchers from different areas in
natural and life sciences with researchers in mathematics and computer
science. Our research follows two main thrusts: developing multiscale
models informed by simulation and experiment, and pushing the boundaries
of computational methods.

M3ODEL was established in July 2019 as one of the Top-level Research
Areas funded through the Research Initiative of the State of Rhineland-
Palatinate, and aims to facilitate and connect computational and modeling-
oriented research across disciplines like atmospheric physics, biology, chem-
istry, geosciences, and physics combined with tools from mathematics and
computer science. This consortium unites nearly 100 researchers – includ-
ing professors, post-doctoral fellows, and students – from the Johannes
Gutenberg University, the Max Planck Institute for Polymer Research, and
the Max Planck Institute for Chemistry.

M3ODEL continues a long tradition of interdisciplinary work that started
with the platform Computational Science Mainz, supported by the excellent
infrastructure available for high-performance computing with MOGON, the
third-generation supercomputer at Johannes Gutenberg University. This
allows scientists from many disciplines to achieve their competitive research
objectives and advance interdisciplinary PhD projects that link information
technology and/or numerical mathematics with the natural sciences.
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SCALES
Multiscale methods are at the heart of modeling and understanding com-
plex systems: Mathematical and algorithmic approaches to determine the
behavior of complex systems at different scales, emerging from elementary
principles. Methods are broad and interdisciplinary, ranging from bottom-
up derivations of effective theories to top-down approaches of statistical
machine learning.

The SCALES Conference on Multiscale Modeling of Complex Systems
focuses on those methods on multiscale modeling and their interdisciplinary
applications. SCALES 2025 is the 2nd of a series of biannual conferences
held at the Johannes Gutenberg University in Mainz.

Sessions are organized around topics that emphasize on quantitative and
predictive models and methods, including (but not limited to):

� Multiscale simulations

� Stochastic Models

� High-Performance Computing & Machine Learning

� Uncertainty Quantification & Inverse Methods

� Interdisciplinary Applications

Organizing Committee
Peter Spichtinger Maria Lukác̆ová Friederike Schmid
Michael Wand Boris Kaus Mariana Cosarinsky

SCALES is made possible through the financial support of the Rhineland-
Palatinate Research Initiative and the Carl Zeiss Foundation.
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Useful Information

Talks will be held at the Atrium Max Auditorium in the Alte Mensa on
the campus of the Johannes Gutenberg University. It is situated on the
ground floor of this traditional building, to the right of the foyer.

The poster sessions will be held on Tuesday and Wednesday in the Linke
Aula, the lecture hall across the Atrium Max. Refreshments will be avail-
able.

Coffee breaks will be offered in the Linke Aula.

Lunch will be served daily in the Central Mensa, University Campus. Please,
use the conference badge to pay. You can choose from a fixed menu (Theke
2) or a more varied option of warm meals and/or salad bar (Theke 1).
If you don’t use the badge, you will be asked to pay for the food with a
Studicard, which you might not have and thus run into trouble. Please,
don’t forget the badge!

Wi-Fi is available on campus. You can access the network via eduroam.
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How to get there?
The Alte Mensa building is located on the eastern side of the campus and
easy to reach by public transport from Mainz (stops Mainz Hauptbahnhof
or Hauptbahnhof West):

� Bus: lines 6, 54, 55, 56, 57, 58, 64, 65, 68„ 78, 79, 630, SEV, stop
Universität; line 75, stop Johannes-von-Müller-Weg; line 57, stop
Botanischer Garten.

� Tram: lines 51, 53, 59, stop Universität.

Please, make sure to check for possible route or schedule changes, especially
of the tram lines, due to construction sites in the city center.
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Social Event
The conference dinner will take place on the evening of Thursday September
4th at the restaurant Bonnheimer Hof in Hackenheim.

We have arranged transportation. The meeting point is outside the Alte
Mensa building at 16:40.
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Program

Monday, 1 September 2025
Pre-conference Workshop MPI/OpenMP

Lecturer: Dr. Rolf Rabenseifner – HLRS High-Performance Computing
Center Stuttgart

Time: 9:00 – 17:00

Place: Senatssaal 7th floor, NatFak Building, J.-J.-Becher-Weg 21 D-
55128 Mainz

The goal of this course is to give people with some programming experience
an introduction to the MPI and OpenMP parallel programming models.
Hands-on exercises will allow participants to immediately test and under-
stand the Message Passing Interface (MPI) constructs and OpenMP’s
shared memory directives. Please, bring your own computer. We will
provide lunch and refreshments.
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Tuesday, 2 September 2025

8:15–
9:00

Registration

8:50–
9:00

Welcome remarks

9:00–
9:40

IS
Matt Knepley

University at Buffalo,
USA

Plasma Modeling with PETSc

9:40–
10:00 CT

Saurav Samantaray
JGU Mainz

High order
Asymptotic-Preserving

penalized numerical schemes
for the Euler-Poisson system

in the quasineutral limit
10:00–
10:20 CT

Valentin Churavy
JGU Mainz

Scaling Julia up for HPC

10:20–
10:50

Coffee break

10:50–
11:30

IS

Sam Stechmann
University of

Wisconsin-Madison,
USA

Element learning:
accelerating finite

element-type methods via
machine learning, and
application to radiative

transfer

11:30–
12:10

IS
Patrick Rinke

Technical University
of Munich

Machine-learning accelerated
catalyst discovery and

characterisation
12:10–
13:40

Lunch
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11:40–
13:10

Lunch, cont.

13:40–
14:20

IS

Dan Mendels
Technion Israel
Institute of

Technology, Haifa

Machine Learning-Based
Collective Variables and a
Graph Neural Network
Approach for Targeted

Dynamics and Free Energy
Manipulation in Molecular
and Material Systems

14:20–
14:40 CT

Simon Schneider
JGU Mainz

Application of machine
learning techniques to
differential equations

14:40–
15:00 CT

Ivan Utkin
ETH Zurich & WSL
Sion, Switzerland

Control of nonlinear bulk
deformation and large shear
strain on first-order phase
transformation kinetics

15:00–
15:20 CT

Andreas Schömer
JGU Mainz

A hybrid multiscale method
for the simulation of ring

polymers
15:20–
16:00

Coffee break

16:00–
18:00

Poster session & refreshments

IS: Invited Speaker, CT: Contributed Talk

Topics:

Multiscale Methods

High Performance Computing & Machine Learning

Interdisciplinary Applications
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Wednesday, 3 September 2025

9:00�
9:40

IS
Tristan Bereau

Heidelberg University

Free energies from
score-based generative

models

9:40�
10:00 CT

Mattia Mazzucchelli
University of

Lausanne, Switzerland

Instability and equilibration of
�uid-mineral systems under
stress investigated through

molecular dynamics

10:00�
10:20 CT

Mahesh Yadav
JGU Mainz

Biomolecular condensates
with a Twist: From Assembly

to Arrest
10:20�
10:50

Co�ee break

10:50�
11:30

IS
Rupert Klein

Free University Berlin

Intensi�cation of a tropical
cyclone: Triple-deck theory

for the control of convection

11:30�
12:10

IS

Isabella Graf
European Molecular
Biology Laboratory,

Heidelberg

Critical behavior in
multicomponent mixtures

with structured interactions:
from tuning to function

12:10�
13:40

Lunch
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12:10�
13:40

Lunch, cont.

13:40�
14:20

IS
Ludovic Räss
University of

Lausanne, Switzerland

Using the Julia language to
tackle portability and

di�erentiable modelling at
scale

14:20�
14:40 CT

Nicolò Alagna
University Medical

Center, Mainz

Deep Learning Reaction
Network (DLRN): a deep

learning kinetic model analysis
for time-resolved data

14:40�
15:00 CT

Marios Andreou
University of

Wisconsin-Madison,
USA

Assimilative Causal Inference

15:00�
15:20 CT

Zhiqiang Zhang
Max Planck Institute
for Chemistry, Mainz

Kinetic modelling of
non-equilibrium gas-particle

partitioning in secondary
organic aerosols: towards

mass closure in atmospheric
nanoparticle growth

15:20�
16:00

Co�ee break

16:00�
18:00

Poster session & refreshments

IS: Invited Speaker, CT: Contributed Talk

Topics:

Multiscale Methods

High Performance Computing & Machine Learning

Uncertaintly Quanti�cation & Inverse Methods

Interdisciplinary Applications
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Thursday, 4 September 2025

9:00�
9:40

IS

Gabriel Stoltz
Ecole nationale des

ponts et chaussées &
Inria, Paris

Error estimates and variance
reduction for nonequilibrium

stochastic dynamics

9:40�
10:00 CT

Michael te Vrugt
JGU Mainz

The microscopic origin of
thermodynamic irreversibility

10:00�
10:20 CT

Enrique Muro
JGU Mainz

Modeling the origin of
Eukarya

10:20�
10:50

Co�ee break

10:50�
11:30

IS
Christian Kühn

Technical University
of Munich

Numerical Continuation for
Random and Stochastic
Di�erential Equations

11:30�
11:50 CT

Ulrich Achatz
Goethe University

Frankfurt

Geophysical �uid dynamics on
unresolved scales: Towards
coupling gravity waves to

turbulence, tracers and clouds

11:50�
12:10 CT

Daniel Bäumer
University of Vienna,

Austria

PQG-DL-Ekman: a
triple-deck boundary layer

theory for large-scale
atmospheric �ow with moist

process closures
12:10�
13:40

Lunch
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12:10�
13:40

Lunch, cont.

13:40�
14:20

IS

Franziska Glassmeier
Max Planck Institute

for Meteorology,
Hamburg

A multiscale perspective on
aerosol-cloud-climate cooling

14:20�
14:40 CT

Franz Moritz Hey
JGU Mainz

A cellular automaton
approach to modeling

secondary ice production

14:40�
15:00 CT

Cornelis Schwenk
JGU Mainz

The Role of Simulation Scale
in Modeling Water Transport

to the Upper Atmosphere
15:00�
15:30

Co�ee break

15:30�
15:50 CT

Arpit Babbar
JGU Mainz

Single-Stage Time Integration
Methods for Hyperbolic

Partial Di�erential Equations

15:50�
16:10 CT

Yuri Podladchikov
University of

Lausanne, Switzerland

Spontaneous strain and
reactive �uid �ow localization
in space and time: interplay

between continuum
mechanics model

formulations, numerical
algorithms and HPC

16:10�
16:30 CT

Hugo Dominguez
JGU Mainz

Modelling volcanic eruptions
from the volcano to the

atmosphere
16:30�
22:00

Conference dinner at Bonnheimer Hof

IS: Invited Speaker, CT: Contributed Talk

Topics:

Stochastic Models

Multiscale Methods

Interdisciplinary Applications

High Performance Computing & Machine Learning
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Friday, 5 September 2025

9:00�
9:40

IS
Mario Ohlberger

University of Münster

Localized model reduction for
multiscale problems with

application in PDE
constrained optimization

9:40�
10:00 CT

Aravind Balan
Indian Institute of

Science, Bangalore,
India

Optimal hp-adaptation for
high-order discontinuous

Galerkin methods for
compressible �ow simulations

10:00�
10:20 CT

Stamen Dolaptchiev
Goethe University

Frankfurt

Modeling the E�ects of
Unresolved Gravity Waves on

Ice Clouds
10:20�
10:50

Co�ee break

10:50�
11:30

IS
Lubomir Banas

Bielefeld University,
Bielefeld

Robust numerical
approximation and adaptivity

for the stochastic
Cahn-Hilliard equation with

singular noise

11:30�
11:50 CT

Nelly Coulonges
Free University Berlin

Toward consistent
Particle-Continuum coupling

with Fluctuating
Hydrodynamics

11:50�
12:10 CT

Simon Boisserée
RWTH Aachen

University, Aachen

Fluid �ow channeling and
mass transport with

discontinuous porosity
distribution

12:10�
12:15

Closing remarks

12:15�
14:00

Lunch, optional

IS: Invited Speaker, CT: Contributed Talk

Topics:

Stochastic Models

Multiscale Methods
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Oral Presentations

Geophysical �uid dynamics on unresolved scales: Towards
coupling gravity waves to turbulence, tracers and clouds

U. Achatz1, T. Banerjee1, S. Dolaptchiev1, I. Knop 1, A. Kosareva1

1Institute for Atmospheric and Environmental Sciences, Goethe University
Frankfurt, Frankfurt am Main, Germany

Topic: Multiscale Methods CT

Atmosphere and ocean sciences are faced by substantial e�orts to develop
climate models resolving horizontal motions on the km scale. This will
provide dynamically consistent data that can be used for detailed studies
of a wealth of processes. Geophysical Fluid Dynamics (GFD) with all its
mathematical tools will be an essential element in these developments.
Without it we would be left with admiring the shear complexity we are
confronted with and describing selective details that catch our interest,
while not being able to understand the grand picture in a conceptually satis-
fying way. Mathematical theory should accompany both idealized and local
process studies and global-scale investigations to provide the understanding
we need for the competence that our advice to policy makers should rest on.

A line of research in this context addresses the dynamics of atmospheric
gravity waves. They are known to both have leading-order global-scale
e�ects on the atmospheric circulation and in�uence the distribution of water
vapor, ice, and other substances of relevance for the climate impact of
solar radiation. At the same time, they are both in�uenced by and a�ecting
various other small-scale components of the atmosphere, e.g. turbulence
and clouds. Such aspects are being studied using a Lagrangian approach to
parameterizing gravity waves by predicting their three-dimensional propaga-
tion and formulating their mean-�ow impact. The theory and numerical
approach of this Multi-Scale Gravity-Wave Model MS-GWaM [1,2,3] is
continuously being developed and tested in idealized simulations, using
an in-house �ow solver. MS-GWaM has also been implemented into the
climate model ICON to investigate global-scale gravity-wave e�ects.
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Recent developments to be reported here are the incorporation of gravity-
wave e�ects on tracer transport and mixing, and on ice clouds. Multi-scale
asymptotic theory has been used to formulate a gravity-wave Stokes drift,
predominant in the presence of rotation, and a next-order coupling that
might be more relevant in the tropics. The incorporation of these e�ects
into MS-GWaM is validated against wave resolving simulations. First
steps towards a theory coupling gravity waves and turbulence will also be
presented. This is not only to lead to an improved description of gravity-
wave breaking but it also introduces a corresponding turbulence source that
potentially has important e�ects on tracer mixing, as demonstrated within
ICON. Finally, the e�ect of gravity waves on ice clouds shall be touched,
where asymptotic theory has been used to formulate the e�ect on ice-cloud
formation without having to resolve this process in time. First steps in
ICON indicate a signi�cant e�ect of convectively generated gravity waves
on cirrus in the tropical tropopause layer.

References:
[1] Achatz U., Kim Y.-H., Voelker G.S. Multi-scale dynamics of the in-
teraction betweenwaves and mean �ows: From nonlinear WKB theory to
gravity-wave parameterizations in weather and climate models. J. Math.
Phys. 64, 111101 (2023) doi: 10.1063/5.0165180
[2] Voelker G.S., Bölöni G., Kim Y., Zängl G., Achatz U. MS-GWaM: A
Three-Dimensional Transient Gravity Wave Parametrization for Atmospheric
Models. J. Atmos. Sci. 81, 1181-1200 (2024) doi:10.1175/JAS-D-23-
0153.1.
[3] Kim Y.-H., Voelker G.S., Bölöni G., Zängl G., Achatz U. Crucial role of
obliquely propagating gravity waves in the quasi-biennial oscillation dynamics,
Atmos. Chem. Phys. 24, 3297-3308 (2024) doi:10.5194/acp-24-3297-
2024
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Deep Learning Reaction Network (DLRN): a deep learning
kinetic model analysis for time-resolved data

N. Alagna1, B. Dúzs2, V. Dietrich 1, A.T. Younesi3, L. Lehmann2, R.
Ulbricht 3, H. Köppl 4, A. Walther 2, S. Gerber1

1Institute of Human Genetics, University Medical Center, Mainz, Germany;
2Dept. of Chemistry, Johannes Gutenberg University, Mainz, Germany;
3MPI for Polymer Research, Mainz;4Centre for Synthetic Biology, Technical
University Darmstadt, Germany

Topic: Uncertainty Quanti�cation & Inverse Methods, Multiscale Methods

CT

Model-based analysis is essential for extracting information about chemical reac-
tion kinetics in full detail from time-resolved data sets. Such analysis combines
experimental hypotheses with mathematical and physical models related to the
system, which can provide a concise description of complex dynamics and ex-
trapolate kinetic model parameters, such as kinetic pathways, time constants,
and species amplitudes. However, the process leading to the �nal kinetic model
requires several intermediate steps in which di�erent assumptions and models are
tested and combined multiple experiments. This approach requires considerable
experience in modeling and data comprehension, as poor decisions at any stage
of time-resolved data analysis can lead to an incorrect or incomplete kinetic
model, resulting in inaccurate results. Here, we present DLRN (Deep Learning
Reaction Network), a deep neural network architecture created to combine GTA
and ML methods. DLRN can disentangle all the kinetic information from a 2D
time-resolved data set, giving the most probable kinetic model, related time
constants for each pathway, and a maximum of four SAS for one time scale.
Moreover, DLRN can analyze systems in which the initial state is a non-emitting
dark state. DLRN was also tested to analyze 2D data at multiple time scales,
achieving good performance and the ability to identify complex kinetic models
that have a higher number of variables (but not for each timescale) than those
used during training. DLRN performed well in the analysis of both time-resolved
spectra and agarose gel electropherograms. Moreover, DLRN was also tested to
analyze the kinetic reaction of nitrogen-vacancy (NV) centers and DNA strand
displacement (DSD) measured using experimental techniques (photoluminescence
-Pl- and transient absorption -TA- for NV). Results show that the neural network
was able to extract the correct expected kinetic models, including their variables,
for the experimental systems here analyzed.

References:
[1] Alagna N. et al. Deep Learning Reaction Framework (DLRN) for kinetic
modeling of time-resolved data. Commun. Chem. 8, 153 (2025)
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Assimilative Causal Inference

M. Andreou1, N. Chen1, E. Bollt 2

1Department of Mathematics, University of Wisconsin-Madison, Madison,
WI, USA; 2Department of Mathematics and Department of Electrical and
Computer Engineering, Clarkson University, Potsdam, NY, USA

Topic: Uncertainty Quanti�cation & Inverse Methods, Stochastic Models

CT

Causal inference is fundamental across scienti�c disciplines, yet state-of-the-
art methods often struggle to capture instantaneous, time-evolving causal
relationships in complex, high-dimensional systems. This work introduces
assimilative causal inference (ACI), a paradigm-shifting framework that
leverages Bayesian data assimilation to trace causes backward from observed
e�ects. ACI formulates and solves an implicit Bayesian inverse problem
to assess uncertainty reduction in the estimated state from incorporating
future information about e�ect variables, rather than quantifying forward
in�uence. It uniquely identi�es dynamic causal interactions without requiring
observations of candidate causes, accommodates short datasets, and scales
e�ciently to high dimensions. Crucially, it provides online tracking of causal
roles, which may reverse intermittently, and facilitates the development
of a mathematically rigorous criterion for the temporal causal in�uence
range (CIR) associated with each causal link. The ACI-based CIR metric is
objectively de�ned, avoiding ad hoc or subjective empirical thresholds, and
admits both forward- and backward-in-time formulations to quantify how
far e�ects propagate and to attribute them to past causes, respectively.
The e�ectiveness of ACI is demonstrated on complex nonlinear dynamical
systems showcasing intermittency and extreme events. ACI opens new
avenues for studying complex systems, where transient causal structures
are critical. [1]

References:
[1] Andreou M., Chen N., Bollt E. Assimilative Causal Inference, arXiv.
(2025) doi:10.48550/arXiv.2505.14825
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Single-Stage Time Integration Methods for Hyperbolic
Partial Di�erential Equations

A. Babbar1;2, H. Ranocha1;2, Q. Chen3

1Institute of Mathematics, Johannes Gutenberg University, Mainz, Germany;
2Mainz Institute of Multiscale Modeling, Johannes Gutenberg University,
Mainz, Germany;3Department of Mathematics, Ohio State University,
Columbus, USA

Topic: HPC & Machine Learning; Multiscale Methods CT

Hyperbolic partial di�erential equations (PDEs) arise in a wide range of
practical applications, including computational �uid dynamics (CFD), astro-
physics, and weather modeling. These applications are often complex and
computationally demanding, making the development of e�cient numerical
methods a critical area of research. High-order methods, which improve
accuracy without excessively re�ning the computational mesh, are known
to be particularly useful in this direction.

Traditionally, high-order methods for hyperbolic PDEs combine high-order
spatial discretization with multi-stage Runge-Kutta schemes for time in-
tegration. This talk explores an alternative approach: single-stage time
integration methods. These methods reduce the amount of data exchange
required during computation, making them particularly well-suited for mod-
ern high-performance computing (HPC) architectures.

The presentation will begin with a review of some single-stage time inte-
gration methods from the literature. The main focus will be on recent
developments in compact Runge-Kutta methods, as introduced in [1]. We
will discuss extensions of these methods to non-conservative hyperbolic
PDEs, treatment of source terms with distinct time scales from advection,
and strategies to enforce physical constraints, such as positivity of density
and pressure.

References:
[1] Chen Q., Sun Z., Xing Y. The runge-kutta discontinuous galerkin
method with compact stencils for hyperbolic conservation laws. SIAM
Journal on Scienti�c Computing (2024)
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Optimal hp-adaptation for high-order discontinuous Galerkin
methods for compressible �ow simulations

A. Balan1, D. Kain 1, P. Tank 1

1Department of Aerospace Engineering, Indian Institute of Science, Banga-
lore, India

Topic: Multiscale Methods CT

High-order discontinuous Galerkin (DG) methods are suitable for hp-adaptation,
where both the mesh element size (h) and the solution polynomial degree
(p) can be adapted on the domain to e�ciently resolve the �ow features.
For mesh adaptation, metric-based mesh adaptation o�ers a convenient
way to generate optimal anisotropic adapted meshes. The talk focuses on
metric-based hp-adaptation for DG methods. A high-order interpolation
error estimate suitable for DG methods is used to construct the metric
�eld and the polynomial degree distribution in the domain. The metric
�eld is used to generate a quasi-structured quad dominant mesh that can
e�ciently resolve boundary layers and shocks arising in compressible �ows.
Eigen-vector information from the metric-�eld is used to generate the
quasi-structured triangular meshes, which are then combined in an optimal
manner to get the quasi-structured quad meshes. The methodology is
veri�ed with various test cases. For a scalar convection di�usion test case,
hp-adaptation is shown to give more accurate results than pure h-adaptation
and uniform re�nement for a given number of degrees of freedom (DoF).
For a subsonic viscous case, the separation regions are also better captured
with hp-adaptation.

References:
[1] Balan A. et al. A review and comparison of error estimators for
anisotropic mesh adaptation for compressible �ows. Computers and Fluids
(2022)
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Robust numerical approximation and adaptivity for the
stochastic Cahn-Hilliard equation with singular noise

L. Banas1

1Department of Mathematics, Bielefeld University, Bielefeld, Germany

Topic: Stochastic Models IS

We discuss a posteriori error estimates for a fully discrete �nite element
approximation of the stochastic Cahn-Hilliard equation with singular noise.
To deal with the low spatial regularity of the noise we consider a regularized
problem with suitable approximation of the space-time white noise. We
derive an a posteriori error bound for the regularized problem by a splitting
of the equation into a linear stochastic partial di�erential equation and
a nonlinear random partial di�erential equation. The estimate for the
discretization of the original problem is then obtained by considering suitable
probability subsets with high probability. The resulting a posteriori estimate
is computable and robust with respect to the interfacial width parameter as
well as the noise intensity. We illustrate the theoretical result by numerical
simulations.

The talk is based on a joint work with Christian Vieth and Jean Daniel
Mukam.

Lubomir Banas received his PhD in mathematics from
Ghent University in 2005, following his undergraduate stud-
ies at Comenius University Bratislava. After a two-year post-
doctoral fellowship at Imperial College London, he served as
a lecturer at Heriot-Watt University in Edinburgh from 2007
to 2013. He has been Professor of Mathematics at Bielefeld
University since 2013. His research focuses on numerical
analysis, scienti�c computing, and mathematical modeling,
with a particular emphasis on nonlinear (stochastic) partial
di�erential equations (PDEs). He aims to develop, analyze,
and implement e�cient and reliable numerical schemes for
these problems. His work also extends to the numerical ap-
proximation of PDE-constrained optimal control problems and probabilistic approximation
methods for Hamilton-Jacobi-Bellman equations which arise in di�erential games.
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PQG-DL-Ekman: a triple-deck boundary layer theory for
large-scale atmospheric �ow with moist process closures

D. Bäumer1, R. Klein2

1Research platform MMM, Faculty of Mathematics, University of Vienna,
Vienna, Austria; 2Department of Mathematics and Computer Sciences,
Free University Berlin, Germany

Topic: Multiscale Methods, Interdisciplinary Applications CT

Reduced mathematical models for atmospheric dynamics at various scales
have a long and rich history. However, versions of such models that explicitly
incorporate moisture and phase changes have been developed only fairly
recently. This work merges one of said modeling innovations, namely
Smith and Stechmann'sprecipitating quasigeostrophic(PQG) model family,
with a triple-deck boundary layer theory due to Klein et al. that extends
the classical QG-Ekman theory by an intermediatediabatic layer (DL). A
detailed analysis of the Clausius-Clapeyron relation and Kessler-type bulk
microphysics closures is included in the systematic derivation of the resulting
PQG-DL-Ekman theory. Furthermore, to illustrate some of the model's
properties, explicit axisymmetric solutions of the precipitating diabatic layer
equations are derived and combined with numerical sample solutions for
the bulk �ow. [1]

References:
[1] Bäumer D., Klein R. PQG-DL-Ekman: a triple-deck boundary layer
theory for large-scale atmospheric �ow with moist process closures (sub-
mitted)
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Free energies from score-based generative models

T. Bereau1

1Institute for Theoretical Physics, Heidelberg University, Heidelberg, Ger-
many

Topic: Multiscale Methods, HPC & Machine Learning IS

Accurate free-energy estimation often requires many intermediate states or
su�ers from slow convergence. We present two score-based frameworks
that dramatically reduce sampling costs. The �rst project, neural Thermo-
dynamic Integration (Neural TI), encodes a continuous, time-dependent
Hamiltonian between two states. Optimized via score matching, the energy-
based model learns log-density gradients across all intermediates, enabling
free-energy di�erences from a single simulation. Benchmarks, including
Lennard-Jones �uids and water/methane solvation, show high accuracy with
only a single reference simulation [1,2]. The second project, Fokker-Planck
Score Learning, tackles non-equilibrium pulling when the collective variable
corresponds to the simulation box. Mapping periodic boundary simula-
tions onto a Brownian particle in a periodic potential allows us to derive
an analytic Fokker-Planck score encoding free-energy gradients. Training
on brief non-equilibrium trajectories lets us reconstruct the potential of
mean force e�ciently, outperforming umbrella sampling by up to tenfold in
small-molecule membrane permeation [3].
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[1] Máté B., Fleuret F., Bereau T. J Phys Chem Lett 15(45), 11395-11404
(2024)
[2] Máté B., Fleuret F., Bereau T. J Chem Phys 162(12) (2025)
[3] Nagel D., Bereau T. arXiv:2506.15653 (2025)
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research group at the Max Planck Institute for Polymer
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followed by a role in Industry. Tristan serves on the edito-
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He is currently a professor at the Institute for Theoretical Physics at the University
of Heidelberg. His research focuses on the development and application of multiscale
molecular simulations methods for soft-condensed-matter materials. He is particularly
invested in using multiscale modeling to explore chemical compound space.
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The �ow of �uids within porous rocks is an important process with numer-
ous applications in Earth sciences. Modeling the compaction-driven �uid
�ow requires the solution of coupled nonlinear partial di�erential equations
that account for the �uid �ow and the solid deformation within the porous
medium. Despite the nonlinear relation of porosity and permeability that is
commonly encountered, natural data show evidence of channelized �uid
�ow in rocks that have an overall layered structure. Layers of di�erent rock
types routinely have discontinuous hydraulic and mechanical properties. We
present numerical results [1] obtained by a novel space-time method [2]
based on a �xed-point scheme inspired by the mathematical analysis [3],
combined with a space-time least-squares formulation. This approach can
handle discontinuous initial porosity (and hence permeability) distributions.
It furthermore exhibits optimal convergence independently of the disconti-
nuities, while standard approximations, as e.g. �nite di�erences, tend to
show lower order convergence in discontinuous regimes. The space-time
method enables a straightforward coupling to models of mass transport for
trace elements. Our results show the in�uence of di�erent kinds of layering
in the development of �uid-rich channels and mass transport [1].

References:
[1] Boisserée S., Moulas E., Bachmayr M. Fluid �ow channeling and mass
transport with discontinuous porosity distribution. arXiv 2411.14211 (2024)
[2] Bachmayr M., Boisserée S. An adaptive space-time method for nonlin-
ear poroviscoelastic �ows with discontinuous porosities. arXiv 2409.13420
(2024)
[3] Bachmayr M., Boisserée S., Kreusser L.M. Analysis of nonlinear poro-
viscoelastic �ows with discontinuous porosities. Nonlinearity 10.1088/1361-
6544/ad0871 (2023)
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Julia is a modern programming language, tailored towards scienti�c comput-
ing. To address scienti�c questions of today and tomorrow scientists need
to perform computations at a large scale on compute architectures that
have a diverse mix of hardware. This talk will cover learnings from scaling
Julia up, enabling usage that ranges from laptops to supercomputers, with a
wide variety of GPU hardware support. A particular challenge in the age of
increasingly diverse compute architectures is to provide users a consistent
and performant compute environment.
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Understanding how to accurately couple particle-based systems with continuum
scale solvers is critical for modeling multiscale phenomena in soft matter and
biological systems. In particular, scenarios involving nanoscale or molecular
processes embedded in a larger �uid domain�such as the electrochemical surface
processes and largescale transport around �arti�cial leafs�[1] that turn sunlight
into the chemically bound energy of suitable substances, or thermophoretic micro-
swimmers [2]. In previous work [1], a hybrid simulation framework was developed
in which a particle-based open system (AdResS) is coupled with a Fluctuating
Hydrodynamics (FHD) solver, enabling the modeling of systems such as lipid
membranes immersed in thermal reservoirs. This framework is grounded in the
Liouville hierarchy for open systems and allows for local thermodynamic parameters
(e.g., temperature) to be controlled via the continuum solver. Conventional FHD
models represent thermal �uctuations�stemming from microscopic-scale irregular
dynamics�as spatially uncorrelated noise. However, we argue that the �uxes
at the boundaries of a control volume, in both particle-based and continuum
frameworks, should exhibit spatial correlations that are essential to capture for
a consistent coupling. Our objective is to characterize these �uctuations by
analyzing their correlation structure, which will ultimately inform the formulation
of coupling conditions and support the study of the Liouville hierarchy in an
intermediate scaling regime relevant for FHD. Speci�cally, we aim to identify
a mesoscale: a regime small enough for thermal �uctuations to signi�cantly
in�uence the dynamics, yet large enough for those �uctuations to be e�ectively
described by a Markovian process with Gaussian noise. Our approach is to use
molecular dynamics simulations to obtain statistical information about the mass,
momentum and energy �uxes across the boundaries of a control volume and
to provide an analysis of the correlation structure by observing the spread of
a perturbation in the �uid. By identifying the relevant correlation structures
at the mesoscale, our results pave the way for more physically accurate hybrid
models that bridge microscopic simulations and continuum descriptions. This
work contributes to the theoretical foundations for multiscale modeling in systems
where thermal �uctuations are non-negligible, with potential applications in soft
matter, nano�uidics, and biological systems.

References:
[1] Prajapati A., Singh M.R. ACS Sustainable Chem. Eng., 7, 5993 (2019)
[2] Fedosov D.A., Sengupta A., Gompper G. Soft Matter, 11, 6703 (2015)
[3] Gholami A. et al., Phys. Rev. Lett. 129, 230603 (2022)
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Atmospheric gravity waves (GWs) play a signifcant role in the formation and
evolution of cirrus clouds. However, even kilometer-scale global numerical
weather prediction and climate models can only partially resolve the GW
spectrum, necessitating the use of GW parameterizations to account for
the missing variability. These parameterizations are often only crudely
integrated with ice physics parameterizations, leading to substantial un-
certainties regarding the radiative impact of ice clouds due to unresolved
dynamics. In this presentation, we will introduce an novel approach to
integrate the e�ects of GWs on ice physics within transient GW parameter-
izations, such as the Multiscale Gravity Wave Model (MS-GWaM) [1]. We
begin by performing an asymptotic analysis of the equations governing GW
dynamics and ice physics, allowing us to identify the dominant interaction
mechanisms. Applying matched asymptotic techniques, we construct proto-
type parameterization for the homogeneous nucleation of ice crystals caused
by rapid �uctuations, such as those generated by GWs [2]. Subsequently,
we couple this parameterization to MS-GWaM and validate its performance
by comparing the results of wave- and nucleation-parameterized simula-
tions with those of wave and nucleation-resolving simulations in idealized
setups. Finally, we present the application of our approach to realistic
global atmospheric simulations conducted within the ICON/MS-GWaM
framework.

References:
[1] Voelker G.S., Bölöni G., Kim Y., Zängl G., Achatz U. MS-GWaM: A
Three- Dimensional Transient Gravity Wave Parametrization for Atmo-
spheric Models. Journal of the Atmospheric Sciences 81, 1181-1200 (2024)
[2] Dolaptchiev S., Spichtinger P., Baumgartner E., Achatz U. Interactions
between gravity waves and cirrus clouds: asymptotic modeling of wave
induced ice nucleation, Journal of the Atmospheric Sciences 80, 2861-2879
(2023)
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Volcanic eruptions are among the most destructive natural hazards, with
the potential to disrupt lives and socio-economic activities on local to global
scales. Physically, they are complex, multiphase phenomena that involve
tightly coupled processes between ascending magma, exsolved volcanic
gases, host rock deformation, and atmospheric dynamics. So far, most
numerical models have focused on either the material ejected during the
eruption and its interplay with the atmosphere or on the rock deformation
of the volcano itself during eruption. This is because modelling the interplay
between solid and air at the same time is complex and involves important
di�erences in timescales and material properties. This study presents the
preliminary results of a 2D numerical model that couples wave propagation
in the atmosphere and elastic deformation in the surrounding host rock
during a volcanic eruption. The model employs a uni�ed formulation and
discretisation approach to solve the conservative form of the mass and
momentum conservation equations on a staggered grid using a �nite volume
method. The results demonstrate that this formulation captures both the
transmission of acoustic waves from the atmosphere into the host rock as
elastic waves and the reverse process. These results represent a �rst step
towards more coupled models of volcanic systems, o�ering new insights
into how atmospheric and subsurface processes interact during explosive
events.
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