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A B S T R A C T

More than 50 years have passed since the first attempts to understand the atmospheric
general circulation in a comprehensive climate model. General circulation models (GCMs)
have played an essential role in modeling and understanding the atmospheric general
circulation and its response to climate change. However, their construction (horizontal
grid resolutions in the order of 100 km and subgrid processes representation through
parameterization) has raised criticism as uncertainties in global warming have remained
almost the same along the different Coupled Model Intercomparison Projects (CMIPs,
e.g., Meehl et al., 2020; Zelinka et al., 2020). One of the main contributors to inter-model
spread in global warming in response to increased CO2 concentration is the change of
clouds, attributable to differences in cumulus parameterizations. However, clouds are
complex features of the atmosphere that span a multi-scale range of processes, which
makes it difficult to adequately represent physically at horizontal grid resolutions in the
order of 100 km. To address the underlying uncertainty, more complex parameterization
or explicitly resolving convection at adequate horizontal grid spacing in the order of
one kilometer can be used; the so-called convection-permitting models or global storm
resolving models (GSRM). However, the computational cost to perform such global
simulations increases. In this dissertation, I first explore, in a state-of-the-art GSRM, if, by
increasing the horizontal resolution, the atmospheric general circulation displays physical
convergence as uncertainties and discretization errors reduce. Secondly, I explore if its
response to forcing, mimicking climate warming, and the responses to climate change of
the atmospheric general circulation display convergence.

In the first part of this dissertation, I focus on evaluating physical convergence of
the atmospheric general circulation and increasing horizontal resolution using the
ICOsahedral Nonhydrostatic (ICON) model from 160 km to 1.25 km horizontal grid
spacing. I develop a methodology based on the Richardson extrapolation method to
assess physical convergence in an idealized setup, which retain basic atmospheric
features of Earth’s general circulation, response to warming, and required reduced
computational resources to achieve robust statistics. As I increase the horizontal grid
spacing, a better representation of clouds and zonal distribution of water vapor drives
convergence in the energy and water budget towards kilometer-scale [O(1 km)] horizontal
grid spacing. The atmospheric general circulation displays convergence in its structure
at kilometer-scale horizontal grid spacing, but its intensity requires finer horizontal
grid spacing. However, shallow marine boundary layer clouds and their effect on the
shortwave radiation components of the energy budget would require hectometer-scale
horizontal grid spacing to achieve convergence, according to Large-Eddy Simulation
(LES) findings (e.g., Stevens et al., 2020). ICON displays physical convergence with
increasing horizontal resolution, and at 2.5-5 km horizontal grid spacing, uncertainties
from numerical errors are significantly smaller in the large-scale structure of the general
circulation.

In the second part of this dissertation, I investigate the model’s response to a uniform
increase in sea surface temperature, mimicking global warming. Across resolution and
according to previous studies in GCMs, the hydrological cycle intensifies slower than
the increase of precipitable water, the Hadley cell expands, and the anvil clouds shift to
higher altitudes. The hydrological cycle intensification and longwave climate feedback
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converge faster than other metrics at 10 km horizontal grid resolution, in agreement
with observations and other GSRMs. The response of the width of the deep tropics
varies according to the Intertropical Convergence Zone (ITCZ) structure, a contraction
for a single ITCZ, and an expansion otherwise, converging at 5 km horizontal grid
resolution. Across resolution, the boundary layer becomes drier while the middle and
upper troposphere become moister and significantly warmer. The amount of anvil clouds
in the deep tropics and shallow clouds in the subtropics do not show significant changes.
My results show that ICON displays robust responses to warming with increasing
horizontal resolution and converging for most large-scale features at 5 km, even if
shallow marine boundary layer clouds have not converged at those resolutions.

In summary, this dissertation demonstrates that a GSRM (ICON) displays convergence
with increasing horizontal grid spacing. Thus, the results raise confidence in using GSMR
to investigate the climate response to warming. However, if one GSRM converges, it does
not imply that another will or that it arrives at the same climate. For this reason, the
methodology developed serves as a tool to assess GSRM implementations and further
development.

Z U S A M M E N FA S S U N G

Seit den ersten Versuchen, die allgemeine atmosphärische Zirkulation in einem um-
fassenden Klimamodell zu verstehen, sind mehr als 50 Jahre vergangen. Allgemeine
Zirkulationsmodelle (GCMs) haben eine wesentliche Rolle bei der Modellierung und
dem Verständnis der allgemeinen atmosphärischen Zirkulation und ihrer Reaktion
auf den Klimawandel gespielt. Ihre Konstruktion (horizontale Gitterauflösung in der
Größenordnung von 100 km und Darstellung von Prozessen in Teilgittern durch Para-
metrisierung) hat jedoch Kritik hervorgerufen, da die Unsicherheiten in Bezug auf die
globale Erwärmung bei den verschiedenen Coupled Model Intercomparison Projects
(CMIPs, e.g., Meehl u. a., 2020; Zelinka u. a., 2020) fast gleich geblieben sind. Eine der
Hauptursachen für die Streuung zwischen den Modellen bei der globalen Erwärmung
als Reaktion auf eine erhöhte CO2-Konzentration ist die Veränderung der Wolken,
die auf Unterschiede bei der Parametrisierung der Kumuluswolken zurückzuführen
ist. Wolken sind jedoch komplexe Merkmale der Atmosphäre, die eine Vielzahl von
Prozessen umfassen, was es schwierig macht, sie bei horizontalen Gitterauflösungen
in der Größenordnung von 100 km adäquat darzustellen. Um die zugrundeliegenden
Unsicherheiten zu berücksichtigen, können komplexere Parametrisierungen oder die
explizite Auflösung der Konvektion mit einem angemessenen horizontalen Gitterabstand
in der Größenordnung von einem Kilometer verwendet werden; die so genannten
konvektionszulassenden Modelle oder globalen sturmauflösenden Modelle (GSRM).
Der Rechenaufwand für die Durchführung solcher globalen Simulationen steigt jedoch.
In dieser Dissertation untersuche ich zunächst in einem hochmodernen GSRM, ob die
allgemeine atmosphärische Zirkulation durch Erhöhung der horizontalen Auflösung
physikalische Konvergenz zeigt, wenn Unsicherheiten und Diskretisierungsfehler ab-
nehmen. Zweitens untersuche ich, ob die Reaktion der allgemeinen atmosphärischen
Zirkulation auf die Erwärmung des Klimas und die Reaktionen auf den Klimawandel
Konvergenz zeigen.

m ersten Teil dieser Dissertation konzentriere ich mich auf die Bewertung der physi-
kalischen Konvergenz der allgemeinen atmosphärischen Zirkulation und die Erhöhung
der horizontalen Auflösung unter Verwendung des ICOsahedral Nonhydrostatic (ICON)
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Modells von 160 km auf 1,25 km horizontalen Gitterabstand. Ich entwickle eine Methodik
auf der Grundlage der Richardson-Extrapolationsmethode, um die physikalische Konver-
genz in einem idealisierten Aufbau zu bewerten, der die grundlegenden atmosphärischen
Merkmale der allgemeinen Erdzirkulation und die Reaktion auf die Erwärmung bei-
behält und weniger Rechenressourcen benötigt, um robuste Statistiken zu erhalten.
Wenn ich den horizontalen Gitterabstand vergrößere, führt eine bessere Darstellung der
Wolken und der zonalen Verteilung des Wasserdampfs zu einer Konvergenz des Energie-
und Wasserhaushalts in Richtung eines horizontalen Gitterabstands auf Kilometerebene
[O(1 km)]. Die allgemeine atmosphärische Zirkulation zeigt Konvergenz in ihrer Struktur
bei einem horizontalen Gitterabstand auf Kilometerskala, aber ihre Intensität erfordert
einen feineren horizontalen Gitterabstand. Die flachen marinen Grenzschichtwolken und
ihre Auswirkungen auf die kurzwelligen Strahlungskomponenten des Energiehaushalts
würden jedoch eine horizontale Gitteraufteilung auf Hektometerskala erfordern, um
Konvergenz zu erreichen, so die Ergebnisse der Large-Eddy-Simulation (LES, e.g.,
Stevens u. a., 2020). ICON zeigt physikalische Konvergenz mit zunehmender horizon-
taler Auflösung, und bei einem horizontalen Gitterabstand von 2,5 bis 5 km sind die
Unsicherheiten durch numerische Fehler in der großräumigen Struktur der allgemeinen
Zirkulation deutlich geringer.

Im zweiten Teil dieser Dissertation untersuche ich die Reaktion des Modells auf einen
einheitlichen Anstieg der Meeresoberflächentemperatur, der die globale Erwärmung
nachahmt. Bei allen Auflösungen und entsprechend früherer Studien in GCMs intensi-
viert sich der Wasserkreislauf langsamer als der Anstieg des niederschlagbaren Wassers,
die Hadley-Zelle dehnt sich aus, und die Ambosswolken verlagern sich in höhere Lagen.
Die Intensivierung des hydrologischen Zyklus und die langwellige Klima-Rückkopplung
konvergieren bei einer horizontalen Gitterauflösung von 10 km schneller als andere
Messgrößen, was mit Beobachtungen und anderen GSRMs übereinstimmt. Die Reaktion
der Breite der tiefen Tropen variiert je nach der Struktur der Intertropical Convergence
Zone (ITCZ), eine Kontraktion bei einer einzigen ITCZ und ansonsten eine Ausdehnung,
die bei einer horizontalen Gitterauflösung von 5 km konvergiert. Mit zunehmender
Auflösung wird die Grenzschicht trockener, während die mittlere und obere Troposphäre
feuchter und deutlich wärmer wird. Die Menge der Ambosswolken in den tiefen Tropen
und der flachen Wolken in den Subtropen zeigen keine signifikanten Veränderungen.
Meine Ergebnisse zeigen, dass ICON mit zunehmender horizontaler Auflösung robuste
Reaktionen auf die Erwärmung zeigt und für die meisten großräumigen Merkmale bei
5 km konvergiert, auch wenn die flachen Wolken der marinen Grenzschicht bei diesen
Auflösungen nicht konvergieren.

Zusammenfassend lässt sich sagen, dass diese Dissertation zeigt, dass ein GSRM
(ICON) mit zunehmendem horizontalen Gitterabstand Konvergenz zeigt. Die Ergebnisse
erhöhen somit das Vertrauen in die Verwendung von GSMR zur Untersuchung der
Reaktion des Klimas auf die Erwärmung. Wenn ein GSRM konvergiert, bedeutet dies
jedoch nicht, dass ein anderes auch konvergiert oder dass es zum gleichen Klima kommt.
Aus diesem Grund dient die entwickelte Methodik als Instrument zur Bewertung von
GSRM-Implementierungen und Weiterentwicklungen.
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Part I

U N I F Y I N G E S S AY





1
I N T R O D U C T I O N A N D M O T I VAT I O N

The walls of this chamber are painted to
form a map of the globe. The ceiling
represents the north polar regions.... A
myriad of computers are at work upon the
weather of the part of the map where each
sits.

- Lewis Fry Richardson (Richardson,
2007)

Back in the winter of 1917, Richardson Fry Lewis began a journey into weather
forecasting, armed with pencil, paper, a slide rule, and a table of logarithms. Richardson
sought to forecast central European weather over a span of six hours, using sparse
observational data (Richardson, 2007). The endeavor failed and fell short due to space
and time numerical discretization, and initial condition errors (Lynch, 1992); however,
he published his results and ended his book with a vision of an orchestra - a hall of
human computers, echoing with the click of slide rules and the quiet murmur of humans
thoughts weaving weather predictions. Richardson set the gears of numerical models
for weather prediction at the right time as the first programmable general-purpose
computers began to emerge in the 1940s.

At the Institute of Advances Studies in Princeton, Jule Charney and John von Neumann
ventured upon a vibrant revolution. They used ENIAC, the first digital computer with a
performance of just 500 Floating Point Operations per Second (FLOPS; just 2 · 109 times
slower than an iPhone XS), to solve the barotropic vorticity equation (J. G. Charney
and Neumann, 1950), starting the revolution of climate computing. In 1955, at the same
university, Norman Phillips challenged the power of computers to simulate the gross
features of the atmospheric general circulation (Phillips, 1956); even though he simplified
the globe as a cylinder, he showed how large eddies played a key role in atmospheric
energy and momentum transport, creating the first ’true’ General Circulation Model
(GCM). In the following years, Smagorinsky invited Manabe to join his laboratory and
changed the history of GCMs and climate science. Together, they incorporated more
physics into their model, i.e., the radiation effect by water vapor, ozone, and CO2, creating
the first three-dimensional model that solves basic equations for a global simplified
atmosphere (Manabe and Bryan, 1969). In this way, they developed the first model
that coupled the atmospheric and ocean response to anthropogenic CO2 emissions and
highlighted the unequivocal result of climate change (Manabe and Bryan, 1969). Since
then, climate models have grown in complexity backed by the exponential growth of
available computing power. Many research centers incorporated more sophisticated
Earth system components into their models through sub-grid scale processes, ready to
devour every clock cycle and byte of memory.

Climate science and models have a long history, with over 100 years of progress in
understanding the atmosphere’s general circulation. Undoubtedly, GCMs have been an
important tool for understanding climate change (i.e., Held and Soden, 2006; Voigt and
Shaw, 2015) with a typical horizontal grid spacing of ∼100 km. However, GCMs have
long-standing unresolved biases, i.e., double ITCZ bias, and no model-tuning approach
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or complex parameterization has been able to resolve them. Therefore, it might not
lead to unraveling the emergent question of climate change (Palmer and Stevens, 2019),
i.e., regional response. Thus, we need a new strategy to solve the emergent questions
for climate change by resolving key features at an appropriate horizontal grid spacing
[O(1km)], i.e., deep convection and ocean mesoscale eddies. To bridge this gap, Global
Storm Resolving Models (GSRMs) emerged with the era of supercomputers, and the
development of the Non-hydrostatic ICosahedral Atmospheric Model (NICAM; Tomita
et al., 2005; Miura et al., 2007b; Sato et al., 2008) in Japan and, in parallel, the ICOsahedral
Nonhydrostatic (ICON; Gassmann and Herzog, 2008; Wan et al., 2013; Zängl et al.,
2015) in Germany. GSRMs with kilometer-scale [O(1km)] horizontal grid spacing and
less parameterizations resolve convective processes and the associated vertical energy
transport, which is the dominant mode of energy transport in the tropics, representing
the multi-scale nature of convection. GSRMs have shown many improvements compared
to GCMs, i.e., tropical cyclones (i.e., Judt et al., 2021; Baker et al., 2024), the Madden-
Julian Oscillation (i.e., Miura et al., 2007a; Miyakawa et al., 2014; Takasuka and Satoh,
2021), precipitation diurnal cycle (i.e., Ma et al., 2022; Song et al., 2024), and mesoscale
convective systems (i.e., Feng et al., 2023) representation. Nevertheless, the increase in
horizontal grid spacing does not solve all the problems and faces many challenges.

The most evident challenge of GSRMs is the increased computational cost to achieve
global kilometer or sub-kilometer scale simulations. As we increase the horizontal grid
spacing, we must reduce the time step to stabilize the model (CFL restriction), thus
making the simulation expensive by a factor of eight if we refine the horizontal grid
spacing by a factor of two. The appearance of Exa-scale supercomputers (> 1e18 FLOPS)
in the last years brought the computational capabilities to simulate 1 year per day at
1.25 km horizontal grid spacing (Giorgetta et al., 2022), even though it would require
Exa-scale supercomputer total capacity to run it. Even if we can run such a model,
an underlying question arises: How does the increase of horizontal grid spacing with
resolved meso-scale affect the large-scale structures or the climate state? Do we observe
physical convergence with increasing horizontal grid spacing?

Before drafting the research gap on the physical convergence of GSRM and its response
to global warming, we need to dip into some concepts in the following section.

1.1 background

This section reviews how convergence has been understood in climate models, in what
type of simulations convergence has been investigated, and lastly, a brief review of
remaining models uncertainties in climate response to warming.

1.1.1 Physical convergence in climate models

From mathematics and physics perspective, a climate system can be represented and
summarized into a set of non-linear partial differential equations (PDE) of the general
form:

∂

∂t
X + V · ∇X + D (X) = S (X, t) (1.1)
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where, X is the vector of atmospheric prognostic variables, V is the velocity vector, D
are the interactions within X variables, and S is the source or sink term (sub-grid scale
physical processes, i.e., heating due to mixing in the thermodynamic equation). To solve
this set of equations and develop a climate model, we need to make some decisions, i.e.,
how to discretize the space and the numerical method to solve the partial differential
equations (i.e. Staniforth and Thuburn, 2012). According to our decision, we introduce
numerical errors in our model, and we need to verify if the model has three main
properties: convergence, consistency, and stability. A model is stable if the truncation
error decays with each time step; is convergent if, by reducing the spatial discretization,
it approaches asymptotically to some fixed value (numerical error reduction); and is
consistent if, by reducing the spatial and time discretization, the truncation reduces and
the solution approaches the "true" solution of the PDE. There is no easy way to verify
these properties in complex non-linear partial differential equations unless we run the
model.

To verify convergence and the effect of increasing resolution in a climate model, let’s
first use the operator ()R to equation 1 as performed by Boer and Denis (1997):

squm
∂XR

∂t
+ VR · ∇XR = S (XR, t) + SD (XR, t) + ES + EN (1.2)

where, XR are the resolved components of X, S (XR, t) are the sub-grid scale processes
(parameterizations) of the resolved scales, SD (XR, t) are the parameterization of the
interaction between resolved and unresolved scales, ES is the parameterization error,
and EN is the numerical error from time and space discretization. In climate models,
the usage of parameterizations obscures convergence analysis since numerical and
parameterization errors cannot be separated because they depend on resolution. Thus, an
increase in resolution might lead to non-convergent behavior, deterioration of simulated
climate, or only minimal improvement (Williamson, 2008).

But then, how do climate models have been verified? Most climate models in the
realm of GCMs have avoided the question of convergence. Climate models have been
compared to observations or within each other in intermodel comparison projects, such
as the Coupled Model Intercomparisson Projects (CMIPs, i.e. Chen and Frauenfeld,
2014; Koutroulis et al., 2016). Now, it is expected to define that a "good" climate model
resembles some climate characteristics, i.e., the increase in sea surface temperature in the
last decade, and lies within an intermodel spread. However, how well a model resembles
the current climate does not translate to the climate change response (Klocke et al., 2011;
Parker, 2018), and it raises the question of the sources of intermodel differences in CMIPs
(Zelinka et al., 2020). Zelinka et al. (2022) compared the response and feedback to global
warming of cloud processes (cloud feedback) by expert assessments (Sherwood et al.,
2020) and found that models display biases from diverse cloud feedback components
from parameterization, i.e., cumulus parameterization, rather than a unique source.
Moreover, models that scored well according to expert assessment do not guarantee
a more skillful simulation of cloud feedback. In contrast, GSRMs use less complex
parameterization at the expense of increasing resolution; thus, reducing the interplay
between numerical and parameterization error is expected. Additionally, increasing the
horizontal grid resolution improves external fields of the climate model, particularly
orography (i.e., Prein et al., 2016), which influences climate processes, i.e., precipitation
(i.e., Oouchi et al., 2009; Langhans et al., 2012).
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In the Computational Fluid Dynamics (CFD) community, model results are accepted
by showing the reduction of truncation errors and increased accuracy by systematically
increasing resolution (Roache et al., 1986). Even though there is no exact protocol,
J. Freitas (1993) proposed guidelines for reporting uncertainties due to discretization in
the CFD community, which is known as a grid-convergence study. However, in climate
models, these guidelines have not been used and avoided the question of convergence
directly (Williamson, 2008). Instead, a sensitivity study of resolution or how refinement
affects the climate has been preferred. A common practice is to compare a quantity
or characteristic of the finest to the coarser resolution (i.e. Williamson, 2008; Landu
et al., 2014; Hohenegger et al., 2020); this method assumes that the finest resolution is
closer to the truth as the numerical error reduces as we increase resolution. However,
a drawback of this approach lies in how confident can we be that the finest resolution
is actually converging or closer to the truth. Regardless, this approach can provide a
hint of the convergence regime and information, if and only if the quantity converges
within the resolutions studied. Interestingly, for convergence studies, some papers
compare quantitative differences through global means and selected metrics and other
qualitatively regional responses or structures, i.e., zonal structures and snapshots (i.e.,
Williamson, 2008; Langhans et al., 2012; Landu et al., 2014; Zarzycki et al., 2019). However,
it leaves much room for the reader to interpret convergence. Hohenegger et al. (2020) used
another approach in addition to the previous one by comparing resolution differences
to the DYAMOND inter-comparison project intermodel spread (Stevens et al., 2019) for
different quantities. Even though the DYAMOND simulations are too short to observe
climate states climatology, and results might lie within spin-up and inter-variability,
they serve to understand more transient climate features, i.e., cyclones (Judt et al., 2021;
Pantillon et al., 2024), and the nature of cloud morphology (Freischem et al., 2024). Thus,
is there a more quantitative way to evaluate convergence in climate models by increasing
resolution? This gap is addressed in section 2.2, where we propose and develop an
alternative to evaluate convergence.

1.1.2 Convergence and simulation hierarchies

In the pursuit of understanding our climate, models have become worlds within worlds,
evolving into one of the most complex computer programs nowadays. Held (2005)
highlighted the need to develop a series of hierarchies of climate simulations to close the
gap between our theoretical conceptualization of climate processes and comprehensive
climate models. Yet, there is a wide range of experiments across the development of
climate models. Echoing Held’s (2005) vision, if convergence with increasing resolution
is considered a property of climate models, a hierarchy of experiment types is required
to answer which experiment type might be ideal to understand convergence.

Held (2005) stressed the need to keep models within the hierarchy as elegant; in other
words, they should have the lowest complexity for the question to be answered. An
outcome of the "Model Hierarchy Workshop 2016" was Figure 1.1 (Jeevanjee et al., 2017),
which tries to encase elegant models (blue color) in a 2D diagram over three-axis: bulk
(convection and radiation), boundary (ocean and land), and dynamics (rotation and fluid)
forcings. However, elegant tends to be subjective, and Jeevanjee et al. (2017) wondered
whether resolving convection without parameterization is potentially elegant.

By design, GSRMs become elegant by reducing the degrees of freedom and complexity
within parameterizations and resolving convection in their multi-scale nature, reducing
the interplay between parameterization and numerical errors. For instance, Zarzycki
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Figure 1.1: Climate simulation hierarchy, x-axis, bulk forcing (mainly radiation), y-axis, split
into two pieces, dynamic (mainly rotation) and boundary (mainly SST, uniform or
non-uniform). Ω is the angular velocity, and f the Coriolis parameter. Blue highlights
the elegant midlatitude models (Held-Suarez and Frierson) and the boundary of
possible elegant models in the tropics. The blue lines terminate in a nonexistant elegant
model that incorporates midlatitudes, tropics, and interactive clouds. The illustration
is taken from Jeevanjee et al. (2017)

et al. (2019), through the Dynamical Core Model Intercomparison Project (DCMIP2016),
investigated the horizontal grid spacing effect (horizontal resolution convergence) of
the splitting supercell test case (long-lived convective cell). They observed a sensitivity
reduction across models, including GSRMs, as they approached 500 m horizontal grid
spacing of bulk properties. Meanwhile, precipitation patterns of the last time step
(snapshot) displayed a weaker difference reduction with increasing resolution. Strikingly,
the inter-model spread was more significant even at 500 m horizontal resolutions,
suggesting that differences within the model’s physics implementation partly determine
the convergent solution of the transient dynamics. The splitting supercell test case does
not answer how these small differences might be relevant for climate. Increasing the
complexity of the experiment, Langhans et al. (2012) explored the statistical convergence
in regional climate models in the European alpine region from 4.4 to 0.55 km horizontal
grid spacing for a period of nine simulated days. They observed a convergence of bulk
properties and the diurnal cycle of precipitation with increasing horizontal grid spacing.
Additionally, Vergara-Temprado et al. (2020) investigated at which resolutions convection
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is explicitly resolved using a regional climate model. They found that deactivating the
cumulus parameterization has a better diurnal precipitation cycle representation for
finer horizontal grid spacing than 50 km, comparable to increasing the horizontal grid
resolution. Nevertheless, the regional climate model convergence is influenced by its
boundary conditions, and the small-scale to large-scale interaction is missing.

In the framework of global scale simulations, Kajikawa et al. (2016) explored the
dependency of deep convection to resolution using NICAM with realistic boundary
conditions and horizontal grid spacing going from 14 to 0.86 km for 12 simulated hours,
similar to the protocol of the Atmospheric Model Intercomparison Project (AMIP). The
study revealed an apparent convergence at about 1 km horizontal grid spacing for
convective cell numbers and no resolution dependency for global statistics. Using a
similar setup, Hohenegger et al. (2020) used ICON in the DYAMOND inter-comparison
project configuration (Stevens et al., 2019) with horizontal grid spacings varied from 80

to 2.5 km to investigate physical convergence over 40 simulated days. They quantified
convergence by comparing horizontal resolution differences to the DYAMOND inter-
model ensemble spread, observing a convergence towards 2 km horizontal grid spacing
for bulk and general circulation characteristics; however, the differences across models
participating in the DYAMOND project are still substantial, reflecting that 40 days
cannot capture climate statistics robustly, or that the models converge to statistically
different climates. In a separate study, Schmidt et al. (2023) explored the effects of vertical
resolution and showed that there was surprisingly little sensitivity to the vertical grid
spacing for grid spacing finer than the standard configuration of 90 stretched vertical
levels with model top at 75 km.

Even if AMIP simulations are desired to investigate the atmosphere component of
climate models, they require a long integration time of about 30 years, to evaluate climate
statistics. In the framework of kilometer-scale [O(1km)] simulation, 30 years will need
a large amount of computational resources. We must find a compromise to minimize
computational cost for convergence studies. We can reduce the experiment’s complexity
by using aquaplanet experiments. Aquaplanet experiments preserve basic features of
Earth’s general circulation (Blackburn et al., 2013; Medeiros et al., 2015, 2016) while
offering a simplified framework without complex boundary interactions and they have
proven themselves as useful tools to provide valuable insights into phenomena such
as tropical circulation and variability (Möbis and Stevens, 2012; Medeiros et al., 2016;
Popp et al., 2020; Rios-Berrios et al., 2020), how clouds respond to warming (Voigt and
Shaw, 2015; Talib et al., 2018), and the response of other aspects of the climate to external
forcing (Stevens and Bony, 2013a; Medeiros et al., 2015; Retsch et al., 2019). Medeiros et al.
(2015) highlighted the usage of aquaplanet experiments by comparing their response to
warming to AMIP simulations, showing the response of main characteristics, i.e., climate
feedback and circulation response, are similar or equal. Thus, they pose great candidates
for understanding convergence in GSRMs with and without forcing in a simplified
framework, which requires a reduced simulation time to achieve robust statistics. I will
further detail the aquaplanet experiments characteristics in section 2.1.

1.1.3 Uncertanities in Climate Change

More than 40 years ago, Charney published a landmark report on "Carbon Dioxide
and Climate: A Scientific Assessment," known as the Charney Report (Charney, 1979).
Although they did not have access to advanced computer facilities, multi-decadal satellite
observations of global climate change, and numerous sophisticated climate models, their
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main results are still relevant and have aged well. Their conclusion regarding the long-
term rise in global mean temperature (near-surface air) expected from a doubling of
atmospheric CO2: "We estimate the most probable global warming for a doubling of
CO2 to be near 3

◦C with a probable error of 1.5◦C," is remarkably close to the last
CMIP estimates (i.e. Meehl et al., 2020; Zelinka et al., 2020, 2022). The temperature
increase associated with an increase of CO2, the Equilibrium Climate Sensitivity (ECS),
is estimates as changes in global mean energy balance at the top of the atmosphere
(TOA) reaches the equilibrium state following a doubling of CO2. At equilibrium,
ECS = −F/λ, where changes in global mean energy balance at TOA are decomposed
into the radiative forcing (F) and the climate feedback parameter (λ). Meehl et al. (2020)
reported that across the different CMIPs, the ECS range has almost stayed the same, and
in the last CMIP6, the ECS range has been the largest across the 26 evaluated models.
Another relevant conclusion in Charney’s report is the critical role of cloud processes
and feedback in estimating ECS. Zelinka et al. (2020) investigated the main causes of
uncertainties within CMIP6 models, showing that the high climate sensitivity within
models is attributed to differences in the cloud response to warming. In particular, large
uncertainties were observed in the reduction of the albedo effect of clouds in middle and
high latitudes, as well as in changes to tropical high clouds. Clouds are not only simple
trackers of large-scale circulation, but their radiative effect also plays a mayor role in
setting the large-scale circulation (Bony et al., 2015). Their interplay with the climate
response is complex and has raised different intercomparison projects. The Clouds On
Off Klima Intercomparison Experiment (COOKIE, Stevens et al., 2012) focuses on the
cloud radiative heating and cooling in the large-scale circulation by making clouds
transparent to the radiation component (Voigt et al., 2021). One of the most interesting
results is the relevance of the cloud-radiative effect in the Hadley cell expansion with
warming. Without changes in the cloud-radiative effect, there would be hardly any
poleward migration of the Hadley cell edge, signaling the higher relevance of cloud
feedback in a regional rather than the global response (Voigt et al., 2021). The large
uncertainty in cloud responses arises from differences in the representation of convection
by cumulus parameterizations, as it is difficult to model cloud processes sufficiently
at GCMs horizontal grid resolutions. As Stevens and Bony (2013a) highlighted, there
are many inter-model differences in the cloud response and its effect on large-scale
circulation, even in simplified aquaplanet experiments (Figure 1.2).

With a better physical representation of convection and clouds, GSRMs offer an
opportunity to reduce the uncertainties and resolve the effects of small-scale and large-
scale interaction (Voigt et al., 2021). Kodama et al. (2015) performed one of the first
global AMIP simulations without convection parameterizations using NICAM at 14 km
horizontal grid spacing with an integration time of 20 years. Using their simulation, Noda
et al. (2019) found that the shortwave climate feedback displayed a neutral response; thus,
the atmospheric global mean shortwave radiation do not show significant differences to
warming. More recently, Merlis et al. (2024b) reported similar results using X-SHIELD,
with a horizontal grid spacing of 3 km and an integration time of 2 years. Interestingly,
CMIP models display large uncertainities in the shortwave climate feedback, as changes
in shallow cloud amounts with a cooling effect (high albedo) varies between models.
However, this might pose the question of whether the muted effect of shortwave climate
feedback is affected by horizontal grid spacing as shallow clouds reduce with increasing
resolution (Kajikawa et al., 2016; Hohenegger et al., 2020). Another relevant cloud
response is the increase of anvil clouds in the tropics, the Iris effect (Lindzen et al., 2001;
Bony et al., 2016). Silvers et al. (2023) used the Radiative-Convective Equilbrium Model
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Figure 1.2: Response in aquaplanet experiments mimicking climate change by increasing the
sea surface temperature by 4K using four different climate models (GCMs). The top
row displays change in the atmospheric cloud radiative effect (ACRE) and bottom
row, the change in precipitation. MPI-ESM-LR displays a contraction of the ITCZ as
precipitation migrated equatorward, MIROC5 displays a poleward migration of the
ITCZ, while FGOALS-G2 and IPSL-CM5A-LR don’t show significant migration of the
ITCZ. ACRE shows significant differences associated with circulation changes. The
illustration is taken from Stevens and Bony (2013a)

Intercomparison Project (RCEMIP; Wing et al., 2018), which simulated the tropics in a
simplified framework, and found that one-third of the models do not present the Iris
effect. Neither Noda et al. (2019) nor Retsch et al. (2019) observed the Iris effect with their
global simulations. Interestingly, Retsch et al. (2019) investigated the effect of resolution
and convection (with and without cumulus parameterization) using aquaplanets and
found that the climate feedback and ECS difference come from the different responses
in the water vapor feedback instead of cloud responses. Nevertheless, it remains the
question of how the response of the large-scale response to increased resolution, i.e.,
tropical circulation changes.

1.2 the scientific problem : physical convergence in a gsrm and its

response to global warming

Having laid out the background and the current insights into convergence in climate
models, I proceed to dip into the main research gaps that motivate this dissertation.

The first part of the dissertation focuses on developing a methodology to evaluate
convergence qualitatively and quantitatively using aquaplanet experiments, which I
detail in Chapter 2. I adopt the ICOsahedral Nonhydrostatic (ICON) model, which was
initially developed in a partnership of the Max-Planck Institute of Meteorology (MPI-M)
and the German Weather Service (DWD) and is now further developed and maintained
in a larger consortium also including the German Climate Computing Centre (DKRZ),
the Swiss Federal Institute of Technology (ETH), MeteoSwiss, and the Karlsruhe Institute
for Technology (KIT), as the GSRM for this study. I use the atmosphere component of
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ICON in a global aquaplanet experiment configuration, retaining only parameterizations
for the radiant energy transfer, which is based on RTE-RRTMGP (Rapid Radiative
Transfer model for General circulation model applications, Parallel, Pincus et al., 2019),
a single moment bulk microphysical parameterization consisting of five condensate
habits (Baldauf et al., 2011), and 3D turbulent mixing as described in Smagorinsky (1963)
with modifications by Lilly (1962) as implemented in the ICON model by Lee et al.
(2022a) following an earlier implementation by Dipankar et al. (2015). The vertical grid
consists of 90 stretched levels, where levels are more finely spaced close to the surface
than at the model top at 75 km, and a damping layer stretches from 44 km to the model
top with damping increasing from 44 km upwards. In the following, I will refer to this
configurations as ICON. I use this configuration to answer the following overarching
questions:

RQ1. Does the GSRM ICON display convergence with increasing horizontal grid
spacing?

To answer this question, I performed aquaplanet experiments with the same physics
and vertical grid, varying only the horizontal grid spacing and the time step to keep
the model stable. I use horizontal grid spacing from 160 to 1.25 km and focused on
how resolving small-scale processes and their interaction with the large-scale circulation
shows convergence with increasing horizontal grid spacing.

RQ2. If a GSRM shows convergence with increasing horizontal grid spacing, does
its response to warming also show convergence?

To answer this question, I extended the simulation of the first study by 360, 180, and
90 days for experiments with horizontal grid spacing ranging from 160-80, 40-5, and
2.5 km, respectively, referred to as "control" in section 2. Using the same initial state, I
performe forced simulations, mimicking climate warming by increasing the sea surface
temperature (SST) by 4K uniformly for the same period, referred to as "forced" in
section 2. For the "forced" experiments, I discard the first 45 days as the spin-up time.
I disregarded the 1.25 km horizontal grid spacing experiment as it was not able to
overcome the spin-up time due to computational constraints.
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2
P H Y S I C A L C O N V E R G E N C E M E T H O D O L O G Y

“The ability to simplify means to eliminate
the unnecessary, so that the necessary may
speak.”

Hans Hofman

This chapter addresses how to determine convergence in a GSRM. Based on Chapter
1.1, we require a model or experiment type that captures atmospheric climate character-
istics, retaining the interaction between tropics and extratropics circulations and clouds.
For this purpose, we use aquaplanet simulations, which capture the main characteristics
of the atmospheric general circulation. Additionally, its response to forcing is similar
to AMIP simulations. Upon model selection, we require a methodology to assess the
convergence of the main climate characteristics (global, large-scale, and regional). The
methodology should incorporate estimates of convergence tendency and, ideally, a
way to estimate which resolution might be required to achieve convergence. It should
also incorporate uncertainty quantification for experiments that have yet to reach a
statistically steady state.

In the following subsections, I further describe the aquaplanet’s properties, the
experiment setup, and the methodology developed to assess convergence.

2.1 aquaplanet properties

Neale and Hoskins (2000) proposed a series of aquaplanet experiment setups as an
intermediate step between experiments with complex boundaries (e.g., AMIP) and
highly idealized experiments (e.g., single-column experiments), retaining the interaction
within dynamics and parameterizations. Aquaplanet experiments model the ocean
as a constant zonally symmetric sea surface temperature, the radiative forcing as a
perpetual equinox (symmetric-constant irradiation about the equator) with a diurnal
cycle, without sea-ice interaction, use well-mixed greenhouse gases, and a constant
zonally symmetric ozone profile corresponding to the mean climatology used in AMIP
simulations (Blackburn et al., 2013). Figure 2.1 displays the five different sea surface
temperature profiles (SST-Profiles) proposed by Neale and Hoskins (2000). Rajedran et al.
(2013) observed differences in the large-scale structure with different SST-profiles. About
90% of models that used SST-CONTROL display one single ITCZ, while SST-QOBS and
SST-FLAT do not show agreement between models, displaying single or double ITCZ.
Nevertheless, SST-QOBS experiments most closely resemble the atmospheric energy
transport from observations (Williamson et al., 2013) and have been used frequently
to investigate different climate characteristics, as described in section 1.1.2. Thus, I use
SST-QOBS for our experiments, which follows the specification of latitudinal variations
of:

Ts(ϕ) =

 27
2

(
2 − sin2

(
3ϕ
2

)) (
1 + sin2

(
3ϕ
2

))
if |ϕ| ≤ π

3

0 if otherwise
[K] (2.1)
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Figure 2.1: The five different sea surface temperature profiles (SST-Profiles) proposed by Neale
and Hoskins (2000), SST-CONTROL, SST-PEAKED, QOBS, SST-FLAT, and SST-
CONTROL-5N. The illustration is taken from Neale and Hoskins (2000)

By construction, an aquaplanet with either SST-QOBS, -CONTROL, -PEAKED, and
-FLAT is symmetric with respect to the equator in its surface (SST-profile) and radiative
forcing (perpetual equinox); thus, in its climate state (long integration time), the main
climate characteristics, i.e., precipitation, should be symmetric to the equatorial axis or
point symmetric to the equator, i.e., meridional wind. The symmetrical nature of aqua-
planets is exemplified in Figure 2.2, which shows the mean precipitation over 180 days of
integration time of an aquaplanet experiment at horizontal grid spacing of 5 km, its zonal
mean, and the decomposition into its symmetrical and asymmetrical components. Since
precipitation is symmetric to the equatorial axis, the symmetric component is the mean
between the north and south hemispheres, while the asymmetrical component is the
difference between the north and south hemispheres divided by two. The symmetric and
asymmetric component definitions are reversed for variables that are point symmetric to
the equator.

Neale and Hoskins (2000) noted that aquaplanets require integration times shorter
than AMIP simulations as the symmetrical nature and the absence of complex boundary
conditions require reduced sampling time to achieve the statistical steady state. More
recently, Medeiros et al. (2016) investigated the sampling time for global and zonal
structures with an estimated 24 months to achieve robust statistics. However, sampling
times larger than 12 months are expensive for a global climate model with kilometer-
scale horizontal grid spacing. I revisited the simulation time required to achieve robust
statistics with a minimum simulation time by using the autocorrelation of successive
daily means and define the sampling interval for the cumulative mean to approach a
stationary value. We can be certain of the statistics once a daily or cumulative mean
becomes decorrelated. However, autocorrelation is suitable for sampling statistics of
scalar quantities, it does not capture vectors well, i.e., the zonal structure of precipitation.
I address the zonal structure sampling time by using the asymmetrical component
growth of a given field between cumulative samples. Once the asymmetrical component
average error of a zonal mean is smaller than the standard deviation between sub-
samples, we can be confident of the subsampling size. I also corroborate it with the
similarity score with a threshold (95%). For most statistics and characteristics of the
general circulation, 120 days is sufficient (Table A.2). For example, the ITCZ features
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Figure 2.2: Example of the symmetrical characteristic of aquaplanet simulated with 5 km horizon-
tal grid spacing over 90 days of integration time, showing precipitation as (a) global
field, (b) zonal mean 75S-75N, (c) symmetrical component, and (d) asymmetrical
component.

(latitude, intensity, and width) requires subsampling time around 20 days and sampling
time up to 150 days, while the storm tracks (latitude and intensity) require a longer
sampling time of 180 days (Figure A.2). For statistical quantities that do not achieve the
required sampling time the asymmetrical component provides an estimate of uncertainty.
Thus, the hemispheric asymmetry provides a means to quantify sampling errors due to
under-sampling, which I use to evaluate convergence within uncertainty bands (section
2.2).

2.2 physical convergence

I developed a methodology based on the Richardson-extrapolation method incorporating
asymmetrical components of our results to investigate convergence. The Richardson ex-
trapolation method, widely used in the computational fluid dynamics (CFD) community
(Phillips and Roy, 2014), uses lower-order discrete solutions to derive a higher-order
approximation, enabling us to estimate the discretization error:

εh = αphp + HOT ≈ αphp (2.2)

where HOT describes high-order terms, h is the grid spacing, αp a constant, and p
the formal order of convergence, which depends on the discretization scheme used.
Assuming that the numerical solution is in the asymptotic range of convergence, we can
drop the HOT and approximate the discretization error of two systematically refined
grids with asymptotic numerical solutions:

εh =
urh − uh

rp − 1
(2.3)
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Figure 2.3: An example of the Richardson-Extrapolation method for ITCZ location (ϕITCZ
pr ), which

is defined by the latitude of the zonal mean of precipitation maxima, for horizontal
grid spacing between 20 and 2.5 km, where the evaluated grid spacing [h, rh, and r2h]
are characterized by r, the grid refinement factor (in this case equal to 2), and the
coarser horizontal grid spacing (h), p is the estimated convergence rate, u is the metric
evaluated at each grid spacing, εh is the discretization error evaluated within h and
rh, ũ is the estimated asymptotic value using the evaluated grid spacing, and r∗ is an
estimated resolution to achieve an acceptable value within a certain desired accuracy
(u∗). Extended black and gray lines towards ũ use the horizontal grid spacing of [10,
5, 2.5] km, and [20, 10, 5] km, respectively

where u is a characteristic or metric to evaluate between the two simulations with grid
spacing h and rh respectively, with r the grid refinement factor and h is, therefore, the
coarser grid spacing between the two evaluated experiments.

However, due to the complexity of the non-linear partial differential equations that
compose the climate models and the numerical scheme used, we do not know the formal
order of accuracy or convergence rate (p). We use an additional refined grid to estimate
the convergence rate (r2h):

p = min

0.5,
ln

(
ur2h−urh
urh−uh

)
ln(r)

 (2.4)

where 0.5 is a limiting factor to minimize unrealistic large error estimates (Phillips
and Roy, 2014) that may emerge in non-convergent regimes. Once we estimate the
convergence rate, we estimate the asymptotical value by:

ũ = ur2h +
ur2h − urh

rp − 1
(2.5)

Hence, our method requires three experiments with grid spacing [h, rh, and r2h] to
estimate convergence. Figure 2.3 displays the structure to evaluate the convergence of an
asymptotical variable, the ideal case, where αp is constant within the two consecutive
discretization errors (εh and εrh). However, due to the non-linear nature of the climate and
our estimated convergence rate, diverse metrics may display a non-smooth convergence
pattern or become noisy. To solve this problem, I use a comparative approach, which
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Figure 2.4: Examples of the convergence patterns of three different metrics using the convergence
methodology developed (simplified analysis as it does not include the confidence
metric, ζ): (a) reliable convergence pattern of global mean precipitation (pr) achieving
convergence at 2.5 km horizontal resolution, (b) steady convergence pattern of global
mean atmospheric net longwave radiation (Fnet

LW) requiring horizontal resolution
higher than 1.25 km to achieve convergence, and (c) unclear convergence pattern
of Eddie-driven jet intensity EDJi showing an apparent convergence at a horizontal
resolution of 10 km as it does not vary significantly with increasing resolution, but
large uncertainty bars are present. In black, each metric (u) is evaluated at each
horizontal grid spacing (x-axis), and in gray, each estimated asymptotical value (ũ) is
assessed with the three previous horizontal grid spacing outcomes.

assesses the discretization error growth between two consecutive pairs and if it follows
the discretization convergence rate (αh = εh/hp), creating the metric:

ζ =
εh(p)
εrh(p)

rp (2.6)

where ζ ≈ 1 indicates that we are in the asymptotical regime. Thus, I define a range
of confidence based on ζ, where |1 − ζ| < 0.1 is considered highly reliable, ζ < 0.25
moderately reliable, ζ < 0.5 questionable, and ζ > 0.5 unreliable.

Additionally, undersampled metrics may enhance non-smooth convergence patterns
and become more noisy. For example, Figure 2.4c displays oscillatory values at 2.5 and
1.25 horizontal grid spacing as the Eddie-driven jet intensity requires longer sampling
times than 120 days to have robust statistics, which has not been achieved. To address
uncertainties due to under-sampling, I evaluate each metric using the hemispherical
symmetrical component û (doubling the sampling), and with its asymmetrical component
δu, I analyze its uncertainty by re-calculating it within a plus and minus hemispherical
asymmetrical component; obtaining an uncertain range u = û ± δu. I use the functional
approach (Hughes and Hase, 2012), corroborated with the Monte Carlo approach
(Possolo and Iyer, 2017), to propagate the uncertainty δu through Eq. (2.5) and obtain the
estimated asymptotic value (ũ) within its respective uncertainty range (δũ).

Figure 2.4 exemplifies a simplified version of convergence analysis for three different
convergence patterns: reliable (a), steady (b), and unclear (c). A reliable and steady
convergence pattern displays a steady convergence pattern as the horizontal resolution
increases with their ũ within moderate or greater confidence (|1 − ζ| < 0.25). A reliable
convergence pattern displays convergence within the horizontal grid spacing explored.
For example (Figure 2.4a), mean global precipitation displays convergence at 2.5 km
horizontal grid spacing, as the metric at 2.5 km and 1.25 km is within ũ uncertainty bars.
Meanwhile, steady convergence patterns do not achieve convergence even at 1.25 km
and require finer horizontal grid spacing to achieve convergence. Figure 2.4b shows a
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steady convergence pattern for global mean atmospheric net longwave radiation as, by
increasing horizontal resolution, the difference within ũ becomes smaller with a low
convergence rate (p) of 0.5. In contrast, unclear convergence patterns display visual- or
non-convergent patterns, i.e., regime change, with increasing horizontal grid spacing.
Due to non-smooth convergence patterns, it display large uncertainty bars and low
confidence (|1 − ζ| > 0.25) in its ũ. For example (Figure 2.4c), the Eddie-driven jet
intensity (EDJi) requires sampling times greater than 120 days to have robust statistics.
At finer horizontal grid spacing than 5 km, it displays large uncertainty bars at each
horizontal resolution and slight differences between them. This pattern leads ũ to have
large uncertainty bars and low confidence (|1 − ζ| > 0.25). Moreover, as the 1.25 km
horizontal grid spacing experiment has a short sampling time, EDJi is far from the 2.5 km
horizontal resolution ũ. Additionally, I evaluate p for each metric, which estimates how
fast the metric converges with increasing horizontal grid spacing. Using p and a desired
error, i.e., standard deviation within ten-day sampling time, we can determine the
horizontal grid spacing required to achieve convergence with Eq 2.2 for high confidence
steady convergent metrics. However, it must be considered as an estimate.
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3
K E Y R E S U LT S

“Are there reasons to believe simulations if
they do not converge? If models do not
converge does it follow that they are
incorrect?”

- David L. Williamson (Williamson,
2008)

Up to this point, we have laid out our methodology for assessing convergence and
selected the model and configuration setup that captures the atmospheric climate’s main
characteristics, the global aquaplanet model with SST-QOBS. Its response to forcing,
mimicking climate warming, is similar to simulations with more realistic configurations,
i.e., AMIPs, and requires reduced computation resources to achieve the statistically steady
state. In the sections that follow, we turn to the question posed by Williamson (2008), see
above, and re-formulate it: By reducing the complexity of the model and parameterization
that might depend on horizontal grid spacing, do we observe convergence? When
refining horizontal grid spacing, does convergence reveal itself in a GSRM (ICON)?
And does resolving small-scales and their interaction with large-scale reveal patterns of
convergence in climate statistics? If so, does the response to forcing displays convergence?

To address these questions, I use the ICON with minimal parameterizations consis-
tently for all experiments, except for shortening the time-step for higher horizontal grid
spacings.

3.1 physical converge in a gsrm

In the first study (Appendix A), I performed aquaplanet experiments with horizontal grid
spacing from 160 to 1.25 km. First, I explored the convergence of the global mean statistics,
i.e., water and energy budget, representing the bulk properties of aquaplanet experiments.
Subsequently, I characterized the large-scale circulation by the meridional overturning
circulation, emphasizing the structure and intensity of the ITCZ, the boundaries of
the tropics, and the storm tracks. Finally, I examined the zonal mean thermodynamic
state in the tropics, focusing on the convergence of the temperature structure and cloud
characteristics.

In accordance with previous studies (Kajikawa et al., 2016; Hohenegger et al., 2020),
I observe a decrease in cloudiness with increasing horizontal grid spacing, specifically
shallow clouds. With a systematic reduction of clouds, the atmospheric cloud radiative
effect (ACRE) reduces, and a clear-sky radiative effect dominates the energy budget.
The shortwave components of the energy budget are sensitive to horizontal resolution
and display a steady and high-reliable convergence pattern but have yet to achieve
convergence at kilometer-scale grid spacing. For example, net shortwave radiation at
TOA (FTOA

SW ), displayed in Figure 3.1b, increases systematically as horizontal resolution
increases, while their differences between asymptotical estimates becomes smaller. FTOA

SW
is mainly controlled by the albedo effect of clouds, as there is no ice in aquaplanets.
Precipitable water (prw) plays a crucial role in the radiative effect in clear-sky conditions,
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Figure 3.1: Simplified version of global mean statistics convergence analysis of (a) outgoing
longwave radiation at TOA (FTOA

LW ), (b) net atmospheric shortwave radiation at TOA
(FTOA

SW ), (c) precipitable water (prw). Similar to Figure 2.4

with effects on the outgoing longwave radiation at TOA (FTOA
LW ). With the increase of

horizontal grid spacing, prw displays a minima at 20 km and an increase with finer
horizontal resolution (Figure 3.1c). Interestingly, FTOA

LW shows a maximum at 10 km and
then a reduction with a finer horizontal grid spacing (Figure 3.1a). I investigated this
pattern further and observed that changes in the zonal circulation and, thus, in the
prw zonal structure explain the mismatch between the prw minima and the FTOA

LW (not
shown). Strikingly, only vertically integrated cloud ice content, precipitation, evaporation,
and longwave cloud radiative effect at the top of the atmosphere display convergence at
2.5 km horizontal grid spacing (not shown).

Qualitatively, the meridional overturning circulation displays one single ITCZ at 160

and 80 km, an unstable ITCZ (transition from single to double) at 40 km, and a double
ITCZ at higher horizontal grid spacing than 20 km (Figure 3.2). Rios-Berrios et al. (2020),
using the Model for Prediction Across Scales-Atmosphere (MPAS-A, Skamarock et al.,
2012) with cumulus parameterizations, also showed a double ITCZ within kilometer-
scale horizontal grid spacing of up to 15 km. On the other hand, GCMs display different
ITCZ structures with increasing horizontal resolution using the SST-QOBS (Landu et al.,
2014) with slight different configurations (parameterizations).

Quantitatively, I characterize the ITCZ structure by its location (superscript ϕ), width
(superscript w), and intensity (superscript i) as measured either in terms of precipitation
(subscript pr), or the zonal meridional stream function at 500 hPa (subscript ψ). The ITCZ
location, pr (Figure 3.2a) or ψ (Figure 3.2b), shifts polewardly with increasing horizontal
grid spacing, and differences are below 0.5 deg within horizontal resolutions at 5 km.
While the intensity reduces and displays slight differences within 5 and 2.5 km horizontal
grid spacing. The ITCZ location and intensity display convergence at 2.5 km horizontal
grid spacing (not shown). Metrics near the tropics boundary and extratropics present
great variability and make the statistical convergence more challenging to quantify, as
they require longer integration times than 120 days to have robust statistics. The Hadley
cell edge (ITCZw

ψ ), measured by the zero crossing of ψ, shifts polewards with increasing
horizontal grid spacing (Figure 3.2b) with differences below 1 deg at finer horizontal
resolution than 10 km. However, ITCZw

ψ displays an unclear convergence pattern and
sublinear convergence rate (p < 1, not shown).

In the extratropics, the storm tracks (ST), measured by the second precipitation maxima,
shift polewards and become weaker with increasing horizontal resolution (Figure 3.2a).
The storm track intensity (STi) and location (STϕ) display apparent convergence at
5 km horizontal resolution with linear convergence rate and steady convergence, yet to
converge at 2.5 km, with sublinear convergence rate, respectively (not shown). However,
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Figure 3.2: ITCZ zonal profile across horizontal resolutions (a): precipitation (pr), and (b): zonal-
mean mass meridional stream function (ψ). The ITCZ, defined by its latitude and
width, is marked with a diamond and star, respectively. The storm tracks latitude is
marked with a cross for each horizontal grid spacing. On the x, y, and extra axes, I
identify the ITCZ latitude (ITCZϕ), width (ITCZw), intensity(ITCZi), the storm tracks
latitude (STϕ) and intensity (STi) for each horizontal grid spacing.

longer sampling times are needed to increase the confidence in the extratropical metrics
convergence patterns.

The vertical thermal structure of the tropical atmosphere (Figure 3.3a) converges as
I increase the horizontal grid spacing; it becomes less stable, and by comparing with
the 2.5 km horizontal grid spacing experiment, the cold-point troposphere (CPT) warms
quite remarkably at coarser experiments up to 20 km. CPT differences between horizontal
resolutions finer than 20 km are less than 0.5 K and 200 m (in height), which are difficult
to separate from variability.

The tropical boundary layer progressively dries (Figure 3.3b) and becomes less cloudy
with a systematic reduction of shallow clouds (Figure 3.3c). The maxima of relative
humidity in the boundary layer (RHmax) reduces up to 10 km horizontal grid spacing,
where differences with finer horizontal resolutions are smaller than 0.5% in absolute
value and 100 m in height. It displays convergence at 2.5 km horizontal grid spacing (not
shown) with high confidence and linear convergence rate. Within the boundary layer,
the maxima of cloud liquid water (clwmax) does not converge within the horizontal grid
spacing studied; clwmax significantly reduces (Figure 3.3c) along with the maxima of
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Figure 3.3: Tropical (30N to 30S) vertical structure with their respective characterization (metric)
of (a) temperature characterized and the cold point tropopause (CPT), (b) relative
humidity and maximum in the boundary layer (RHmax), (c) cloud liquid water content
and its maximum (clwmax), and (d) cloud ice content and its maximum (climax). On
the x, y, and extra axes, I identify each characterization (metric) magnitude and height
for each horizontal grid spacing.

cloud cover in the boundary layer (not shown). Nevertheless, clwmax displays steady
convergence with a sublinear convergence rate (not shown). Thus, shallow clouds are
not sufficiently resolved within kilometer-scale horizontal grid spacing. Shallow clouds
might not have a monotone convergence when horizontal grid spacing reaches decameter
scales, thin stratiform clouds associated with the detrainment from trade-wind clouds
will become better resolved and more pronounced, causing the planet to brighten
(Stevens et al., 2001; Schulz and Stevens, 2023).

The tropical upper and middle troposphere (Figure 3.3b) become moister with
horizontal grid spacing, and changes in the secondary peak in relative humidity are
noticeable even at the finest horizontal resolutions. In the upper troposphere, ice clouds
do not display monotonicity as I increase horizontal grid spacing (Figure 3.3d) and
are subject to the meridional overturning circulation (single or double ITCZ). The
convergence pattern of cloud ice maxima (climax) shows signs of convergence at 2.5 km,
but the differences within the finest horizontal grid spacing in the order of 0.5 mg/kg
generate large uncertainty and low confidence in the convergence analysis (not shown).
Given the significant changes in circulation and humidity, climax are controlled mainly
by microphysical and thermodynamical processes rather than resolution.

3.2 physical converge of climate response to +4k forcing

In the second study (Appendix B), I extend the simulation of the first study (control),
and using the same initial state, I performed forced simulations, mimicking climate
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Figure 3.4: Global mean response to warming, (a) changes in the water budget, where the x-
axis is the intensification of the hydrological cycle (Ωpr) and y-axis the precipitable
water increase (Ωprw), and (b) changes in the energy budget, climate feedback (λ)
components, shortwave (x-axis) and longwave (y-axis). Color circles are the result of
our experiments from 160 to 2.5 km horizontal grid spacing, CMIP5/6 experiments in
gray diamonds (as a reference), and the estimated convergence value for each metric
(ũ), as a black x.

warming by increasing the SST by 4K uniformly for the same period. For the forced
experiments, I discarded the first 45 days as the spin-up time. Experiments with 160

and 80 km, 40 to 5 km, and 2.5 km horizontal resolution have a simulation time of 360,
180, and 90 days, respectively. First, I explored the convergence of the energy balance at
the top of the atmosphere and the intensification of hydrological cycle (precipitation)
and precipitable water, representing the main response in climate change. Subsequently,
I focus on the large-scale circulation structure, i.e., the contraction of the ascending
branch of the Hadley cell. Finally, I examine the thermodynamical vertical response of
the tropics, focusing on relative humidity and the clouds response.

The global energy balance at the top of the atmosphere shows a robust response
as the horizontal grid is refined (Figure 3.4b). Agreeing with Retsch et al. (2019), the
longwave climate feedback (λLW) dominates ECS. λLW becomes more positive with
refinement and converges at 5 km horizontal grid spacing to a value of -2.1 W m−2

in accordance with spectral longwave feedback parameter estimated from satellite
observations (Roemer et al., 2023). The shortwave climate feedback (λSW) displays high
sensitivity to horizontal grid spacing, consistent with the convergence of the control
experiments, becoming neutral at higher horizontal grid spacing with an oscillatory
low-reliable convergence pattern yet to converge at kilometer-horizontal grid spacing
(not shown). AMIP experiments at high horizontal grid spacing have observed similar
patterns of λSW (i.e. Noda et al., 2019; Merlis et al., 2024b).

With warming, the precipitable water increases (Ωprw) following the temperature
dependence of saturation-specific humidity (Figure 3.4a), known as the Clausius-
Clapeyron (CC) relationship (Trenberth et al., 2003). Similarly, precipitation increases,
also refereed as the intensification of the hydrological cycle (Ωpr), but at a slower
rate, as is constrained by the change in atmospheric energy availability (i.e. Allen and
Ingram, 2002; Held and Soden, 2006; Jeevanjee and Romps, 2018). For all horizontal
grid resolution studied, the Ωpr increase rate is slower than Ωprw and have different
convergence patterns. The Ωpr displays apparent convergence at 20 km horizontal grid
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Figure 3.5: The response pattern of the large-scale circulation structure, represented by the
intertropical convergence zone (ITCZ), in terms of precipitation change in response
to uniform warming of + 4K, from 160 to 2.5 km horizontal grid spacing (y-axis). I
define the ITCZ structure in terms of its location (maxima of precipitation: ϕITCZ

pr ;
and maxima of the stream function at 500 hPa: ϕITCZ

ψ ), Hadley cell edge (ϕHC), storm
track location (second maxima of precipitation; ϕST), atmospheric desert (ϕAD), and
anti-Hadley cell edge (ϕanti−HC).

spacing converging at 5 km towards 3.6 %K−1 (not shown), higher than the estimated
2-3 %K−1 from previous studies (Allen and Ingram, 2002; Held and Soden, 2006). In
contrast, Ωprw does not converge at kilometer-scale horizontal grid spacing and displays
a steady convergence pattern towards 10.25 %K−1 (not shown), higher than the CC
relationship of 7 %K−1 and in line with CMIP5 aquaplanet response (Medeiros et al.,
2015).

Changes in the hydrological cycle and the meridional overturning circulation are
closely interconnected (Chahine, 1992; Stevens and Bony, 2013a). However, the response
of the overturning circulation, i.e., changes of the ITCZ location, displays different
responses between models (i.e., Medeiros et al., 2015). Figure 3.5 displays the zonal
response of precipitation (forced-control), the location of the ITCZ measured by pre-
cipitation (ϕITCZ

pr ) and the stream function (ϕITCZ
ψ ), the atmospheric dessert (ϕAD) start

and end (the zero crossing of the water budget), the Hadley cell edge (ϕHC - the zero
crossing of the stream function), the anti-Hadley cell edge (ϕanti−HC - the crossing zero
near the equator of the stream function, Adam, 2021), and the storm track location (ϕST

- the second maxima of precipitation). Regions with high precipitation (wet regions) and
dry regions show an increase and decrease in precipitation, respectively, following the
paradigm of the "rich-get-richer mechanism" across horizontal resolutions (Chou and
Neelin, 2004; Chou et al., 2009).

In accordance with previous studies (i.e., Liu et al., 2012; Vallis et al., 2015; Son
et al., 2018), the Hadley cell weakens and expands (poleward and upwards), and the
atmospheric desert expands for all horizontal grid spacing investigated in response
to warming (Figure 3.5). ϕHC shifts polewards robustly and displays unclear apparent
visual convergence at 5 km horizontal grid spacing towards an estimated convergence
value of 1.6 deg (not shown). Along the poleward expansion of the Hadley cell, the storm
tracks shift poleward. ϕST displays a similar convergence pattern to that of ϕHC with
an estimated convergence value of 1.9 deg (not shown). However, the great variability
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Figure 3.6: Thermodynamic vertical response in the tropics of (a) temperature and (b) relative
humidity in model level, and (c) cloud ice and liquid water in temperature space
from 160 to 2.5 km horizontal grid spacing. I characterize the thermodynamic vertical
structure regarding the cold point tropopause (CPT) and the maxima of relative
humidity (RHmax), cloud liquid water (clwmax), and cloud ice climax.

in the limits of the Hadley cell and extratropics makes the statistical convergence more
challenging to quantify and requires longer sampling times for a robust estimate.

In the tropics, specifically the ascending branch of the Hadley cell, I observe distinct
sensitivity to horizontal grid resolution and associated with the ITCZ structure in control
simulations. Byrne et al. (2018) defined the ITCZ width as the width of the ascending
branch of the Hadley cell, which can be defined as the ϕITCZ

ψ if there is no anti-Hadley
cell. If an experiment has an anti-Hadley cell, I define the width as the distance between
the edge of ϕanti−HC and ϕITCZ

ψ . The ITCZ location does not shift in experiments with
80 and 160 km horizontal resolution, while the ITCZ width displays a contraction with
absolute value smaller than 0.2 deg. When the control simulation has an unstable ITCZ
(40 km horizontal grid spacing), the ITCZ location shifts equatorward, and the ITCZ
width expands in response to warming. At finer horizontal grid spacing, the ITCZ
location shift polewards, and the ITCZ width expands by an absolute value smaller
than 1 deg; differences between horizontal grid resolutions are small and make the
estimate unreliable (not shown). Interestingly, the ITCZ width displays two modes in our
experiments, contrary to previous studies (i.e., Byrne and Schneider, 2016; Watt-Meyer
and Frierson, 2019), where the ITCZ contracts whenever there is a single or double ITCZ
in control experiments.

Under global warming, the tropopause height and stability are expected to increase
as the outgoing longwave radiation is constrained, on average, to the incoming solar
radiation, and the moist adiabatic lapse rate decreases, especially in the tropics (Vallis
et al., 2015). Across the experiments, the cold point tropopause (CPT) and maxima
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Figure 3.7: Thermodynamic vertical response in the tropics of (a) relative humidity in model
level, similar to Figure 3.6, and simplified version of the statistics convergence analysis
of the response to warming of (b) relative humidity maxima in the boundary layer
(RHmax), (c) relative humidity at 500 hPa (RH500hPa), (d) temperature at 200 hPa
(T200hPa), and (e) temperature at 500 hPa (T200hPa), similar to Figure 2.4

of cloud ice have a robust upward movement (1 km) as response to warming with
differences between experiments of 100 m (Figure 3.6a), which are difficult to separate
from variability. CPT increases by 2 K for horizontal grids spacing finer than 20 km and
differences between experiments are below 0.25 K. Likewise, the vertical temperature
profile displays significant warming. The upper levels of the troposphere (200 hPa ≈
12 km) warm by about 8.4 K (Figure 3.7d), and the middle levels of the troposphere
(500 hPa ≈ 6 km) warm comparatively less by 6.5 K (Figure 3.7e). The warming in the
troposphere, measured at 200 hPa and 500 hPa displays apparent convergence at 5 km
horizontal grid spacing with large uncertainty bars due to small differences within
higher horizontal resolutions. CPT change and the temperature response at 200 and
500 hPa agrees with recent studies (Guendelman et al., 2024).

It is well-known that climate models’ response to warming tends to maintain a near-
constant relative humidity (i.e., Manabe and Bryan, 1969; Held and Soden, 2006), which
is supported by observations (Douville et al., 2022). Jeevanjee and Romps (2018) noted
that relative humidity above 1 km in the free troposphere is invariant in temperature
coordinates and does not depend on warming. Figure 3.6b shows the change in the
vertical structure of relative humidity in temperature coordinates and Figure 3.7a in
model levels. It becomes evident that the boundary layer dries while the middle and
upper troposphere becomes moister in a warmer climate. In the boundary layer, the
maxima of relative humidity decreases by 2.3 % with reliable convergence patterns at
10 km horizontal grid spacing (Figure 3.7b). The increase of water vapor and relative
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humidity greatly impact the longwave climate feedback as the emission height increases.
At 500 hPa, approximately the emission height, I observe an increase of relative humidity
with apparent visual convergence at 10 km horizontal grid spacing, but with unclear
confidence and significant uncertainty bars towards 2.4 % (Figure 3.7c), increasing the
emission temperature by 2.4 K (not shown).

The response of clouds to warming remains uncertain and is considered the major
source of uncertainty of climate sensitivity estimates from climate models in CMIP6

(Zelinka et al., 2022). However, there are robust responses in models, such as the anvil top
cloud temperature and height. According to the hypothesis of the fixed anvil temperature
(FAT, Hartmann and Larson, 2002) and the proportionally higher cloud base warming
(PHAT, Zelinka and Hartmann, 2010) hypothesis, anvil top cloud temperature should
remain almost constant. I test this hypothesis across experiments by changes in the cloud
top temperature (not shown) and temperature changes of the maxima of cloud liquid
ice (Figure 3.6c). The cloud top in our experiments has a slight increase of 1 K for all
resolutions (not shown), thus, agreeing with the PHAT hypothesis. Following the PHAT
hypothesis and the increase of stability in upper levels of the troposphere, Bony et al.
(2016) suggested a contraction of anvil clouds (reduction of top cloud cover) in the deep
tropics (Iris effect, Lindzen et al., 2001). However, the Iris effect is not observed clearly
across the different horizontal grid spacing explored. Instead, a slight increase of anvil
clouds, in line with NICAM simulations (Noda et al., 2019) is observed. Meanwhile,
shallow cloud amounts do not show significant changes across resolutions (Figure 3.6c).
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4
C O N C L U S I O N

“...If a model converges it is not necessarily
correct. However, one would have more
confidence in the results if multiple
schemes converged to the same statistical
states...”

- David L. Williamson (Williamson,
2008)

This dissertation ventures into the convergence in climate response to warming
using a Global Storm Resolving Model by developing a new methodology to quantify
convergence in a simulated climate and its response to warming. At its core, we
aim to answer the question: With the increase of horizontal grid spacing and resolving
small-scale processes (e.g., convection), does the large-scale climate in the present day display
a qualitative and quantitative convergence? If so, does the response to warming display a
qualitative and quantitative convergence, too? While GSRMs do not solve all modeling
challenges, they provide a more physical framework by solving a consistent set of
equation over a broader range of scales (Satoh et al., 2019). By resolving more physics
(including fluid-dynamic and non-fluid-dynamical processes) and minimizing the use of
complex, resolution-dependent parameterizations, GSRMs reduce the entanglement of
parameterization and numerical errors. Chapter 2 outlines the advantages of aquaplanet
experiments with reduced computational resources to achieve robust statistics and
the developed methodology to evaluate convergence, with an adapted Richardson-
Extrapolation method. This work provides a way to examine GSRMs from the point of
view of convergence. Chapter 3 presents the main findings of this dissertation by using
the climate model ICON retaining only parameterization for the radiant energy transfer,
a single moment bulk microphysical parameterization, and 3D turbulent mixing.

4.1 answering the research questions

Let us examine the research questions outlined in Chapter 1.2.

RQ1. Does the GSRM ICON display convergence with increasing horizontal grid spacing?

To answer this question, I developed a methodology to evaluate convergence with
a sampling time of at least 120 days based on the Richardson-Extrapolation method. I
integrated the symmetrical characteristics of aquaplanets in the methodology to derive
confidence estimates. To test convergence, I performed a series of aquaplanet experiments
using ICON with horizontal grid spacing from 160 to 1.25 km.

Qualitatively speaking, the large-scale circulation structure, measured by the ITCZ
structure, transitions from single to double at 40 km horizontal grid spacing. At 10 km
horizontal grid spacing, the large-scale circulation structure displays convergence. The
main features of the ITCZ (location and intensity) show reliable convergence at a
horizontal grid spacing of 1-5 km (Figure 3.2). However, features in the subtropics, i.e.,
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Hadley cell edge, and in the extratropics, show apparent convergence at a horizontal grid
spacing of 1-5 km as their variability makes statistical convergence more challenging to
diagnose in short simulations (Figure 3.2). The vertical structure in the tropics, measured
by temperature, relative humidity, and cloud ice, displays convergence with small
differences between horizontal grid resolutions in the range from 5 km to 1.25 km (Figure
3.3). The boundary layer dries with increasing horizontal grid spacing and converges
faster than the middle and upper troposphere. The middle and upper troposphere
becomes warmer and moister with increasing horizontal resolution and displays changes
by a few percent in relative humidity. However, the cloud liquid water maxima are
sensitive to the horizontal grid spacing and do not show convergence at kilometer-
scale horizontal grid spacing (Figure 3.3). Thus, shallow clouds are underresolved at
kilometer-scale horizontal grid spacing, affecting the convergence of the shortwave
component of the energy budget. The longwave components of the energy budget, i.e.,
outgoing longwave radiation, converge with increasing horizontal resolution and achieve
convergence at 2.5 km horizontal resolution (not shown).

RQ2. If a GSRM shows convergence with increasing horizontal grid spacing, does its response to
warming also show convergence

To answer this question, I extended the aquaplanet experiments in the first study,
refereed to as "control", and by using the same starting initial state, I performed "forced"
experiments, mimicking climate warming with a uniform increase of SST by 4 K, for
horizontal grid spacing from 160 km to 2.5 km. I focus on different aspects of global and
regional responses to climate change and use the convergence methodology developed
in Chapter 2 to assess convergence.

Overall, the response to global warming in aquaplanet experiments shows convergence
as we increase the horizontal grid spacing. From the global perspective, canonical metrics,
like the hydrological cycle intensification, converge at kilometer-scale horizontal grid
spacing, except for shortwave climate feedback and precipitable water increase, similar
to "control" experiments. In the large-scale structure, the mean meridional circulation
response, i.e., ITCZ location shift, converges at kilometer-scale horizontal grid spacing.

The overturning circulation displays three different response patterns in the location
and width of the ITCZ relative to the "control’s" climate structure converging at kilometer-
scale grid spacing (Figure 3.5):

a) no movement and contraction (single ITCZ) at 160 and 80 km

b) equatorward shift and expansion (unstable ITCZ) at 40 km

c) poleward shift and expansion (double ITCZ) for horizontal grid spacing finer than
20 km

The Hadley cell expands for all horizontal grid spacings. The Hadley cell edge
and storm track location have a poleward shift with apparent convergence at 5 km
horizontal grid spacing. However, their great variability makes statistical convergence
more challenging to diagnose. Similar to the "control" climate, the tropical boundary
layer dries with horizontal grid refinement, while the tropical free troposphere becomes
moister and warmer, which modifies the emission temperature in clear-sky conditions
(Figure 3.6).

The cloud top temperature change follows the hypothesis of the fixed anvil tem-
perature (FAT, Hartmann and Larson, 2002) and the proportionally higher cloud base
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warming (PHAT, Zelinka and Hartmann, 2010) hypothesis with a slight temperature
increase (1K) as a response to warming (Figure 3.6). Cloud radiative effects, longwave
and shortwave, compensate for each other in the tropics. However, we observe significant
changes in the extratropics, where mixed-phased clouds are more common, with an
increase of cirrus and shallow clouds. Bony et al. (2016) estimated an increase of
anvil clouds (Iris effect, Lindzen et al., 2001) based on the thermodynamic equation
of convective mass fluxes and the usage of radiative-convective equilibrium (RCE)
experiments within three GCMs. However, within our experiments, there is no robust
decrease of anvil clouds. This agrees with previous studies of global climate change
using NICAM (Noda et al., 2019). Jeevanjee (2022) explored the possibility that the
convective max flux closure (Bony et al., 2016) is only partially accurate since relative
humidity and precipitation efficiency might not remain constant, which is observed in
our experiments (Figure 3.6). Meanwhile, in the subtropics, there is no robust decrease
of shallow clouds, which is expected (i.e., Rieck et al., 2012). Instead, there is an increase
in cirrus clouds.

4.2 final remarks and outlook

We do not know the idealized aquaplanet experiments’ theoretical solution or climate
as it cannot be solved analytically. We could aim to make observations, but the closest
planet with a probable liquid surface is in the planetary system Kepler-138, which
is just about 218 light-years distant and might be still very different to the idealized
aquaplanet. Nevertheless, by increasing the horizontal grid spacing and avoiding complex
parameterization, we have shown that a GSMR (ICON) does show convergence in the
large-scale circulation structure and displays a robust response under climate warming.

Although the developed methodology offers valuable insights into climate models,
it has caveats. Metrics with values near zero or small differences between neighboring
horizontal resolution experiments might exhibit oscillatory or unstable convergence
rates. Thus, the confidence in their analysis is low. In cases where visual convergence
is apparent, we can be confident of convergence to a certain extent. As highlighted
by Williamson’s (2008) quote, the observed convergence increases our confidence in
estimates of climate change and atmospheric processes in GSRMs, particularly in ICON.
However, convergence with increased horizontal resolution does not guarantee the
correctness of the climate model. In GSRMs, non-fluid dynamic component parameters
or numerical representation of physical processes might influence the statistical climate;
hence, how should we interpret the observed convergence?

The most obvious statement is that a model with kilometer-scale horizontal grid
spacing can represent numerically the observed convergent metrics at those horizontal
resolutions. Nevertheless, the estimated value of convergent metrics at kilometer-scale
might be different according to the parameters within the remaining parameterization,
i.e., mixing length scale in the 3D turbulence scheme. What remains to be answered is
how large the impact of parameters in the remaining parameterization is on the climate
state and in climate’s response to warming. To test this question, I ran a set of experiments
at 20 km horizontal grid spacing varying cloud liquid water conversion to precipitation,
the horizontal diffusion and mixing length scale within the 3D turbulence mixing
scheme, minimum wind threshold for surface evaporation, horizontal and vertical water
vapor diffusion, and the numerical sub-time step of the dynamical core and horizontal
numerical diffusion to test the first part of the question (Figure 4.1). By changing the
numerical diffusion by a factor of 1024, the maxima of precipitation displays the largest
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shift, but changes in cloud liquid water and ice are minimal (Figure 4.1a). Changes in
microphysics, cloud liquid water conversion to precipitation, displays changes in the
middle troposphere in the vertical structure of the tropics (Figure 4.1b). However, cloud
ice does not show significant changes. Changes in the turbulence scheme displays an
increase in cloud liquid water and a decrease in cloud ice, and changes in sub-time steps
do not show a significant change overall. Nevertheless, despite strongly changing the
diverse parameters, there is no substantial change in the large-scale meridional circulation
structure, as precipitation maxima do not shift significantly (within 1-2 deg). These
changes are small compared with changes due to an increase of horizontal grid resolution.
From these results, I conclude, that changes in the large-scale meridional circulation
structure and convergence are robust regardless of parameter changes. However, the
interplay between different parameters within parameterizations might enhance the shift
in circulation, but it would require large changes in the parameterizations. The question
of how the parameter changes will affect the climate response under warming merits
further investigation.

Figure 4.1: A sensitivity study varying parameters in diverse paramterization, individually, using
horizontal grid spacing of 20 km. a) Zonal structure of precipitation, b) tropical vertical
structure of cloud liquid water and cloud ice content. The parameters modified are
cloud_conversion, cloud liquid water to precipitation with reducing factors of [0.1,
0.5], hdiff_smag, horizontal diffusion of water vapor in the turbulence scheme with
increasing factors of [5 , 32], min_wind, minimum wind threshold for evaporation
changed from 1 m/s to 4 m/s, mixing_length, mixing length scale in the turbulence
scheme varying factors of [0.5, 2, 10], ndynstep, increase the numerical sub-time step
in the dynamical core from 4 o 10, numdiff, horizontal numerical diffusion coefficent
increase by a factor of [8, 1024], prwhdiff, horizontal water vapor diffusion increase
by a factor of 10, and prhdiff, vertical water vapor diffusion increase by a factor of
10.

One might also be tempted to argue whether the convergence rate with horizontal grid
refinement depends on parameters within parameterizations or the dynamical core of
the GSRM. I compared two different ICON versions by running a new set of experiments
using the latest version of ICON (hash 4dd46bd54) with sampling time of 360 days. In
the new version, the dynamical core of ICON changed from conserving buoyancy to
conserving energy. Figure 4.2a displays the zonal precipitation for both ICON versions
with a horizontal grid spacing of 20, 10, and 5 km. Both versions of ICON display the
same convergence trend in the evolution of the zonal precipitation, achieving only slight
different climate states. The tropical vertical structure (Figure 4.2b) displays differences
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in the relative humidity near the boundary layer between the two ICON versions, but
the differences decrease with increasing horizontal grid spacing and differences between
horizontal grid resolutions are much larger. Thus, ICON display similar convergence
rate with changes in the dynamical core, hence, changes in the dynamical core have only
a small impact on the climate state.

Figure 4.2: A sensitivity study using two different version of ICON with changes in the dynamical
core, from buoyancy (bac7589d9) to energy conservative (4dd46bd54). a) Zonal
structure of precipitation, b) tropical vertical structure of relative humidity with
horizontal grid spacing from 20 to 5 km.

In this thesis, I focused on convergence in the tropics and the large-scale circulation.
Figure 3.2 shows that extratropical metrics, i.e., the storm track location (STϕ) and the
Hadley cell edge (HCϕ), do not show convergence within the horizontal grid spacing
studied. In contrast, Lu et al. (2015) suggested that the midlatitude metrics converge
already at 50 km horizontal grid spacing. This discrepancy raises the question of what
drives convergence in the midlatitudes metrics in "control" climate and its response to
warming.

Lu et al. (2007) used observation to explain that the expansion of the Hadley cell as a
response to warming is driven by the increase in the subtropical stability, which shifted
the baroclinic instability zone poleward, hence HCϕ shifts. It is known that changes
in ϕHC have effects in STϕ (i.e., Kang and Polvani, 2011; Ceppi and Hartmann, 2013).
However, HCϕ is determined by a complex interaction between the tropical circulation
strength (meridional energy flux) and Eddie-mean flow adjustment. Changes in the deep
tropics, i.e., convective stability, lead to an expansion or contraction of the Hadley cell,
pushing the baroclinic instability zone (Mbengue and Schneider, 2013; Watt-Meyer and
Frierson, 2019) polewards. At the same time, changes in the extra-tropical SST gradients
plays a role in the distance between the STϕ and HCϕ through transient eddie energy
flux variations, which is affected by diffusivity (Mbengue and Schneider, 2018). Figure
4.3a displays the shift of STϕ versus changes in STϕ − HCϕ, representing changes by
local processes (eddie energy flux variations). As we increase horizontal grid spacing,
STϕ − HCϕ and STϕ de-correlate. In contrast, the correlation between HCϕ and STϕ

(non-local processes) does not change with increasing horizontal grid spacing. Hence, a
question arises whether uncertainties and biases in the simulated tropical climate affect
the convergence of the storm tracks and therefore the response to warming and the
representation of the mid-latitudes.

In unison, shallow marine boundary layer clouds do not converge at the horizontal
grid spacing studied. Shallow marine boundary layer clouds convergence requires
horizontal resolution in the order of hectometer to converge, consistent with evidence
from large-eddy simulations (LES, i.e., Stevens et al., 2020). Global LES experiments
could be a relevant tool to investigate global warming, but the computational expenses to
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Figure 4.3: Extra-tropics convergence based on the Hadley cell edge (crossing zero of the stream
function; ϕHC) and storm track location (second maxima of precipitation; ϕST). a)
Local driver estimate measured by ϕHC − ϕST increase (x-axis) and ϕST shift (y-axis),
b) non-local driver estimate measured by the ϕHC expansion (x-axis) and ϕST shift
(y-axis) with increasing horizontal resolution form 160 km to 1.25 km for control
experiments.

obtain robust statistics would be challenging with today’s supercomputers. We could be
tempted to use shallow convection parameterizations to tame shallow marine boundary
layer clouds within kilometer-scale horizontal grid resolution (i.e., Bogenschutz and
Krueger, 2013; Rio et al., 2019), as done in other GSRMs (i.e., Bechtold et al., 2014; Chinita
et al., 2023). However, this path would require a re-evaluation of such parameterizations
and the uncertainity that might arise in climate change response by using them.

As different GSRMs use a range of grids with different numerics, topology, and
parameterization suits, it is not clear if one GSRM converges another GSRM with similar
design philosophy would converge too. While ICON has displayed convergence with
increasing horizontal resolution, the question of whether other GSRMs show a similar
convergence pattern lingers. Conversely, do other GSRMs arrive at a similar statistical
climate state using the same aquaplanet configuration? Recently, (Rios-Berrios et al.,
2022) performed a series of SST-QOBS aquaplanet experiments with the Model for Pre-
diction Across Scales-Atmosphere (MPAS-A, Skamarock et al., 2012), keeping cumulus
parameterization, from 120 to 15 km horizontal grid spacing and observed a double
ITCZ with apparent convergence in its structure. Interestingly, they performed an extra
aquaplanet experiment deactivating cumulus parameterization within a band of 20S-20N.
It displayed a different climate state, which could signal the non-convergent behavior of
the climate model or that the different experiments are not comparable to each other.
To answer those questions within a common framework, Tamaki Suematsu, Daisuke
Takasuka and I have proposed aquaplanets experiments, denominated Im(DYAMOND3),
as part of the third phase of DYAMOND (Takasuka et al., 2024).

Overall, as horizontal resolution increases, the response to warming is robust and
displays convergence. However, how does it compare with other models? I compare the
response of aquaplanet experiments to recent results of AMIP simulations within the
GSRM community, as the response of aquaplanet experiments are similar (Medeiros
et al., 2015), and compare with observations. The muted shortwave climate feedback,
hydrological cycle intensification over the ocean, and warming in the tropical vertical
structure agree with recent GSRM studies (Noda et al., 2019; Guendelman et al., 2024;
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Merlis et al., 2024a,b). Meanwhile, the longwave climate feedback is in agreement with
spectral estimates from satellite observations(Roemer et al., 2023). Thus, we are more
confident that a better understanding and estimations of climate response to warming
lie within kilometer-scale horizontal grid spacing.
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The work in this appendix is in revision for the Journal of Advances in Modeling Earth
Systems (JAMES) as

Peinado-Bravo, A., Klocke, D., & Stevens, B. “Horizontal grid spacing convergence of
aquaplanet experiments."
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abstract

Aquaplanet experiments are used to investigate the physical convergence of a Global
Storm-Resolving model (GSRM) under successive, two-fold horizontal grid spacing re-
finements from 160 km to 1.25 km. A methodology based on the Richardson extrapolation
method is used with the aquaplanet hemispherical symmetry to quantify convergence.
We use the symmetrical and anti-symmetrical solution components to estimate the
asymptotic convergence pattern, the asymptotic estimate, and sampling uncertainty.
Based on successive refinements, different climate statistics are explored to evaluate
if they enter into a convergent regime and, if so, what their convergent value is. Our
analysis focuses on global mean statistics related to the general circulation and aspects
that influence the climate: the meridional overturning circulation, the tropical structure
(the Inter-Tropical Convergence Zone (ITCZ), and the zonal mean thermodynamic
state), and the energy and water budget. Our results show a kilometer and hectometer-
scale horizontal grid spacing requirement for physical convergence of the meridional
overturning circulation structure and global mean statistics. Distinctively, the tropical
structure is estimated to be very near their asymptotic values at km-scale grid spacing,
but the circulation intensity appears to converge more slowly, as do the storm track and
jet-stream. As we increase the horizontal grid spacing, a better representation of clouds
and zonal distribution of water vapor drives convergence in the energy and water budget.
We conclude that simulations with a resolution of 2.5 km pose a great candidate for
multi-decadal simulations within a compromise of the meridional overturning circulation
structure convergence and intensity.

plain language summary

In this study, using the Global Storm Resolving model, ICON, we investigate the effect
of increasing horizontal grid spacing on global mean statistics related to the general
circulation and aspects that influence the climate: the meridional overturning circulation,
the tropical structure, and the energy and water budget. We develop a methodology
based on the Richardson extrapolation method to estimate the physical convergence
of the model. Our results show an estimated physical convergence at a kilometer and
hectometer-scale horizontal grid spacing of the general circulation characterized and
global mean statistics. The tropical structure displays physical convergence at kilometer-
scale horizontal grid spacing, but the circulation intensity requires finer horizontal
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grid spacing, as do the storm track and jet-streams location. Overall, experiments with
a horizontal grid spacing of 2.5 km pose as a suitable candidate for multi-decadal
simulations within a compromise of general circulation structure and intensity and
computation resources required to simulate them.
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a.1 introduction

We use the Richardson extrapolation method to study the physical convergence of
the climate of aquaplanets as we refine the horizontal grid mesh of a global-storm
resolving model (GSRM) from 160 to 1.25 km. GSRMs have emerged as a variant
to General Circulation models (GCMs), distinguished by their explicit representation
of atmospheric moist convection and efforts to minimize the impact of statistical
parameterizations (Satoh et al., 2019; Stevens et al., 2019; Hohenegger et al., 2020; Stevens
et al., 2020). Through the minimal usage of parameterizations, GSRMs avoid many scale
dependencies that complicate physical and numerical convergence studies in traditional
GCMs (e.g., Williamson, 2008). Through their explicit treatment of convection, GSRMs
offer conceptual simplicity at the price of computational complexity, as they employ
kilometer or even hectometer horizontal grid-spacing. Thus, raising the critical question
of which horizontal grid-spacing is sufficient and for what.

Physical convergence by horizontal grid spacing of atmospheric characteristics has
been investigated in past studies with a special focus on the transient evolution from
specified initial conditions. For example, Zarzycki et al. (2019) conducted convergence
analyses of the dynamical cores used by large-scale models, including GSRMs, for the
case of a splitting supercell test case. They observed a reduction in the sensitivity to
resolution at grid spacing of about 500m for bulk properties for each model; however,
they also observed a large inter-model spread, suggesting that differences within the
model’s physics implementation partly determine the convergent solution of the transient
dynamics. It is unknown how this difference will be relevant for their climate. For
exploring statistical convergence Langhans et al. (2012) used a regional climate model
in the European alpine region from 4.4 to 0.55 km horizontal grid spacing for a period
of nine simulated days, observing a systematic convergence of bulk properties and the
diurnal cycle of precipitation towards 0.55 km horizontal grid spacing. Increasing the
domain to global scale simulations, Kajikawa et al. (2016) explored the dependency of
deep convection to resolution using the Non-hydrostatic ICosahedral Atmospheric Model
(NICAM) (Tomita et al., 2005; Miura et al., 2007b; Sato et al., 2008) for a realistic boundary
conditions and a horizontal grid spacing raging from 14 to 0.86 km for 12 simulated
hours. The study revealed an apparent convergence at about 1 km horizontal grid
spacing for convective cell numbers and no resolution dependency in global statistics.
More recently, Hohenegger et al. (2020) used the ICOsahedral Nonhydrostatic (ICON)
with the DYAMOND inter-comparison project configuration (Stevens et al., 2019) with
horizontal grid spacings varied from 80 to 2.5 km to investigate physical convergence
over 40 simulated days. They quantified convergence using the inter-model ensemble
spread, observing a convergence towards 2 km horizontal grid spacing for bulk and
general circulation characteristics; however, the differences across models participating
in the DYAMOND project are still substantial, reflecting that 40 days cannot capture
climate statistics robustly, or that the models converge to statistically different climates.

Williamson (2008) investigated convergence using GCMs with the same parameter-
ization suit for horizontal grid spacing raging from 2.8 to 0.35 deg for a period of 14

simulated months. He used aquaplanet experiments, which preserve basic features of
Earth’s general circulation (Blackburn et al., 2013; Medeiros et al., 2015, 2016), while
offering a simplified framework without complex boundary interactions. Aquaplanets
have proven themselves as capable of providing valuable insights into phenomena such
as tropical circulation and variability (Möbis and Stevens, 2012; Medeiros et al., 2016;
Popp et al., 2020; Rios-Berrios et al., 2020), how clouds respond to warming (Landu
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et al., 2014; Talib et al., 2018), and the response of other aspects of the climate to
external forcing (Stevens and Bony, 2013b; Medeiros et al., 2015; Retsch et al., 2019).
Strikingly, Williamson (2008) did not observe convergence with increasing horizontal
resolution in bulk and zonal structural characteristics. This non-convergent behavior
was attributed to the scale-dependent interplay between small and large scales and
parameterization scale dependencies, highlighting how GCMs lack a basic feature of
physical simulations that converge to a given answer with improved resolution. Scale
aware parameterizations could ameliorate this problem, but also the basic equations
would have to be reformulated to avoid the quasi-static assumption (Eliassen, 1948).

In this study, we follow the approach of Williamson (2008) to investigate how
different characteristics of the large-scale climate change as the horizontal grid spacing
is progressively halved, from 160 km to 1.25 km, but we use a GSRM with the minimum
set of parameterizations for radiation, microphysics and turbulence. By avoiding the
use of convective parameterization and through the use of a simple turbulence closure,
the convergence targets the LES limit. We adopt the aquaplanet configuration for two
reasons, both of which were also likely motivations for the earlier study by Williamson
(2008). First, they pose a simplified framework that requires a reduced sampling time
to reach the mean climate state for convergence assessment; thus, a reduced simulated
time. Second, hemispheric asymmetry provides a means to quantify sampling errors
due to a under-sampling.

We develop a methodology to evaluate convergence based on the Richardson ex-
trapolation method and hemispherical characteristics of aquaplanet experiments, as
detailed in section A.2. Our method helps to formalize convergence and, thereby, to
better quantify the behavior of the solutions as horizontal grid spacing is reduced.
We emphasize the mean climate characteristics and structural features of the general
circulation. For instance, we utilize the Inter-Tropical Convergence Zone (ITCZ) and
meridional overturning circulation as characteristics of the general circulation structure
and the cold point tropopause in the tropics as characteristics of the tropical vertical
structure. Additionally, we explore the effect of grid spacing on cloudiness as measured
by the vertical distribution of cloud liquid water and cloud ice in the tropics, and the
zonal structure of cloud radiative effect.

Section A.2 introduces the GSRM model configuration, experimental strategy, and our
convergence methodology. The physical convergence results of global mean statistics,
general circulation, and vertical tropical structure are detailed in sections A.3.1, A.3.2,
and A.3.3, respectively. In section A.4 we summarize and discuss our findings.

a.2 method

a.2.1 Model

For the GSRM we adopt the ICOsahedral Nonhydrostatic (ICON) model, which was
initially developed in a partnership of the Max-Planck Institute of Meteorology (MPI-M)
and the German Weather Service (DWD) and is now further developed and maintained
in a larger consortium also including the German Climate Computing Centre (DKRZ),
the Swiss Federal Institute of Technology (ETH), MeteoSwiss, and the Karlsruhe Institute
for Technology (KIT). For the atmospheric component of ICON the non-hydrostatic
equations for the atmospheric flow are solved on an triangular grid, which is based on a
refined icosahedron, allowing for a quasi-uniform global mesh (Gassmann and Herzog,
2008; Wan et al., 2013; Zängl et al., 2015). ICON employs an Arakawa C-type stenciling
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of mass and momentum and its grid structure allows a flexible configuration of the
simulation domain with combinations of several earth system components.

a.2.2 Experiment Setup

The atmosphere component of ICON (version 2.6.51) is used in a global aquaplanet
configuration, retaining only parameterizations for the radiant energy transfer, which
is based on RRTMGP (Rapid Radiative Transfer model for General circulation model
applications, Parallel, Pincus et al., 2019), a single moment bulk microphysical parameter-
ization consisting of five condensate habits (Baldauf et al., 2011), and 3D turbulent mixing
as described in Smagorinsky (1963) with modifications by Lilly (1962) as implemented in
the ICON model by Lee et al. (2022a) following an earlier implementation by Dipankar et
al. (2015). Further details of the present configuration are provided by Hohenegger et al.
(2022). We use a stretched vertical grid with 90 levels, where levels are more finely spaced
close to the surface than at the model top at 75 km, where also a damping is employed
increasing in strength from 44 km to upwards. In a separate study (Schmidt et al.,
2023) explored the effects of vertical resolution and showed that there was surprisingly
little sensitivity to the vertical grid spacing for grid spacing finer than what is used in
this study. This configurations is employed consistently for all experiments, except for
shortening the time-step for higher horizontal grid spacings (Table A.1).

Table A.1: Summary of experiments and model performance using the supercomputer of Levante
(DKRZ). For each experiment we present the ICON grid notation (R02Bk), the
horizontal grid spacing as the square root of the mean horizontal grid cell area,
time step, initialisation strategy, spin-up time, analysis time, the number of node
hours required to simulate one day (computational cost), and simulated days per day
(simulation throughput).

Grid ∆x ∆t Initialisation Spin-Up Analysis time Nh/SD SDPD

km s d d

04 160 480 Cold 180 1980 0.015 6.3 · 103

05 80 360 Cold 180 1980 0.037 5.1 · 103

06 40 240 Cold 180 900 0.293 1.3 · 103

07 20 120 Hot 60 480 1.832 405

08 10 60 Hot 60 240 14.72 209

09 5 40 Hot 60 120 84.50 73

10 2.5 20 Hot 60 120 668.4 18.4

11 1.25 10 Hot 50 20 5600 3.9

We perform a series of aquaplanet experiments with horizontal grid spacing ranging
from 160 km to 1.25km (Table A.1), whereby this is measured by the parameter ∆x
defined as the square root of the mean horizontal grid cell area. The experiments
performed follow a subsequent refining of the icosahedral grid following the ICON
notation RnBk (Zängl et al., 2015; Giorgetta et al., 2018), in which each level of refinement
increase by four times the cell count in the global horizontal grid. These experiments
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have been performed on the CPU partition of the supercomputer Levante, which is
operated by the German Climate Computing Center (DKRZ).

Our experiments follow the protocol of the AquaPlanet Experiment (Blackburn et
al., 2013), and consist of an Earth-sized planet with an Earth-like atmosphere whose
lower boundary condition is consistent with a water (no sea-ice) covered surface with a
prescribed and zonally and temporally constant sea surface temperature (Ts) (Neale and
Hoskins, 2000). In addition, it maintains a perpetual equinox with symmetric-constant
irradiation about the equator by setting the eccentricity and obliquity of earth to zero, and
using a solar constant of 1361 W/m2. Ozone follows a constant zonally symmetric profile
with respect to the equator, the greenhouse gases are well mixed, and the interaction
between aerosol and radiation is neglected.

For Ts all experiments follow the QOBS specification of latitudinal variations following
(Neale and Hoskins, 2000).

Ts(ϕ) =

 27
2

(
2 − sin2

(
3ϕ
2

)) (
1 + sin2

(
3ϕ
2

))
if |ϕ| ≤ π

3

0 if otherwise
[K] (A.1)

This idealized approximation of the observed latitudinal variation of sea-surface temper-
atures most closely resembles Earth’s zonally averaged distribution of Ts (Williamson
et al., 2013). By imposing a symmetric zonal constant Ts, the resulting aquaplanet is
hemispherical symmetric in its mean climate state.

a.2.3 Accelerating the approach to stationarity

We define a cold start as a simulation initialized from an idealized temperature sounding
of the atmosphere, with the atmosphere at rest and without clouds. The cold start
initialization requires a minimum of six to twelve months to overcome the spin-up
phase (Blackburn et al., 2013; Webb et al., 2017); only then do we purport to sample the
stationary climate, free from the lingering effects of the particular choice of initial data.

Because the computational burden of the spin-up phase considerably increases as we
increase the horizontal grid spacing (Table A.1), an alternative form of initialization is
chosen for most of the experiments. In these we initialize our numerical experiments
by using initial conditions taken from a similar simulation that has already been spun
up (Blackburn et al., 2013), albeit on a coarser grid. We refer to this procedure as a hot
start. For the hot start, in our experiments, the information flows from coarser to finer
horizontal grid spacing (Figure A.1a) as a cascade.

We test the hot start approach by comparing it to a cold start for the 40 km
configuration. At this grid-spacing, we observe the transition from a single to a double
ITCZ (Figure A.6), and so it is expected to be particularly sensitive to differences in
the initialization. We specifically focus on precipitation, as it encapsulates the response
of the radiative budget and the general circulation. It is also one of the variables that
require the most extended time to reach a state of stationarity (not shown). We identify
the end of the spin-up phase by the distance of global mean deviations from the long
term mean. Large deviations are taken to be indicative of an ongoing spin-up. Not
unexpectedly global means tend to stabilize more swiftly compared to the zonal mean
structure. Therefore, we evaluate, in addition to the global means, the stationarity of the
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Figure A.1: Spin-up strategy (a) global mean precipitation versus the number of simulated days
for each experiment in different line color, the stationary global mean in solid color
line within one standard deviation and five-day window means, (b) hot and cold
start for the 40 km horizontal grid spacing experiment using Γpr as a measure of
stationarity; in solid lines fifteen-day window means with its respective mean within
one standard deviation in black, in shaded lines daily means, and vertical lines
indicates 60, 90, and 180 days, respectively.

zonal mean structure as measured by its variance, through the explained variance score
defined as follows:

Γ(y, ŷ) = 1 − Var(y − ŷ)
Var(ŷ)

. (A.2)

Here y and ŷ are the sample and long term zonal mean hemispherical symmetrical
components. Γ gives us a score of how close the reference and a sample are, with a score
between zero and one.

Figure A.1b shows the evolution of the zonal structure for both cold and hot start
scenarios for precipitation. For the hot start, the spin-up time reduces notably from
six to less than two months, and both approaches reach the same stationary state,
indicating that no bias was introduced. We also observe a slight and consistent increase
in spin-up time as we halve the horizontal grid using both methods. This dependency is
not unexpected, as higher horizontal grid spacings resolve smaller scales and increase
the variability (not shown). For the 2.5 km horizontal grid spacing experiment, our
analysis indicates a spin-up time of about two months. Due to computational limitations,
we begin analyzing the results after 50 days for the 1.25 km horizontal grid spacing
experiment as a trade off between sampling error and residual biases from the particular
choice of the initial state.

a.2.4 Sampling Time of the Stationarity State

By design, an aquaplanet experiment with hemispheric symmetric forcing is expected to
have a hemispheric symmetric stationary state; hence, as we sample the stationary state,
we expect to reach hemispherical symmetry. We take advantage of this assumed property
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in two ways. Firstly, we use the hemispherical symmetrical component to augment the
sampling statistics. Secondly, we use the hemispherical asymmetrical component to
evaluate stationarity for the zonal structure and as an uncertainty band for a system
whose stationary state is under sampled.

Figure A.2: Sampling analysis of global precipitation (pr), precipitable water (prw) and Eddy-
driven jet latitude (a) subsampling time, n estimated as the decorrelation timescale of
daily means, (b) sampling time, N, estimated from the cumulative subsample means.

By definition, for a system in stationarity its statistics become independent of the time
at which an average is calculated. Medeiros et al. (2016) found that a two-year analysis
period measured by sub-monthly sampling provided robust statistics for aquaplanet
experiments. However, two years is too expensive for the range of grid-spacings we wish
to explore (Table A.2), and for some quantities may not be necessary. Hence we revisit
the Medeiros et al. (2016) approach by defining the subsampling time (n) using the
autocorrelation of successive daily means and define the sampling interval (N) for the
cumulative mean to approach a stationary value. For these purposes we use the 20 km
grid-spacing experiment as it exhibits behavior and results similar to higher horizontal
grid spacing experiments but with a great many more, 480, analysis days. Once a daily
or cumulative subsample mean became de-correlated, we can be confident of the n or
N. However, different variables require different n and N, as observed in Figure A.2.
Global metrics such as precipitation and precipitable water require n to be less than
twenty days. Conversely, large-scale circulation characteristics such as the Eddy-driven
jet intensity, require a longer n of 90 days and a N of 180 days.

The autocorrelation helps us verify the sampling statistic of scalar quantities, but
becomes more ambiguous for vectors, such as the zonal structure of a given field. We
verify the stationarity of the zonal structure by measuring the asymmetrical component
of the zonal mean average error between cumulative subsamples. Once the cumulative
zonal mean of the average error of the asymmetrical component is smaller than the
standard deviation between subsamples of the asymmetrical component of the zonal
mean, we can be confident of the stationary state of the sampling time (Nη). Another
way to verify the zonal structure’s stationary state is using the similarity score (Γ) within
a threshold, such as 95% (NΓ).

Variables with large dispersion and close to zero means, such as meridional and zonal
winds at 10m, require a large subsampling and sampling time, i.e., more than 50 and 150

days, respectively. Interestingly, they require less time for the zonal structure sampling
requirement. In contrast, variables with considerable means and small dispersion require
a shorter subsampling, i.e., less than 20 days, but their sampling times vary according
to the nature of the metrics and variability across latitudes. Surface pressure has low
variability in the tropics, but is considerable from the midlatitudes toward the poles
(not shown), requiring a global sampling time of 130 days, but zonal structure sampling
requirements are considerably smaller, 30 days. In contrast, precipitation and precipitable
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Table A.2: Summary of sampling statistics for different quantities for the aquaplanet experiment
of 20 km horizontal grid spacing, which present similar characteristics as higher
horizontal grid spacing experiments. We can observe each variable average (µ),
dispersion (σ/µ) in percentage, subsample (n) and sampling time (N) of global means
or features, and the zonal mean structure sampling time using the similarity score
within 95% threshold (NΓ) of the hemispherical asymmetrical decay (Nη), rounded up
to the nearest value in days, for a given statistic.

Name Units µ σ/µ n N NΓ Nη

Surface Pressure hPa 1006.96 1.03e-4 6 126 22 25

Precipitable Water kg m−2
20.22 0.70 15 79 1 89

Total Cloud Cover Fraction 0.86 0.30 10 76 1 111

Precipitation mm d−1
4.07 1.55 4 10 1 71

Ice path kg m−2
0.11e-1 7.0e-3 4 150 2 92

Liquid water path kg m−2
0.17 1.92 8 140 1 117

Net SW at TOA W m−2
211.93 0.40 8 133 1 117

Surface Wind m s−2
8.03 1.52 6 153 21 87

10 m Meridional Wind m s−2 -8.6e-3 371.25 54 162 13 88

10 m Zonal Wind m s−2 -0.29 38.92 56 169 17 73

ITCZ Intensity mm d−1
14.79 6.15 11 101 - -

ITCZ Location deg 9.53 4.52 14 32 - -

ITCZ Width deg 13.24 2.98 20 152 - -

Storm Track Intensity mm d−1
4.23 8.18 87 152 - -

Storm Track Location deg 43.78 3.71 19 182 - -

water present significant latitudinal variability, requiring shorter global sampling times
compared with its zonal structure sampling requirement, which is larger than 80 days.
We use the ITCZ and storm track features (location, width, and intensity) as proxies
of the general circulation. The ITCZ requires subsampling time around 20 days and
sampling time up to 150 days, while the storm tracks require a longer sampling time of
180 days. For most statistics and characteristics of the general circulation, 120 days is
sufficient. For statistical quantities that do not achieve the required sampling time the
asymmetrical component provides an estimate of uncertainty.

a.2.5 Convergence analysis

A number of prior studies have attempted to quantify the convergence of global models
as the grid spacing is refined (e.g., Williamson, 2008; Landu et al., 2014; Retsch et al.,
2019; Hohenegger et al., 2020). In these studies, a quantity from a coarse grid solution is
compared with solutions from the finest horizontal grid spacing available; this method
assumes that the finest grid spacing experiment is closer to the truth. A drawback of this
approach is that it cannot ensure that the finest grid spacing experiment is converging
toward the truth, and hence closer to it. While these approaches are informative when

46



quantities converge, they do not provide insight into non-converged quantities, or
whether and at what scale they start converging.

The Richardson extrapolation method, widely used in the computational fluid dynam-
ics (CFD) community (Phillips and Roy, 2014), provides an alternative approach, which
we adopt here. The Richardson-extrapolation method uses lower-order discrete solutions
to derive a higher-order approximation, enabling us to estimate the discretization error:

εh = αphp + HOT ≈ αphp (A.3)

where HOT describe high-order terms, h is the grid spacing, αp a constant, and p
the formal order of convergence, which depends on the discretization scheme used.
Assuming that the numerical solution is in the asymptotic range of convergence, we can
drop the HOT and approximate the discretization error of two systematically refined
grids with asymptotic numerical solutions:

εh =
urh − uh

rp − 1
(A.4)

where u is a characteristic or metric to evaluate between the two simulations with grid
spacing h and rh respectively, with r the grid refinement factor and h is, therefore, the
coarsest grid spacing between the two evaluated experiments.

Because we do not know the formal order of accuracy, we estimate the order of
accuracy (p) using an additional refined grid (r2h):

p = min

0.5,
ln

(
ur2h−urh
urh−uh

)
ln(r)

 (A.5)

where 0.5 is a limiting factor to minimize unrealistic large error estimates (Phillips and
Roy, 2014) that may emerge in non-convergent regimes. Once we estimate the order of
accuracy, we estimate the asymptotical value by:

ũ = ur2h +
ur2h − urh

rp − 1
(A.6)

Hence our application of the Richardson extrapolation method requires three experi-
ments with grid spacing [h, rh, and r2h] or horizontal grid spacing of [∆x, 0.5∆x, 0.25∆x],
where r is 0.5 since we halve the grid as we refine the horizontal grid spacing. The
Richardson extrapolation method is valid if the three evaluated metrics are in their
asymptotical regime, meaning that Eq. A.4 is equal to the formal order of accuracy. Since
we calculate the order of accuracy, we adopt a comparative approach, which assesses the
discretization error growth between two consecutive pairs (εh and εrh) and whether it
follows the discretization convergence rate Eq. A.3. In the asymptotic regime αp should
be constant. By evaluating αh = εh/hp for each pair (εh and εrh) and forming their ratio,
we create the metric:

ζ =
εh(p)
εrh(p)

rp (A.7)

where ζ ≈ 1 indicates that we are in the asymptotical regime.
Since we estimate p from the output, which is noisy, we use two alternative ways to

measure confidence in our results and facilitate convergence analysis. First, we define
a range of confidence based on ζ, where |1 − ζ| < 0.1 is considered highly reliable,
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ζ < 0.25 moderately reliable, ζ < 0.5 questionable, and ζ > 0.5 unreliable. Second, we
assess uncertainties arising from undersampling by evaluating each metric within the
hemispherical symmetrical component û and its uncertainty by re-calculating it within a
plus and minus hemispherical asymmetrical component δu, obtaining an uncertain range
u = û ± δu. We use the functional approach (Hughes and Hase, 2012), corroborated
with the Monte Carlo approach (Possolo and Iyer, 2017), to propagate the uncertainty δu

through Eq. (A.6) and obtain the estimated asymptotic value (ũ) within its respective
uncertainty range (δũ). We perform this analysis for every three sets of contiguous
horizontal resolution experiments and evaluate the evolution of the ũ and p with their
respective confidence and uncertanity bands.

Figure A.3: Convergence analysis of three distinctive convergence patterns, one for each row:
reliable convergence of global mean precipitation (a-c), steady convergence pattern
of global mean atmospheric net longwave radiation (d-f), and unclear convergence
pattern of Eddie-driven jet intensity (g-i); with three different characterizations within
their respective uncertainty bars and confidence (ζ): metric at each horizontal grid
spacing and respective asymptotical estimate (ũ) at 2.5 km horizontal resolution (a,
d, g), asymptotical estimate (ũ) within three consecutive horizontal grid spacing (b, e,
h), and the estimated order of accuracy (p) within three consecutive horizontal grid
spacing (c, f, i).

Figure A.3 shows the convergence analysis for three distinctive convergence classes:
reliable, steady, and unclear. A reliable convergence pattern (Figure A.3a,b,c) displays a
steady convergence towards ũ as we increase the horizontal grid spacing, reaching the
asymptotical estimate at 2.5 km horizontal grid spacing, While a steady convergence
pattern (Figure A.3d,e,f) displays a similar pattern but has yet to reach ũ at 2.5 km
horizontal grid spacing. In both cases, the asymptotical estimates across resolutions
show slight differences between each estimate, and they lie between their respective
uncertainty bars as we increase the horizontal grid spacing with moderate or greater
confidence (|1 − ζ| < 0.25). In contrast, an unclear convergence pattern (Figure A.3g,h,i)
might display a visual convergence or a regime change as we increase the horizontal grid
spacing, making it vague if the metric has arrived at convergence. Its ũ across resolutions
show low confidence (|1 − ζ| > 0.25) and large uncertainty bars within resolutions;
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hence, ũ might lie in the range sampled, but we cannot be confident. Additionally, we
evaluate p, the rate of convergence of each metric, which indicates how fast the metric
converges as we increase the horizontal resolution. For highly confident variables, we
can estimate the required resolution to achieve a desired error, i.e., standard deviation
within ten-day sampling time (Table A.2), using Eq. A.3; however, it must be considered
as an estimate.

a.3 results

We evaluate convergence with and without the 1.25 km horizontal grid spacing given
the limited (20-day) sampling time of the finest grid simulations. We assess convergence
confidence (reliability) assessed using ζ. Results are described as converged when
the quantity in question systematically reaches its asymptotical estimate within its
uncertainty bars, and the 1.25 km is within the asymptotical uncertainty bars for those
cases where a 20-day sampling time is sufficient to sample the quantity (Table A.2).
Metrics with a systematic convergence pattern display convergence but have yet to
achieve asymptotical estimates within their uncertainty bars. Metrics might display
oscillatory convergence, for which we verify if the uncertainty bars are within the
asymptotical estimate, suggesting potential convergence with an extended sampling. We
consider estimates of the quantity as diverging if the deviations grow as we refine the
horizontal grid spacing. Lastly, we consider unclear convergence patterns in the case of
large uncertainty bars and low confidence (|1 − ζ| > 0.25) as we increase horizontal grid
spacing. In this fashion the 1.25 km horizontal grid spacing serves as a further check on
convergence estimates.

Below, we first explore convergence for global mean statistics (§3.1), followed by
metrics that characterize main features of the general circulation (§3.2), and, lastly, §3.3
metrics that characterize the vertical structure within the tropics.

Figure A.4: Global mean convergence analysis expressed as the absolute relative difference to
asymptotical estiamte (ũ) across resolutions (x-axis): (a) surface components of the
energy budget, (b) TOA component of the energy budget and cloud radiative effect,
(e) water budget composed by precipitation (pr) and evaporation, and precipitable
water(prw)

a.3.1 Global Mean Statistics

Figure A.4 shows energy and water budget components for different horizontal grid
spacing relative to their respective asympotical estimate (ũ). We observe different
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convergence rates for different quantities; the precipitable water path (prw) exhibits
a change of convergence regime at 10 km horizontal grid spacing, and the shortwave
component of the energy budget displays a much higher sensitivity to horizontal
grid spacing compared to the longwave component, a characteristic also observed by
(Hohenegger et al., 2020).

We define the energy fluxes with a positive sign as atmospheric heating, i.e., the net
longwave radiation at TOA and net shortwave radiation at the surface are negative. The
longwave cloud radiative effect at the top of the atmosphere (CRETOA

LW ), precipitation (pr),
evaporation (e) or latent heat fluxes (Hs

L), and vertically integrated cloud ice (clivi) show
a reliable convergence at a 2.5 km horizontal grid with an estimated order of convergence
greater than 1. The net shortwave and longwave radiation at the surface (Fs

SW and Fs
LW),

shortwave cloud radiative effect (CRETOA
SW ), net shortwave radiation at the top of the

atmosphere (FTOA
SW ), sensible heat flux (Hs

S), precipitable water (prw), and vertically
integrated cloud liquid water (cllvi) display a steady high-reliability convergence pattern
but have yet to converge at a 1.25 km horizontal grid spacing with a sublinear (p ≈ 0.6)
order of convergence, requiring hectometer horizontal grid spacing for convergence. In
contrast, net longwave radiation at the top of the atmosphere (FTOA

LW ) displays an unclear,
low-reliability, convergence pattern with an apparent convergence at 2.5 km horizontal
grid spacing, but at 1.25 km, deviations (not shown) affirm our lack of confidence in the
estimate.

Two key factors influence the convergence rate of the global statistics. First are clouds,
wherein a consistent reduction of shallow clouds and an increase in clear-sky conditions
as we increase the horizontal grid spacing is observed. Similar behavior has been noted
in earlier studies by Kajikawa et al. (2016) and by Hohenegger et al. (2020) at global
scales, and by Stevens et al. (2020) for a large domain limited area simulation over
tropical oceans. The reduction of shallow clouds at higher resolutions contributes to a
notable increase in Fs

SW and FTOA
SW . A clear convergence tendency is evident, but appears

to require horizontal grid spacings on the order of a hectometer; consistent with evidence
from large-eddy simulations, (e.g. Stevens et al., 2020) evaluated against observations.
The increase in clear-sky conditions with refinement also contributes to a decrease
in cloud radiative heating, reducing the longwave downwelling and increasing the
net upwelling at the surface. At first glance, the FTOA

LW seems to converge as we refine
the horizontal grid spacing. Upon close inspection, FTOA

LW reaches its maximum at a
horizontal grid spacing of 10 km, consistent with decreased precipitable water up to 20

km horizontal grid spacing and the circulation shift. One would expect to observe the
maxima of net longwave radiation in unison with the precipitable water minimum, but
the circulation shift compensates for its effect (Figure S1 and S2). Together, they measure
shifts in the circulation – one being the transition from a single to a double ITCZ at 40

km horizontal grid spacing and a progressive poleward shift of the storm tracks – to be
discussed further below.

a.3.2 The Meridional Overturning Circulation

Figure A.5 presents the zonal mean mass meridional stream function and the zonal
wind for two horizontal grid spacings (40 km and 2.5 km). It highlights the structure
of the mean overturning circulation, with easterlies in the tropics and westerlies in the
extra-tropics, along with their respective jets. The Hadley cell, delimited by where the
stream function and near surface winds change sign is readily evident.
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Figure A.5: Vertical structure in pressure levels of the time-averaged zonal meridional stream
function and zonal mean winds as contours with intervals of 2.5 ms−1 for the 2.5 km
resolution for two horizontal grid spacings: (left) 40 km and (right) 2.5 km.

As the grid is refined the circulation weakens and moves poleward. The transition
happens around a grid spacing of 40 km, as is evident (Fig. A.6) in both the surface
precipitation (pr) and the zonal mean meridional mass stream function (ψ) at 500 hPa.
At grid spacings finer than 20 km, the zonal structure appears relatively stable to further
refinement of the horizontal grid. These results differ from earlier studies using NICAM
(Tomita et al., 2005), which featured a single ITCZ at all resolutions. One difference
with the earlier work is that they used the CNTL rather than QOBS specification for the
SST, which would favor a single ITCZ. Nonetheless preliminary tests suggest that ICON
maintains a double ITCZ at fine grid-spacings, even when using the CNTL SST (not
shown). Other factors, such as cloud radiative effects, are apparently also important.

To be quantitative, we characterize the ITCZ zonal structure by its location (superscript
ϕ), width (superscript w), and intensity (superscript i) as measured either in terms of
precipitation (subscript pr), or stream function (subscript ψ). With this notation, ITCZw

ψ

denotes the width of the ITCZ as determined by the crossing zero of the stream function
and ITCZw

ψ by the crossing zero of precipitation minus evaporation. Based on these
measures, the ITCZ location and intensity converge around a 2.5 km horizontal grid
spacing, but the convergence of the ITCZ width, as measured either by the stream
function (ITCZw

ψ ) or the precipitation (ITCZw
pr), is more ambiguous. In the case of ITCZw

pr,
the reliability of convergence is questionable, and in the case of ITCZw

ψ , a low rate of
convergence (p ≈ 0.5) and a lack of convergence at 1.25 km indicates that hectometer
horizontal grid spacing may be necessary for convergence. We have also evaluated the
equatorial atmospheric energy input (AEI0) for each of the resolutions (Figure A.7). Its
changes are consistent with changes in the position of the ITCZ, as it changes sign as the
ITCZ shifts from a single ITCZ which exports energy from the convective regions.

The shift from a single ITCZ to a double ITCZ at 40 km horizontal grid spacing also
can be seen in terms of the diagnostic atmospheric energy framework, which associates
the sign of the equatorial atmospheric energy input with a single or double ITCZ (e.g.,
Adam et al., 2016; Bischoff and Schneider, 2016; Adam, 2021). As the ITCZ shifts from a
single to a double ITCZ this input shifts from a positive to negative value, highlighting
that the circulation transports energy out of the convecting regions. In contrast to
(Adam et al., 2016), the ocean response plays no role in our simulations with fixed SSTs.
Moreover, given that the boundary conditions for all the simulations are the same, it
shows that the atmospheric energy diagnostic is more a consequence than a cause of
where the convection locates. Atmospheric cloud radiative effects associated with the
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Figure A.6: ITCZ zonal profile across resolutions (a): precipitation (pr), and (b): zonal-mean mass
meridional stream function (ψ). The ITCZ, defined by its latitude and width, are
marked with a cross and star, respectively. The storm tracks latitude with a diamond
for each horizontal grid spacing. On the x, y, and extra axes, we identify the ITCZ
latitude (ITCZϕ), width (ITCZw), intensity(ITCZi), and storm tracks latitude (STϕ)
and intensity (STi) for each horizontal grid spacing.

ITCZ (Figs.S3, S4) are large (35 Wm−2) and the changes in the net energy input at the
equator as the convection moves off the equator, can largely be explained by changes in
the long-wave radiation at the top of the atmosphere (Figs.S3, S4). What was surprising
in our simulations is the convergence of equatorial atmospheric energy input to near zero
(already at horizontal grid spacings of 10 km), indicating that subsidence can balance
the radiant heat loss in the interior, and surface fluxes balance the loss of radiant energy
in the boundary layer, with the circulation neither importing nor exporting energy from
the extra-tropics.

Accompanying the increasingly poleward extension of the Hadley’s cell edge, we
observe a poleward shift of the subtropical jetstream, the maximum surface pressure, and
the change in the direction of the surface winds from easterly to westerly latitude. The
subtropical jetstream, identified at the maximum vertical shear of the horizontal winds
between 200 hPa and 850 hPa (Adam et al., 2018), weakens and moves polewards with
grid refinement (Figure A.5). Its intensity and latitude display an unclear convergence
with apparent visual convergence at 5 km horizontal grid spacing but with unclear
confidence and large uncertainty bars in their asymptotic estimates (not shown) and an
estimated rate of convergence of 2. The maximum surface pressure and the change in the
direction of the surface winds from easterly to westerly latitude, which are proxies of the
boundaries of the tropics (Adam et al., 2018), also exhibit an unclear steady convergence
pattern, with results for the 1.25 km not yet convergent, and a low estimated rate of
convergence of 0.5.
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Figure A.7: Atmospheric net energy intake at the equator (AEI0) across resolutions

To quantify changes in the extra-tropical circulation we measure the storm-track
(ST) position and intensity in terms of the secondary precipitation maximum in the
extra-tropics and we measure the eddy-driven jet in terms of the position through the
850 hPa zonal wind maximum. As resolution is refined, storm tracks move poleward
and become less intense (Figure A.6), however the great variability of these systems
makes the statistical convergence more difficult to quantify. The eddy-driven jet behaves
similarly, albeit with similar difficulties in unambiguously establishing convergence.
More reliable statements about their convergence with grid refinement will require
longer simulations.

a.3.3 The Zonal Mean Thermodynamic State in the Tropics

Figure A.8 shows the mean vertical structure (0-30 deg) of temperature (T), relative
humidity (RH), cloud liquid water (clw), and cloud ice (cli) for the different experiments.

The vertical thermal structure of the tropical atmosphere converges as we increase
the horizontal grid spacing, qualitatively converging at horizontal grid spacings finer
than 20 km (Figure A.8a). As it converges it becomes less stable, and the cold-point
troposphere warms quite markedly (by nearly 10 K), and descends slightly if at all, as in
the latter case the small changes are difficult to separate from variability.

Relative humidity shows a gradual and slow convergence with resolution, with
progressive drying of the boundary layer and moistening of the free troposphere (Figure
A.8b). More quantitatively, the relative humidity maximum and height delineate the
boundary layer depth, both appear to converge at 2.5 km horizontal grid spacing,
although more questionably so for the boundary layer height whose small changes
are difficult to resolve and separate from variability. The secondary peak in relative
humidity in the upper troposphere is still noticeably increasing at km-scale grid-spacings
with an estimated convergence rate of 1.4 and 1.3, respectively.

The cloud liquid water maximum and height display a highly reliable convergence
pattern but have yet to achieve convergence at 1.25 km horizontal grid spacing with
an estimated convergence rate of 1.4 and 0.8, respectively (Figure A.8c). The strong
resolution dependence of marine boundary clouds has been noted in other studies, (e.g.,
Hohenegger et al., 2020; Stevens et al., 2020) and largely explains the grid sensitivity of
the planetary albedo. Through a reduction in the downward longwave radiation at the
surface (Figure S3), a reduction of marine boundary layer clouds will reduce the radiative
cooling of the atmosphere, and would explain the gradual reduction in precipitation
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Figure A.8: Tropical (30N to 30S) vertical structure profiles with their respective characterization
(metric) (a) temperature characterized and the cold point tropopause (CPT), (b)
relative humidity and maximum above boundary layer (RHmax), (c) cloud liquid
water content and its maximum (clwmax), and (d) cloud ice content and its maximum
(climax). On the x, y, and extra axes, we identify each characterization (metric)
magnitude and height for each horizontal grid spacing

with resolution. If one combines this cloud desiccation tendency with past work at much
finer resolution, it suggests that the planet might darken as trade-wind clouds become
more diminutive with finer resolution and converge at hectometer scales (Stevens et al.,
2001; Schulz and Stevens, 2023), but as resolution is even refined further, to decameter
scales, thin stratiform clouds associated with the detrainment from trade-wind clouds
will become better resolved and more pronounced, causing the planet to brighten. This
would suggest that the planetary albedo may not be monotone in grid-spacing (or
effective viscosity).

Ice clouds also show a lack of monotonicity in their convergence, albeit with much
smaller changes, at scales of tens of kilometers (Figure A.8d). Part of this may be related
to the changes in the structure of the ITCZ. As the convection transitions from a single
ITCZ on the equator to two ITCZs off the equator, ice-cloud amount is reduced, but
with progressive refinement in the double ITCZ regime, ice-cloud amount begins to
increase again. Convergence in this regime is reliable, but slow, as it has yet to achieve
convergence at 1.25 km horizontal grid spacing (p ≈ 0.5). The height of the maximum in
ice-cloud amount is robust to resolution changes, and occurs well below the secondary
peak in relative humidity. Given the much larger changes in circulation (Figure A.6)
and humidity (Figure A.8b) this suggests that the maximum is mostly controlled by
microphysical and thermodynamic processes that are insensitive to resolution.
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a.4 summary and discussion

The convergence and resolution effect of the climate characteristics in numerical
models is generally based on comparing coarse horizontal grid spacing with the finest
horizontal grid spacing achievable or within inter-model spreads (e.g., Williamson,
2008; Landu et al., 2014; Retsch et al., 2019; Hohenegger et al., 2020). However, this
methodology cannot address whether horizontal grid spacing is sufficient or how far
we are from convergence within a given tolerance. We develop a methodology based
on the Richardson-Extrapolation method that sheds light on convergence based on the
asymptotic estimate and convergence rate within a confidence interval for the energy
and water budget, the meridional overturning circulation, and the thermodynamic zonal
vertical structure in the tropics. Convergence is assessed using aqua planet experiments,
whose symmetric structure reduces sources of large-scale noise, and their effects on
the sampling time required to establish the statistics of the stationary climate, while
preserving many of its main features (Blackburn et al., 2013; Medeiros et al., 2015, 2016).
We use the asymmetrical hemispherical component as a metric to quantify uncertainties
arising from short sampling times and evaluate convergence accordingly. By using the
Richardson-Extrapolation method and the asymmetrical hemispherical component as an
uncertainty metric, we evaluate the convergence of mean climate characteristics as they
asymptotically approach convergence.

As the horizontal grid spacing is progressively refined a single ITCZ transitions toward
a double ITCZ, first at horizontal grid spacings of about 40 km. The general features of
the zonally averaged circulation show a poleward drift, both in terms of indicators of the
tropical rain bands and of the extra-tropical storms, that tends to converge at horizontal
grid spacings of 1 km-5 km. Convergence of features in the extra-tropics are, however,
more difficult to diagnose due to their more pronounced variability over larger timescales,
which we are unable to sufficiently sample. That one might be tempted to argue as to
whether one or the other feature converges at resolutions closer to 10 km or closer to
1 km, this merely highlights how far even very large-scale dynamical features are from
being resolved in the present generation of climate models, as even the highest-resolution
variants of these employ grid spacings closer to 50 km.

Most of the terms of the atmospheric energy budget converge at a horizontal grid
spacing of around 2.5 km. However downwelling long wave radiation at the surface
and reflected shortwave radiation at the top of the atmosphere still change markedly
(by several Wm−2 for a doubling of grid spacings) with refinement at these scales.
Changes in downwelling longwave radiation are less pronounced than changes in
outgoing shortwave radiation. However, these likely explain the progressive reduction
in precipitation with finer resolution, as the distribution of precipitable water is nearly
converged already at much coarser grid spacings (closer to 10 km). Both the changes
in long and shortwave radiation can be attributed to a large sensitivity of liquid water
clouds to resolution, something that has also been noted in previous studies (Landu
et al., 2014; Kajikawa et al., 2016; Hohenegger et al., 2020; Stevens et al., 2020).

Except for the noted changes in low-cloud amount, the thermal structure of the tropics
displays converges at kilometer-scale horizontal grid spacing. This is evident both in
terms of its meridional structure (ITCZ) as well as its vertical structure (Figure A.8). The
cold point tropopause temperature shows pronounced (10 K) changes with resolution
for horizontal grid spacings larger than 20 km but its height and value change relatively
little as the grid spacing is further refined. The humidity structure shows a progressive
moistening of the free, and particularly upper, troposphere, while the lower troposphere
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dries and the boundary layer shallows with progressive refinement of the horizontal
grid. Changes in the humidity structure of the upper troposphere are still on the order
of a few percent RH as the grid is refined from 5 km to 2.5 km, but changes in humidity
structure of the boundary layer appear to be little changed by further refinement at these
resolutions. The maximum cloud ice shows some sensitivity to the structure of the ITCZ,
but overall varies remarkably little with resolution.

Some caveats of our methodology merit mention. One is the high sensitivity to
quantities near zero, or that change very little, with grid spacing. In this situation the
reliability (as measured by ζ) in our estimates of the horizontal grid spacing required for
convergence within a certain tolerance is low, and estimates of the rate of convergence
are unstable. However in this case, where the answers are anyway not changing a lot, we
are not particularly concerned by an inability to quantify precise convergence. A second
caveat is that when convergence is established, this by no means ensures that we have
converged to the correct answer, as the convergent answer may depend on non-fluid
dynamical aspects of the simulation in ways that are not representative of reality. Even
whether or not quantities converge may depend on the formulation of sub-grid processes,
and merits further investigation. Notwithstanding these caveats, this study suggests that
if ways can be found to tame the resolution dependence of shallow marine boundary
layer clouds, a km-scale climate model can resolve major circulation features, but that for
simulations at grid spacings coarser than 10 km methods would also need to be devised
to tame a great many other climate relevant features of the general circulation.

open research section

The aquaplanet experiments were done with the ICON release candidate 2.6.5 as commit
4dd46bd54. The source code is available at https://doi.org/10.17617/3.1XTSR6, and the
ICON model is available to individuals under licenses https://mpimet.mpg.de/en/science/modeling-
with-icon/code-availability. The scripts used to plot the figures and process and
analyze the data in the paper can be found as supplementary material in the reposi-
tory: https://doi.org/10.17617/3.NUYNV9.
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abstract

Previous work has displayed the physical convergence of a Global Storm-Resolving
model (GSRM) without convection parameterizations using a new methodology based
on the Richardson extrapolation method to assess convergence. The large-scale structure,
i.e., the Intertropical Convergence Zone (ITCZ), and global mean statistics require
kilometer and hectometer-scale horizontal grid spacing as a better representation of
clouds and zonal distribution of water vapor drives convergence in the energy and
water budget is observed. What has yet to be clarified is if a GSRM displays physical
convergence, does it display a robust response of mean climate statistics in a warming
scenario with increasing horizontal grid resolution? At a 10 km horizontal grid spacing,
the intensification of the hydrological cycle and longwave climate feedback agrees with
other GSRM studies and observations and become insensitive to increasing resolution.
In contrast, general circulation response and shortwave climate feedback require higher
horizontal grid spacing.
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b.1 introduction

The increasing available computational power and advances in high-performance com-
puting allow for the usage of kilometer-scale global storm-resolving models (GSRMs) in a
wide range of horizontal grid spacing (Satoh et al., 2017; Stevens et al., 2020; Hohenegger
et al., 2022). GSRMs have arisen as a promised tool to understand underlying and resolve
small-scale processes (Palmer and Stevens, 2019), which are parameterized (subgrid
parameterizations) in traditional Atmospheric General Circulation Models (AGCMs).
Subgrid parameterization has been attributed to uncertainty in climate response under a
warming scenario with relevant inter-model differences (Sherwood et al., 2020; Zelinka
et al., 2020, 2022), even in idealized simulations (Stevens and Bony, 2013a). However,
increasing horizontal grid spacing by explicitly resolving convection might reduce
uncertainty. i.e., in clouds and water-vapor-lapse rate, has yet to be understood. In this
way, we aim to comprehend to which extent the small-scale processes aggregate and
feedback on global-scale climate features that control the climate response under forcing.

Feedback within circulation, clouds, and local feedback responses have been identified
as significant sources of uncertainty in climate change prediction (Voigt and Shaw, 2015).
Different climate models present different patterns in the circulation response with food
print in the changes of clouds in the tropics and extratropics. To our knowledge, Kodama
et al. (2015) and Noda et al. (2019) was the first to perform a long-time integrated
(20 years) AMIP (control, +4K, 4xCo2) simulation using NICAM at 14 km without
convection parameterization, hoping to represent clouds better. Their finding highlighted
a neutral response to the shortwave climate feedback with reduced shallow clouds over
the ocean and increased anvil clouds in the deep tropics, opposing the expected iris
effect hypothesis (Bony et al., 2016). This pattern has also been observed in a simpler
experiment setup, the radio convective equilibrium, which emulates the tropics. However,
different models with or without parameterization display different responses, and only
a third of the models do not observe the iris effect hypothesis (Silvers et al., 2023). More
recently, from the global mean thermodynamic and hydrological response, Merlis et al.
(2024b) performed a high-resolution (3 km horizontal grid spacing) AMIP experiment
(control, +4K, 4xCo2) using X-Shield for 2 years without convection parameterization
and compared with the inter-model spread of CMIP6. Similar to Noda et al. (2019),
they found a muted effect in shortwave climate feedback, and in comparison to CMIP6,
longwave, earth climate sensitivity, and the hydrological cycle are within the inter-model
spread of CMIP6. However, many could argue that 2 years is too short to observe the
climate response, and we require longer integration times.

Even though available computational power has increased, the computational cost
of investigating climate at kilometer-scale horizontal grid spacing is still significant
(Peinado-Bravo et al., 2024). One way to reduce the computational constraint is to use
simplified experiments that capture the response of more complex experiments. Medeiros
et al. (2015) showed that the response of aquaplanet experiments is similar or equal to
that of AMIP-type simulations, thus highlighting its usage in understanding the climate
response within shorter integration times. These characteristics have been exploited to
investigate, i.e., the interplay within of clouds, water vapor, and circulation (Voigt and
Shaw, 2015; Shaw and Voigt, 2016), and cloud radiative feedback (Narenpitak et al., 2017;
Retsch et al., 2019), bringing closer the gap to what drives uncertainty within models.

In this research, we utilized aquaplanet experiments to explore the response of various
characteristics of the large-scale climate under a forcing scenario as the horizontal grid
spacing was progressively reduced from 160 km to 1.25 km. Our approach involved
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using a GSRM with a minimal set of parameterizations for radiation, microphysics,
and turbulence, while avoiding convective parameterization. By employing a simple
turbulence closure, the convergence targets the LES limit. The adoption of the aquaplanet
configuration was motivated by several reasons, including the simplified framework
requiring reduced sampling time for convergence assessment and the ability to quantify
sampling errors due to under-sampling through hemispheric asymmetry. Additionally,
the response of aquaplanets is akin to more complex experiments such as AMIP
simulations (Medeiros et al., 2015)

The climate response to external forces is a complex and extended topic. To simplify
the manuscript, we focus on the same topics and unavoidably cannot cover all aspects.
We aim to provide a global overview rather than to focus in specific topics deeply. Thus,
we investigate the global mean thermodynamic and hydrological and the general and
tropical circulation response. For instance, we utilize the Inter-Tropical Convergence
Zone (ITCZ) and meridional overturning circulation as proxies of the general circulation
structure and the cold point tropopause in the tropics as characteristics of the tropical
vertical structure. Additionally, we explore the effect of grid spacing on cloud response
in the tropics measured by the vertical distribution of cloud liquid water and cloud ice,
as well as the zonal structure of cloud radiative effect.

b.2 results

Fig 1 shows the time-integrated response of precipitation and atmospheric cloud radiative
effect (ACRE; a positive sign indicates atmospheric heating) across horizontal grid
spacing over the last 30 days, mimicking the results of Stevens and Bony (2013a). The
response reveals a clear pattern as we increase the horizontal grid spacing, intensify
precipitation at the ITCZ and storm tracks, decrease precipitation at the atmospheric
desert, and increase ACRE, specifically in the subtropics and mid-latitudes. Beyond
spatial patterns and a qualitative sense of convergence, in the following subsection, we
explore relevant responses to climate, using convergence methodology as described in
Peinado-Bravo et al. (2024).

b.2.1 Canonical global mean characteristics

Changes in the hydrological cycle are among the most known responses to cli-
mate change under increasing sea surface temperature, specifically the intensification
—Ωf = (f+4K − fctl) / (4fctl)— of column-integrated water vapor in the atmosphere and
precipitation. The Clausius-Clapeyron (CC) relationship gives us a physical constraints
in the saturation vapor pressure change with temperature, often stated scaling of 6.5-7 %
K−1 (Trenberth et al., 2003) increase of specific humidity. As the sea surface temperature
increases, we expect an increase in column-integrated water vapor or precipitable
water (Ωprw), following CC constraint. In contrast, the increase in precipitation or
intensification of the hydrological cycle (Ωpr) is not constrained by the CC but rather by
changes in energy availability, the net radiative cooling of the atmosphere (i.e., Allen and
Ingram, 2002; Held and Soden, 2006; Jeevanjee and Romps, 2018). In our experiments,
Ωpr increases at a slower rate than Ωprw for all horizontal resolutions (Fig B.2). At
horizontal grid spacing finer than 20 km, Ωpr seems insensitive to refinement with a
robust convergence at 5 km horizontal grid spacing towards 3.6 %K−1, which is higher
than Held and Soden (2006) estimate of 2-3 %K−1 and smaller to Guendelman et al.
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Figure B.1: Change (4k-control) in precipitation (top) and cloud radiative effect (bottom) following
a uniform 4 K sea surface temperature increase for horizontal resolutions from 160

to 2.5 km averaged over the last 30 days of the aqua planet simulation. Precipitation
changes show a clear signal of precipitation increase in the ITCZ with the exception of
the 40 km experiment, which shows a shift an equator-ward migration, and decrease
of precipitation in the atmospheric dessert. We observe a pole-ward migration of
the ITCZ at finer horizontal grid spacing than 40 km. ACRE response shows a clear
signal of shallow clouds increase in mid-latitudes.

(2024) estimate of 3.73 %K−1 over ocean. In contrast, Ωprw displays a significant reduction
from 20 to 10 km horizontal grid spacing, stabilizing at finer horizontal grid spacing but
yet to converge at kilometer-scale horizontal grid spacing with order of convergence of
1.3 and an estimated convergence value of 10.25 %K−1, larger than the CC scaling often
stated.

A canonical global climate response is the change of the global mean energy balance
at the top of the atmosphere (TOA)—ECS = −F/λ — decomposed into the radiative
forcing (F) and the climate feedback parameter (λ). Assuming an F of 3.7 W m−2, the
ECS does not display apparent convergence at 2.5 km horizontal grid spacing; instead,
it has a low-reliability convergence pattern towards 1.82 K with a deviation from the
estimate at 5 km horizontal grid spacing of 0.33 K (not shown). In contrast, assuming a
clear sky condition, the ECS displays a high-reliable converge pattern towards 1.88 K at 5

km horizontal grid spacing, pointing out clouds as the leading source of uncertainty (not
shown). In Fig B.2, we decompose the ECS into climate feedback parameters, longwave
(λLW) and shortwave (λLW). λLW shows slight changes, becoming more positive as we
increase the horizontal grid spacing, with a reliability convergence pattern at 5 km
horizontal grid spacing to a value of -2.1 W m−2 K−1 for cloudy sky and clear sky of
-2.0 W m−2 K−1 in agreement with spectral long-wave feedback parameter estimated
from satellite observations λLW ≈ -2.0 W m−2 K−1 (Roemer et al., 2023). In contrast, our
estimated convergence value is higher in magnitude than Merlis et al. (2024b) estimate of
-1.60 W m−2 K−1 (cloudy sky), and Noda et al. (2019) estimate of -1.9 W m−2 K−1 (clear
sky) and 0.22 W m−2 K−1 (cloudy sky). In contrast, λSW shows the highest sensitivity to
horizontal grid spacing, going from negative to neutral, going in the opposite direction as
observed by Retsch et al. (2019). λSW displays an oscillatory low-reliability convergence
pattern with a linear order of convergence towards 0.14 W m−2 K−1, similar to the muted
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Figure B.2: The intensification of the (left) hydrological cycle (Ωpr) on the x-axis versus vertical
integrated water vapor (Ωprw) on the y-axis and (right) climate feedback (λ) compo-
nents, shortwave (x-axis) and longwave (y-axis) from 160 to 2.5 km horizontal grid
spacing, in color circles, CMIP5/6 experiments, in gray diamonds, and the estimated
convergence value (ũ), black x.

effect found by Merlis et al. (2024b) and Noda et al. (2019). The highest contributors to
uncertainty in the shortwave climate feedback are the cirrus and shallow clouds in the
tropical and midlatitude region – to be discussed further below.

b.2.2 General circulation changes

Significant changes in the large-scale circulation are expected under climate change,
where different climate model projections remain uncertain (e.g., Byrne and Schnei-
der, 2016; Byrne et al., 2018; Watt-Meyer and Frierson, 2019). The global changes in
precipitation display insensitivity to the increase of horizontal grid spacing at 20 km
horizontal grid spacing; however, the regional response shows disagreement as the
circulation changes from one single ITCZ to double ITCZ (Figure B.3). The ITCZ location
(ϕITCZ

pr ), defined as the precipitation maxima, displays three different responses: no
movement, as a single ITCZ is well established, an equatorward movement, in the
transition phase from double to single ITCZ (at 40 km horizontal grid spacing), and
a slight poleward movement, as a double ITCZ is well established. From the point of
view of the atmospheric energy framework, which associates the sign of the equatorial
atmospheric energy input (AEI0) with a single or double ITCZ (e.g., Adam et al., 2016;
Bischoff and Schneider, 2016), we observe a positive increase of AEI0 (1.5 Wm-2) at
40 km horizontal grid spacing associated with an equatorward ϕITCZ

pr migration. As
convection and deep clouds migrates with the ITCZ, we observe a considerable increase
in equatorial ACRE (Fig B.1). In contrast, at finer horizontal grid spacing, the AEI0 is
more negative with a slight poleward ϕITCZ

pr migration (below 1 deg). As the horizontal
grid spacing reduces, the ITCZ location response displays highly reliable convergence
already at 5 km horizontal grid spacing with linear order of convergence.

Along the migration of the ϕITCZ
pr , we can observe the shift in precipitation, with

an increase in precipitation in the deep tropics and a reduction in the atmospheric
desert (ϕAD), defined as the crossing zero of the water budget (precipitation minus
evaporation). In the deep tropics, the start of the atmospheric desert (ϕAD

s ) and the
latitude of maximum upwelling (ϕITCZ

ψ ), defined as the maxima of stream function at 500
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Figure B.3: The response pattern of the large-scale circulation structure, represented by the
intertropical convergence zone (ITCZ), in terms of precipitation, from 160 to 2.5 km
horizontal grid spacing. We define the ITCZ structure in terms of its location (maxima
of precipitation: ϕITCZ

pr ; and maxima of the stream function at 500 hPa: ϕITCZ
ψ ), Hadley

cell edge (ϕHC), storm track location (second maxima of precipitation; ϕST), and
atmospheric desert (ϕAD).

hPa, follow the shift of deep convection and the location of the ITCZ. Byrne et al. (2018)
defined the width of the ITCZ as the ascending portion of the Hadley cell circulation. In
our experiments at horizontal resolutions finer than 20 km, we observe a descending
branch known as the anti-Hadley circulation (Adam et al., 2016); thus, we define the
width of the ITCZ as the distance between crossing zero of the stream function at 500

hPa near the equator and ϕITCZ
ψ . The ITCZ width contracts slightly (<0.2 deg) when

there is a single ITCZ and expands less than 1 deg when there is a double ITCZ (not
shown); differing from the systematic contraction found by Watt-Meyer and Frierson
(2019).

In the sub-tropics region, we observe the poleward expansion of the Hadley cell
edge (ϕHC) as observed in observation and other climate models. Watt-Meyer and
Frierson (2019) observed that changes in the deep tropics, the width of the ITCZ, might
lead to changes in the subtropics and extratropics, ϕHC and eddie-driven jet latitutde.
At 40 km horizontal grid spacing, the expansion of ϕHC is smaller as compared to
other horizontal grid spacing since the location of the tropical circulation migrated
equatorward; thus, misleading at first sight the magnitude of the ϕHC expansion. By
considering the changes in the ϕITCZ

ψ , the width of the subtropics increases by more
than 1.0 deg for all horizontal gris spacing experiments; however, it shows unclear
convergence patterns as the sampling time is still too short for finer horizontal grid
spacing experiments than 5 km with an estimate of 1.6 deg. Along the expansion of the
Hadley cell edge, we observe the poleward movement of the atmospheric desert end,
eddie-driven jet (not shown), and the storm track location (ϕST), defined by the second
maxima of precipitation. ϕST location shifts polewards with a low-reliability convergence
pattern to an estimate of 2 deg, but with uncertainty bars in the order of 1 deg due to a
short sampling time.
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Figure B.4: Thermodynamic vertical response in the tropics (0-30 deg) of (a) temperature and (b)
relative humidity in model level, and (c) cloud ice and liquid water in temperature
space from 160 to 2.5 km horizontal grid spacing. We characterize the thermodynamic
vertical structure regarding the cold point tropopause (CPT) and the maxima of
relative humidity (RHmax), cloud liquid water (clwmax), and cloud ice climax.

b.2.3 Thermodynamic Vertical Structure in the Tropics

In our experiments, we observe an anti-Hadley at higher horizontal grid spacing than
20 km. To avoid the anti-Hadley cell contaminating tropical circulation response, we
redefine the tropics as the region of the Hadley cell circulation, the crossing zero of the
stream function near the equator to the Hadley cell edge.

Figure B.4a displays the response of the temperature vertical structure in the tropics
along the location of the maxima of relative humidity (RHmax) and cloud liquid water
in the boundary layer (clwmax), the cold point tropopause (CPT), and the maxima of
cloud ice (climax) in the free troposphere. In agreement with other climate models, the
CPT and climax shift upward with the circulation, while the boundary layer does not.
The CPT has an increase of 2 K, with a low-reliability convergence pattern due to slight
differences within experiments. However, we observe a substantial temperature increase
in the troposphere’s middle and upper levels, which agrees with different models. At 200

hPa, the temperature increases by more than a factor of 2 with respect to the forcing for
all experiments. As we refine the horizontal grid spacing, the increase reduces towards
an estimated convergence value of 8.4 K achieved already at 10 km horizontal grid
spacing (Fig S4). In the middle of the troposphere (500 hPa), the increase in temperature
is smaller than the upper levels; however, it is still more significant than the forcing of
4K in all experiments. At 500 hPa, the increase in temperature reaches convergence at 10

km horizontal grid spacing with an estimated increase of 6.5 K (Fig S4). The temperature
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increase in the middle and upper levels of the troposphere is in agreement with other
climate models, and compared to Merlis et al. (2024a), it is higher.

One of the biggest assumption in ECS is a constant relative humidity response (Manabe
and Wetherald, 1967), approximately invariant in temperature coordinates in the free
troposphere above 1 km. (Jeevanjee, 2018). Figure B.4 displays changes in relative
humidity in temperature coordinates, and we can observe an evident change in the
response within the boundary layer below the maxima of relative humidity and relatively
no changes above it. The maxima of relative humidity in the boundary layer decreases
in all experiments with changes larger than 1.5 %, displaying a reliable convergence
pattern towards a 2.3 % reduction already at 20-10 km horizontal grid spacing (Fig
S4). Even though the boundary layer dries, the middle and upper troposphere becomes
moister at altitudes where the water vapor feedback is relevant. At pressure level of 500

hPa pressure level, near the emission temperature at clear sky condition, the relative
humidity increases, with oscillatory unclear convergence pattern and large uncertanity
bars, towards an estimate 2.4 % already achieved at 20 km horizontal grid spacing (Fig
S4).

Figure B.4 displays the changes in cloud liquid water and cloud ice in temperature
coordinates. In accordance with Hartmann and Larson (2002) and Zelinka and Hartmann
(2010) hypothesis of the fixed anvil temperature (FAT) and the proportionally higher
cloud base warming (PHAT), respectively, we observe small to negligible changes in
the temperature profile of anvil clouds under forcing. The changes in temperature at
the maxima of cloud ice are below 1K for all experiments, but small differences reduce
the capability of our method to determine convergence. Closed linked to PHAT and
increased stability at high altitudes with warming, Bony et al. (2016) proposed the iris
effect mechanism with an expected contraction of anvil clouds. Following the convention
of the International Satellite Cloud Climatology Project Simulator (Klein and Jakob, 1999;
Webb et al., 2001), we define the high cloud fraction as clouds where tops are at 50-440

hPa and shallow clouds at 680-1000 hPa, using daily means of 3d cloud cover profile.
The high clouds increase slightly in the tropics with a higher increase in the deep tropics,
while shallow clouds in the subtropics do not show significant signs of change (Fig S1-2).
However, we observe a more significant change in shallow and high cloud amounts in
the extratropical region (Fig S1-2).

We explored the changes in circulation and clouds by binning the pressure vertical
velocity at 500 hPa and found the probability maxima at 25 hPa d-1, in accordance to
Noda et al. (2019). Low speed, near zero hPa d-1, shows an increase in updraft and
downdraft events until 50 hPa d-1 and -25 hPa d-1, where events decrease significantly
(Figure S6). With the increase of low-speed events, we observe a decrease in cloud cover
of high clouds and a muted increase of shallow clouds at finer horizontal grid spacing
except for the 5 km experiment. Higher-speed events show an increase in high cloud
cover, especially in the subsidence region, and a substantial decrease in shallow clouds.
The shortwave cloud radiative effect does not show significant change in the subsidence
region but a moderate increase in the ascending region with a slight increase in high
cloud cover.

We further investigate the impact of vertical motion and circulation changes as the
grid spacing increases, comparing the change in the amount of event and the quantity
at each bin of vertical velocity at 500 hPa, as performed by Terai et al. (2018) and
Herrington and Reed (2020). The shortwave cloud radiative effect changes within
different horizontal grid spacing are driven primarily by changes in the quantity at each
bin (thermodynamic changes), reducing as we reduce the horizontal grid spacing, Figure
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Figure B.5: Cloud fraction and cloud radiative effect as a function of vertical velocity at 500 hPa
(w500) in the tropics defined as the region as the region of the Hadley cell circulation,
the crossing zero of the stream function near the equator to the Hadley cell edge to
avoid the anti-Hadley cell. Positive w500 indicates downdraft and negative updrafts.
(a) High clouds defined as clouds with cloud top height at 50-440hPa, (c) shallow
clouds at 680-1,000 hPa, following the International Satellite Cloud Climatology
project simulator. (b) Longwave cloud radiative effect (warming) and (d) shortwave
cloud radiative effect (cooling). (e) The probability distribution of w500 and (f) the
difference within forced and control simulation of the probability distribution of w500.
Solid lines indicates control simulation, dotted lines simulation with an increase of
SST +4K (forced), and dash lines the relative changes with respect of control. Color
labels indicates the horizontal grid spacing of each experiment.

S9. As we increase the horizontal grid spacing, the changes in circulation within different
horizontal grid spacing converge in response to forcing. In contrast, the longwave
cloud radiative effect changes within different horizontal grid spacing display similar
responses for change in the amount of event (dynamic changes) and the quantity per
bin (thermodynamic changes), Figure S8. Thus, it presents relatively small difference
and insensitivity to horizontal grid spacing increase, even in the response under forcing.
Meanwhile, by decomposing the dynamic and thermodynamic changes under the
response to forcing, following Bony and Dufresne (2005) methodology, the shortwave
and longwave cloud radiative effect has an increasing effect by the dynamical response,
while the thermodynamic response reduces its effect (Figure S8-9). In both cases, the
dynamical response is stronger than the thermodynamic response, disagreeing with the
finding of Noda et al. (2019) in the shortwave cloud radiative effect.
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b.3 summary and conclusions

Using a global storm resolving model (GSRM), ICON, we have investigated atmosphere’s
responses without convection parameterization under forcing, mimicking climate change,
across a hierarchy of resolutions from 160 to 1.25 km horizontal grid spacing. We
employed an aquaplanet experimental setup to reduce the computational constraints of
high-resolution experiments to achieve a statistically steady state and to explore if, by
increasing the horizontal grid spacing, the atmosphere displays physical convergence or
how sensible the response to resolution is. Our main findings are:

• Precipitation intensification (Ωpr) converges at 20-10 km horizontal resolution with
an estimated value of 3.6 % K−1. In contrast, the increase of column-integrated
water vapor (Ωprw) does not converge at a kilometer-scale with a shift at 10 km
horizontal grid spacing with a Ωprw than CC-scaling.

• Longwave climate feedback (λLW) does not show significant changes with in-
creasing horizontal grid spacing and converges at kilometer-scale horizontal grid
spacing (5 km) compared to the shortwave component (λSW), which requires finer
horizontal grid spacing to converge towards an approximately neutral feedback.

• Circulation response is affected if the control state is a single, double, or unstable
ITCZ, with non, poleward, or equatorward migration of its location (ϕITCZ

ψ and
ϕITCZ

pr ) and contraction, expansion, or expansion of its width.

• For any control state, the Hadley cell edge (ϕHC) has a poleward migration along
the storm track latitude (ϕST) with apparent/oscillatory convergence at 10-5 km
horizontal grid spacing. However, due to the short sampling time, they present
large uncertainty bars obscuring their convergence.

• For all experiments, relative humidity decreases near the boundary layer, with its
maxima converging already at 20-10 km horizontal grid spacing.

• Above the boundary layer, the changes in relative humidity are close to zero;
however, at heights near clear-sky emission temperature, it has a positive sign with
apparent convergence at 10 km horizontal grid spacing.

• High clouds in the tropics shift upwards, nearly following an isothermal (FAT and
PHAT hypothesis). However, we observe a slight increase of high clouds in deep
tropics, in opposite expectation of the iris effect.

• We do not observe a significant increase of shallow clouds in the descending branch
of the Hadley cell; instead, we observe an almost neutral response. However, the
systematic reduction of shallow clouds in the tropics might obscure this response.

With the increase of horizontal grid spacing and the avoidance of convection parame-
terization, we expected a robust response in diverse climate responses/feedbacks in a
warming climate. In the global mean, we observed a robust Ωpr, which agrees with the
findings of the X-Shield AMIP simulations of 3.73 % K−1 over the ocean and within the
CMIP5/6 estimate (Guendelman et al., 2024). Meanwhile, the λLW estimate agrees with
observational findings (Roemer et al., 2023) but is higher than other AMIP experiments
using GSRMs (Noda et al., 2019; Merlis et al., 2024b), while the shortwave component
agrees well with the neutral feedback observed by Merlis et al. (2024b). The circulation
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response shows an apparent and qualitative convergence at horizontal grid spacing
finer than 10 km, but our methodology and sampling time do not observe a robust
convergence pattern. However, the effects of the reference climate state and changes
in tropical circulation affect the response of subtropics and midlatitude metrics, which
aligns with Watt-Meyer and Frierson (2019) findings.

An intriguing result is the robust reduction and increase of relative humidity in the
boundary layer and at clear-sky emission height. The changes in relative humidity at
clear-sky emission height play a significant role in the longwave climate feedback (Retsch
et al., 2019), which is robust across horizontal grid spacing. Thus, it poses the question of
how large the spread in the response is within other GSRMs and could lead to explain the
inter-model differences in the λLW. We remain positive in this aspect, as Lang et al. (2021)
observed small relative humidity intermodel differences within DYAMOND (Stevens
et al., 2019), and Bourdin et al. (2021) suggested that water-vapor-lapse rate feedback
depends on its initial relative humidity.

Another key result is the non-observed iris effect in the deep tropics, which has been
observed in GCMs and GSRMS within radiative convective equilibrium experiments
(Silvers et al., 2023). Jeevanjee (2022) explored the possibility that the mass convective
flux closure base for the iris effect hypothesis (Bony et al., 2016) is only partially accurate
since relative humidity and precipitation efficiency do not remain constant. We observe
changes in relative humidity, which might be significant for the iris effect hypothesis.
On the other hand, we observe a neutral response in the shallow clouds in the tropics,
but there are significant changes in the midlatitudes, which drives differences in λ.

We have shown that the atmosphere component under a climate change scenario
displays physical convergence and agreement with other models. However, many
questions still need to be answered regarding the observed difference, such as why
the iris effect is not observed in our experiments or other GSRMs? How do the changes
in relative humidity play a role, and how significant are those differences? The upcoming
third phase of DYAMOND aims to provide a more extensive and complete data set and
analysis to answer these questions using a hierarchy of experiments, such as aquaplanet
experiments (ImDYAMOND3) and long time integrated AMIP simulations.

b.4 simulation and methods

We perform a series of global aquaplanet experiments with horizontal grid spacing
ranging from 160 km to 1.25km as described in (Peinado-Bravo et al., 2024) using the
atmosphere component of ICON (version 2.6.51). We retain only parameterizations for
the radiant energy transfer, which is based on RRTMGP (Rapid Radiative Transfer model
for General circulation model applications, Parallel, Pincus et al., 2019), a single moment
bulk microphysical parameterization consisting of five condensate habits (Baldauf et al.,
2011), and 3D turbulent mixing as described in Smagorinsky (1963) with modifications by
Lilly (1962) as implemented in the ICON model by Lee et al. (2022b) following an earlier
implementation by Dipankar et al. (2015). Further details of the present configuration
are provided by Hohenegger et al. (2022).

Our control experiments follow the protocol of the AquaPlanet Experiment (Blackburn
et al., 2013), consist of an Earth-sized planet with an Earth-like atmosphere whose
lower boundary condition is consistent with a water (no sea-ice) covered surface with a
prescribed and zonally and temporally constant sea surface temperature (Ts) (Neale and
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Hoskins, 2000). In addition, it maintains a perpetual equinox with symmetric-constant
irradiation about the equator by setting the eccentricity and obliquity of earth to zero, and
using a solar constant of 1361 W/m2. Ozone follows a constant zonally symmetric profile
with respect to the equator, the greenhouse gases are well mixed, and the interaction
between aerosol and radiation is neglected. Meanwhile, our forced experiments have a
constant increase of +4K in the SST only.

For our analysis we extend the simulation performed by Peinado-Bravo et al. (2024)
by 1 year, 180 days and 90 days for experiments with horizontal grid spacing ranging
from 160-80, 40-5, and 2.5 km respectively for our control and forced scenarios. We
discard the first 45 days of forced experiments as the spin-up time. We do not use the
1.25 km horizontal grid spacing experiment due to computational constraints. [Healpis
output? mention?]. For comparison with CMIPs aquaplanet experiments we use the
aqua-control and aqua-p4K experiments of CMIP5 (CNRM-CM5, HadGEM2A, IPSL-
CM5A-LR, MPI-EMS-LR, MPI-EMS-MR) and CMIP6 (CESM2, CNRM-CM6-1, GFDL,
IPSL-LR).

open research section

The aquaplanet experiments were done with the ICON release candidate 2.6.5 as commit
f6b6ed9f1. The source code is available at https://doi.org/10.17617/3.1XTSR6, and the
ICON model is available to individuals under licenses https://mpimet.mpg.de/en/science/modeling-
with-icon/code-availability.
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