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Abstract. We develop a new Earth System model configuration framed into the ICON

architecture, which provides the baseline for the next generation of climate predictions and

projections (hereafter ICON XPP where XPP stands for eXtended Predictions and

Projections):

CON XPP comprises the atmospheric
components-used-faif the numerical weather prediction (ICON NWP), the ICON o@eah
land surface componextand an ensembleriational data assimilation system, all adjusted to
an Earth System model for pursuing climate research and operational climate foredasting.
tTwo baseline configurations are presentedeone-witha 160 km atmosphere and a 40 km
ocean resolution, aritlene-with80 km atmosphere and 20 km ocean resoluytind-aA-first
evaluationis-pursued-based-en CMIP DECK (Diagnostic, Evaluation and Characterization
of Klima) experimentation framework used for a first evaluatioEmphasis-is-given-to-the

a mMean N ar¥a' me a m a aYala ala m a a¥la /o ce a a he

ICON XPPis-able-todepict the basic properties of the coupled climate. Theiruatastrial
climate shows #&p-of-atmospherdalanced radiation budget-thetop-of-atmospherand a

mean global neasurface temperature efooutl13.814.0 °C. The ocean shows circulation

strengths in the range of the observed values, such as the AMOc&tSh6and the flows

h-institutes

through the common passages. The current climate is characterized by a trend in the global

mean temperature of ~1.2 °C since the 188@ssesimilar to what-isfound-iareference
datasets.Regional\At—regional—secale.—howeverthe hydroclimatediffers greatlgeviates
stronglyfrom observed conditions. For example, the Httepical convergence zone (ITCZ)
hasis-deminated-bya double peakind avith-a—partictlarwet southern subtropical branch
acrossverthe oceans. Further, themate-in-theSouthern Oceasea surface temperaturass
characterizedby a strong positive mean biagith the-sea-surfacgemperaturetoe-highup to

5 °Chigher than observations

Key-dDynamical processesepresentedsuch aghe El Niflo/Southern Oscillation (ENSO)

wheseoveralperfermancefits—with-tiherforms similarly toCMIP6-like coupled models.
| . I L : |
ENSOfeedbacks—are—underestimatéairther—Tropical waves and the Madddnlian

Oscillation arevell capturedrell, andithe 4Gkm atmospheric configuration $iaspontaneous

t
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weak quasbiennial oscillationis—found—in—the40—km—atmosphere—configuratiorhe
atmospheric dynamicstin the northernextratropics of both configurations—particularly

lewer—resolution:.Overall, ICON XPP performsimilarly to at-a-simitarlevel-in-the-tested
chmate-simulations-aclimate models performed in CMIRBaking itand-fermsa good basis
for applicationin-the-areas-climate forecasts and projectioas;well-aandclimate research.

1. Introduction

For more than a decade, the Max Planck Institute Earth System modeE@MDIhas been

used for climate predictions and projections and climate research. Climate predictions (here
spanning the time range from seasons to 10 years ahead) based-BS8MIProvide reliable
forecast skilMarotzke et al., 201&nd are routinely operated by the Deutscher Wetterdienst
(DWD) (Frohlich et al., 2020)Further, MPIESM contributed to previous phases of the
Coupled Model Intercomparison Project (CMIP) through various configurat{erts,
Giorgetta et al., 2013; Gutjahr et al., 2019; Jungclaus et al., 2013; Mauritsen et al., 2019; Mdller
et al., 2018)However, MPIESM will no longer be supported, and has been substituted by the

ICON (ICOsahedral Nonhydrostatic) model framewékkee 2020, a-new-modeling-initiative

alda¥a alalla mae AL a¥a Nnre aa e-breg ala ala e = grole Ta¥a aSedon

the ICON-frameworkMulleret-al., 2025)-An-outcome-of this-initiativel GON XPP- where

XPP stands for eXtended Predictions and Projectipissa hewly developed coupled Earth
System model configurationased on the ICON frameworkCON-XPPwill becomingthe
baseline forthe next generation climate predictions, and provides the model platform for the
contribution to the CMIPTDunne et al., 2024Here, we present ICON XPP, from the design
of the configurations to a first evaluation of the Earth System-stested-on-the- CMIP-DECK

) alala i v ON ala N ari alalla' i< m o aYal mMan ala aalalVVia rlnget

al;—2016) Special attention is given to monitoring certain aspects of the tropical and extra

tropical mean climatezndthe-stratospheréncludingandkey modes of variabilitpnd-their
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predictabilty, such as the El Nifo/Southern Oscillation (ENSO), or the North Atlantic
Oscilatior{NAG)

ICON XPP advances the achievemedmigdds—upon—accomplishmentsf previous ICON
initiativesfertheindividualrelated to sultomponents of thEarth Systenmodetempoenents

(Giorgetta et al., 2018; Korn, 2017; Korn et al., 2022; Nabel et al., 2020; Reick et al., 2021;
Schneck et al., 2022; Zangl et al., 2Q1&)d a fullycoupledEarth System modé€lungclaus

et al., 2022) Although these configurations are based on the same dynamical core and code
infrastructure of ICON, their sugrid scale closure and parameterization differ and depend on

whether they are used for weather or climate scélese 2020, a new modeling initiative

integraes numerical weather foreca$\WP), climate predictions and climate projections
based on the ICON frameworto a single model syste(Muller et al., 2025)An outcome
of this initiative isThe-design-of CON XPPamms-atintegrating scalesfrom-weathertmate
into-a-single-model-systemlt-is-developediigt combiresng some of the welestablished
Aumerical—weather—prediction-NWP) and climate model components, anky

synchroniesation-of the physical parameterizations among weather and climate timescales

(Muller et al., 2025)ICON XPP consists of the atmospheric component used for operational
weather forecasts at the DWD (ICON NWP), which has achieved superior quality of weather
forecasting compared to previous NWP model generations, as well as the ICONmutsaa

ice modekkem-etal;2022and the land component JSSBAGReick-etal2021¢oupled-to
HCON-NWI>

A central aim of ICON XPP is to substitute MBSM for climate predictions, upcoming
climate projections and provision of basic research on fundamental climate properties. Climate
predictions with the MRESM have demonstrd skill at various timescales from seasons to
multiple decades. On seasonal timescales,-EBW shows prediction skill for various
dominant modes of climate variability such as fHeNifio/Southern OscillationENSO
(Frohlich et al., 2020pnd the North Atlantic Oscillation NAO) (Dobrynin et al., 2018;
Dobrynin et al., 2022) continentalscaletemperature and precipitation patterasd it is

o-assess-the-ocecurrence-of heat-extremes over

Europe{(Beobidd\rsuagaetal—2023MPI-ESM hasalsobeenalseused forthe assessment

of decadal climate predictionsnd is used to conduct operational forecasisachieve—an
operationalweorkflew(Hettrich et al., 2021; Marotzke et al., 201Bgcadal prediction skill in

the model has been shown to arise from #@am memory in the North Atlantic Ocean heat

4
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M (i.e., Marotzke

et al., 2016 and references therein)addition,actualpredictions skill isassessetbund for

key processes, such as the Quisnnial Oscillation (QB® (Pohlmann et al., 2013%torm
tracks in the northern hemisphere exttigpics(Kruschke et al., 2016; Schuster et al., 2019)
and the NAQ(Athanasiadis et al., 2020; Smith et al., 20Z@)rthey skillisfoundfor climate
impacts, such as continentadale surface temperatufeliller et al., 2012)and associated
extremes (Borchert et al., 2019; Wallberg et al., 2025pnd Earth System
componenigrocessessuch as the carbon uptake in the odeaet al., 2016) Recently, MP{

ESM has been used to extend the prediction skill to a{ahetidal timescal@isterhus and
Brune, 2024) A principal ambition is that ICON XPP is able to cover predictions at all
timescales from months teentennialmulti-decadesGiven these targets, special emphasis is
put on incorporating and improving model components particularly suitable for climate
predictions. Though this attempt is quite broad, first initiatives led to the inclusion of a-higher
resolving stratosphere, and special attention was paid to the key properties in the tropics and

the extratropics.

While the development and evaluation of ICON XPP for operational climate prediction and
CMIPY7 is still in progress, here we present its principal development lines and fundamental
properties of the coupled Earth System state. We use the BEgd{imental desigawhich

has been developed as a guideline to improve and cormapayegcoupled Earth System
models(Eyring et al., 2016)and-apply-itte different HCON XPP configuratioiWe present

the basic model description and ways towards tuning the model climate, followed by an
evaluation of the basic climate state, trends, and climate sensitivity in the DECK experiments.

While—desgningn ICON XPP, we paidspecial attention to fast and flexible model
configurations, to perform long integrations and large ensembles, in contrast to current high
resolution ICON model initiatives. LoAmme integrations are particularly useful while testing

the parameter space finding an equilibrium state of the coupled system, but also for probing
the ideal setting for improving key dynamics. Large ensembles are the standard procedure in
simulations of climate projections, and to assess reliability in the ensemble forecasts and
eventually to improve the signtd-noise ratio by adequate methodologiP®brynin et al.,

2018; Smith et al., 2019Further, large ensembles are essential for the assessment of the

5
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transient climate variabilittMaher et al., 2019)The ICON XPP configurations presented here

are designed to run several simulated decades per day and are suitable for the aforementioned

tasks.

models
basic

tion of

2. Model Description, Configurations, and Tuning

2.1 Model Components

ICON XPP eembinesintegratesEarth System components that have been established for
operational weather forecasting and climate application, and here are plugged together for the

first time. In the following, the components that form ICON XPP are described in more detail.
ICON NWP

The atmospheric component of ICON XPP is based on the operational configurd@Ga@of

NWP (zZangl et al., 2015)n ICON NWP, the basic nehydrostatic model equation system is
solved on a triangular grid. The vertical grid of ICON is a terfailowing hybrid sigma height

grid (Giorgetta et al., 2018; Leuenberger et al., 2010}h a model top at 75 knThe
centerpiece is the dynamical core, in which the model equations are integrated forward in time,
followed by the numerical advection schemes and physical parameterizfiodstails see

Prill et al., 2024)ICON NWP uses the physics packages from the operational regional model
COSMO (Doms and Schattler, 20Q4and from theECMWEF Integrated Forecast System
(Zangl et al., 2015)or radiation, the ecRad scheme is used in ICON NMégan and Bozzo,

2018) An overview of the physical parameterizations is given in Mller et al. (2025, Table 1).

ICON Land
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ICON XPP useshe land surface componentIGON (ICON Land)ICON Landusesncludes

the JSBACH langurface model developed for predecessors of ICON XPP such aESARPI

(Reick et al., 2021; Reick et al., 2013nd othetandsurface modesuch as TERRA (from

t he Lat i nwhicbisimglemanted ihtd the operatiosahfiguration of ICON NWP
JSBACH version 3 (JSBACHv3) operated as a part of-E8M in both, concentration and
emissiondriven modes, and demonstratedood performance of terrestrial carbon cycle in
CMIP6 (Hajima et al., 2024)JSBACH version 4 (JSBACHv4) includeimaterelevant
physical and biogeochemical processes, such as a full carbon cycle, dynamic vegetation, and

land-cover changes faheland use. In additiorthe soil physics in JSBACHv4 are improved
in permafrost regions compared to JSBACHI8eland-surface modetan be used in stand

alone modeas well as in the fully coupled Earth System mod&lsgclaus et al., 2022)

For ICON XPP, JSBACH is newly implemented together with its parameterization of the
vertical diffusion as an implicitly coupled module of ICON NWP. As TERRA, JSBACH
accounts for subgrid heterogeneity. However, in contrast to TERR##hich tiles are treated
externally, JSBACH uses them internally to accounttierdifferent land-surface types and

plant functional types (PFTs) as a basis for biogeochemical proce$éesefore, a new
interface layer is developed between JSBACH, its vertical diffusion scheme, and the rest of the
NWP parameterizations. This new interface layer results in the adjustment of code for other
subcomponents. For example, parts of the -iseathermodynamics scheme are- re
implemented, and the coupling to the ocean is generalized.

Hydrological Discharge Model

A hydrological discharge (HD) model is used in ICON XPP to route water from the land model
JSBACH to the river mouths feeding into the ocean model ICON O. In ICON wWeRan
choose between two HD model versions. One is the internal HD model integrated within
JSBACH. This HD model operates at the same horizontal resolution and time step as JSBACH,
maintaining coherence between land and hydrological processes. Automatic generation of HD
parameters for ICON grids based on high resolution digital elevation(Retdick, 2021;
Riddick et al., 2018allows HD application on any spatial resolution using none or minimal

manual adjustments. This model is used for ICON XPP ifeti®wer-resolvedconfiguration

(see section 2.2).
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For-the-higheresolved ICON-XPP-configurationAanew version of the HD model with
relatively high resolution of 0.5° issedexternallyconnectedo JSBACH(Hagemann et al.,

2023)_And this is only used in highesolution ICON XPP configurations. The HD moHas
a separatenodelcomponent coupled via YAC (Yet Another Coupl@gtanke et al., 2016¥ith
both the landsurface and the ocean model composéntthis setup, the.5-degreeHD model

is coupled to the atmosphere and the ocean with daily intervals. Theugade schemigom

of ICON NWP handles surface and subsurface runoff, which are interpolated by YAC onto the
HD latitudelongitude grid. This approach offers the advantage of being independent of the
land-surfacemodel, allowing HD to work with otheéandmodels such as TERRA. It will also
easily allow future applications using the HD model at its higher resolution of 1/12°
(Hagemann et al., 2020and taking advantage of ongoing developments in riverine transport
of biogeochemical trace(s.g., Elizalde et al., 2025)

ICON O/Sealce

The ocean component of ICON solves the hydrostatic Boussinesq equations -Gtédege
ocean dynamics with a free surfgé@rn, 2017; Korn eal., 2022) ICON O uses the same
horizontal grid and data structures as the atmosphere. For the vertical grid, the actual model
uses deptibased coordinates such as z orcedrdinates as the default opti@dorn et al.,

2022) For ICON XPP, we use the uniformly vertighstributed grid with the ztoordinate.
Further, a newly developed se& dynamics is appliegtatwhich operates on the native ICON

grid (Mehlmann et al., 2021; Mehlmann and Korn, 202T)e £aice dynamic is based on
FESIM (Danilov et al., 2015}jDanilov,-S—ebl2015) Seaice thermodynamic is calculated

in the atmospheric part and uses the #ayer mode(Semtner Jr., 1976; Mironov et al., 2012)

Melting potential and conductive heat flux are passed to the ocean component by use of the

YAC coupler.

HAMOCC

The ocean biogeochemistry component in ICON XPP is represented by the HAMburg Ocean
Carbon Cycle model, HAMOCC@lyina et al., 2013; Paulsen et al., 201féaturing biology

and inorganic carbon chemistry processes in the water column and sediment. The growth of
bulk phytoplankton is limited by temperature and light as well as by the availability of nutrients

including nitrate, phosphate, and iron linked by constant Redfield ratios across organic
8
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compartments. The growth of nitrogéring cyanobacteria is parameterized analogously to
that of the bulk phytoplankton, albeit at a lower rate and is extended by representing their
buoyancy. Detritus is explicitly separated into epahd calcium carbonajeroducing
phytoplankton fractions. Zooplankton growth function is limited by the grazed phytoplankton,
mortality, and metabolic activity. The dissolved organic matter pool is shaped by the exudation
of phytoplankton, cyanobacteria, and zooplankton. All the biogeochemical tracers are
transported by the flow field. HAMOCC has been extensively evaluated as part -&3HPI

(e.g., Li et al., 2023; Mauritsen et al., 2019; Mdller et al., 2018; Nielsen et al., 2684)
implemented in previous configurations of the ICO&ked modelHohenegger et al., 2023;
Jungclaus et al., 2022yompared to its predecessors, HAMOCC in ICON XPP incorporates a
prognostic calculation for marine aggregate sinking sp@dedsrz et al., 202Q)providing an
improved distribution of particulate organic carbon fluxes critical to the ocean biological pump.

2.2 Configuration

We use the latest ICON model version (ICON release 2024.07). Two configurations have been
developed, differing mainly in spatial resolution®nae-The first is a highkresolution

configuration, intended for operational climate prediction and projectitnsitilizes the
atmospheric model ICON NWP with approximately 80 km horizontal grid spacing (r2b5) and
130 vertical level¢L130) (Niemeier et al., 2023)The vertical spacing of the layers increases

up to a value of 500 m at an altitude of about 14 km and stays constant (500 m) until an altitude
of 35 km. Above this height the vertical distance increases until the model top at 75 km altitude
(Fig. 1). This configuration uses the externally calculated HD model as described above. The
ocean model operates at a resolution of about 20 km (r2b7) with 72 vertical levels (L72). The
integration time steps for ICON NWP and ICON O are 450 seconds and 20 minutes,
respectively. The coupling interval between the atmosphere and ocean is 60 minutes. Due to
its high resolution and frequent computation intervals, this configuration is computationally
expensive, but a throughput of ~45 simulated years per day on 100 nodes ensures long
integrations. The experiments are run on the QRBLtiition ofathe LevanteHigh-Performance

Computing system at the Deutsche Klimarechenzentrum (DKRZ), with each node consisting

of 2 CPUsand64128 coresin total This configuration is named

the gridscale of the atmospheric and ocean components.
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The second configuration is with-additiona-fast-configuration-wittoarser resolutionsnd

was developed to allow more efficient simulations. In this configuration ICON NWP is run
with a 160 km grid (r2b4yith-and 90 vertical levels (L90) and model top at 75 km, while
ICON O operates on a 40 km grid (r2b6). The HD model is implemented internally to JSSBACH.

Additionally, the ocean model's time step is incredsexd minutesascompared to the 80/20
configurationte-30-minutes The coupling interval between the atmosphere and ocean is 30
minutes-fer—this—eenfiguration This faster-configuration is designed for running large
ensembles and long integrations and has a throughput of ~85 simulated years per day on 40

computing nodes. This configuration is refer

10
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Figure 1: FuHllevel height (km) and vertical grid spacing (m) of the vertical grids of ICON XPP 160/40 and 80/20.

Foreach-grid Two profiles are showior each grid resolutignone starts at sea levigtiangle-dewnjand one
starts at a height of ~ 5 km representing the grid over moustaiasgle-up)

2.3 Tuning

The model configurations are tuned towardsipdistrial climate targets. The targets mainly
considerthe-thermodynamic—state—of the—atmosphedrepicted-bythe topof-atmosphere
(TOA) radiation balance and globalean temperature at2etrenetes (GMT)-, and the
oceaneryosphere-by-thestrength of the Atlantic meridional overturning circulation (AMOC)

and sedce properties. The thermodynamic state of the atmosphere is mainly controlled by

parameters in the convection, microphysics and cloud cover parameterization schemes. The

ocean state is controlled by the horizontal and vertical diffusion, eddy parameterizations, and

seaice parameterd\ series otailored preindustrial control experimentseaemployedo find

theoptimalparameterizatiomalues First, awider range o€onvection, microphysics and cloud

cover parameters arexamined to estimate tinampacs on the TOA radiation balance and

12



302 GMT. Then, with the resulting subset ofatmospheric and oceangarameterghe ocean

8303 circulation and se&e distributiors are adjustedwith the optimized parametes a new spin

304 up is stated. The valugof the optimized parameter valugseshown ir{Table 3.

305 The spinup is started fronthe Polar Science Center hydrographic climatology (PHC3.0
306 (Steele et al., 2001 he-top-of- the-atmospherE@A) radiation values are wellalanced with

307 values of 0.2 Wm?#2 (-0.1 W/m?*?) for the 160/40 (80/20) configuration.giebal-mean-near

308 surface-temperaturG&GMT) of ~13.8 °C is achieved for both configurations. Figures 2a and 2b
309 show the evolution of the radiation and GMT. The figures illustrate that the atmosphere reaches

310 quastequilibrium after ~200 years, despite small trends towards lower temperatures remaining
311 atthe end of the simulations. The ocean state is alsebalalhced as indicated by the AMOC

12 @at26° N and 1000 m depth (Fig. 2c), but requires ~600 years to reach equilibrium. In

13 160/40 a smalhegativetrendofremains-fothe AMOCremainsat the end of theimulation.

14 The tuning of the ocean biogeochemistry is carried out after dpierup of the coupled
315 configuration The target is to limit drifts in the biogeochemical tracer fields and fluxes and to
316 drive the model closer to observatiohBAMOCC tracers are initialized from a tuned stand
317 alone 40 km ocean setup, which was spun up for ~1000 years inirepsgrial climateThe
318 HAMOCC tuning parameters were changed acdagiior the ocean circulatioim the coupled
319 model. The appropriate weathering ratese updated during the simulatjeto compensate
320 for the loss of carbon and nutrients from the water column to the sediment

321 Table 1: Parameter values used for tuning the ICON XPP configuration towards-théusteial climate targets.

322  The table only shows parameters which values differ with respect to the ICON NWP configurations (160/40 and
323 80/ 20) and |1 CON O default values. The “Default” col un

324  the ICON release (2024.07) and the namelist document therein. The units are given in squared bracket and

325 dimensionless otherwise.

Parameter Values Process 160km/40km 80km/20km Default
ICON NWP
Entrainment rate [m'l] Convection 0.0021 0.0028 0.00195
(tune_entrorg)
Cloud cover parameter Cloud microphysics 3.35 3.6 2.5

(tune_box_lig_asy)

13



Turbulent diffusion Vertical diffusion 1.0 1.0 4.0
(f_theta_decay)
ICON O
TKE mixing (¢c_Kk) Vertical diffusion 0.05 0.1 0.1
Minimum interior mixing Vertical diffusion 1.0e5 1.0e6 1.0e6
[m?s?] (tke_min)
Biharmonic viscosity Horizontal velocity 3.5el12 0.027 /
parameter [m4s'1] diffusion (no scaling) (scaling with
edge length)
Gent&McWilliams [m%sY)  Eddy i 400 400 ( 1°°°t 400
parameterization corresp. to

(tracer_GM_kappa) km grictlength)
Redi [mzs'l] Eddy o 400 400 1000
(tracer_isoneutral) parameterization (corresp. to 400

- km grid-length)
Seaice parameter Seaice melting 0.25 0.25 0.5
(leadclosel)
Seaice parameter Sea ice freezing 0.666 0.0 0.0 (Hibler)

(leadclose?)

14
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Figure 2: Climate equilibrium in CTRL indicated by the evolution of (a) TOA net radidtiom?), (b) GMT
(°C), (c) Atlantic meridional overturning circulatig®v), and (d) the northern hemisphere-gmavolume(km®)-

Units-are-in(a) W-m—b)-2C.{c)-Svand-{d)-kinln each figure80/20 is shown in red and 160/40 is shown in

blue. The vertical lines in (c) indicate the initialization dates for HIST. In (d) solid/dashed lines represent northern

hemispheric winter/summer.

3. Mean Climate, Trends and Climate Sensitivity

3.1 DECK Experiments

We perform DECK experiments, which have become a common tool for coordinating a
comparable design of global climate model simulati@ging et al., 2016)Preindustrial
control simulations (CTRL) for each configuration are performed based on thaipspin
experimentsFereach-configuration-ahe spinrup and CTRLexperimentsonsistof a total
length of 1000 yearsrepursued Further, ensembles of experiments with historical forcing

from CMIP6 (HIST) are used to analg the presenday evolution of climate. The initial
17
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conditions for the historical experiments are based on the coupled control climate with a 50

year lag for subsequent members. Finally, the climate sensitivity is estimatetl %yCO,

increase until doubling (1%CPandan abrupt 4 x CQ (4xCQ) experiments. Table 2 gives

an overview obrthe experimerdg-overview

Table 2: List of experiments, short description and number of simulated years of DECK experiments for both

configurations. For HIST three ensemble members are performed for the perie2Ql860

Experiment List Description Number of simulated
years
Spin-up and pre-industrial control ~ Started from Levitus and external forcir 1000
simulation (CTRL) only
Historical simulation (HIST) Started from CTRL with transient exterr 18502014
forcing
1 % increase of CQ (1%CO») Atmospheric CQconcentration prescribr 150
to increase at 1 % ¥r

4x abrupt CO2 (4xCOy) Atmospheric C@concentration abruptly 150

quadrupled and then held constant

for both

18
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3.2 Preindustrial Control Climate

The CTRL experiments reveal bias distributions skelbwn in coupled climate models. Near
surface temperatures in both configurations exhibit warm biases in the upwelling region at the
coastal western boundaries (Fig. 3). A cold tongue is visible in both configurations in the
tropical Pacific, and &rthercold bias hot spot is found along the North Atlantic Current. The
Southern Ocean marks an area with a very pronounced warm bias up to 5 °C (3 °C) in 160/40
(80/20), which appearelatively large compared to the CMIP6 mutibdel mean (2.5K)

(Luo et al., 2023nnd the previous model generations (Muller et al., 2018, Jungclaus et al.,
2022). Preliminary analysis of the sources of these biasepoinistowards a too deep ocean
mixed layer in the Weddell Sea associated witstrong vertical mixing (not shown). In
addition, the atmosphere reveals a strong shavie net radiation bias over the Southern
Ocean, which is related to th@pearancpresencef toofew clouds. The cloud bias is also

found in anAMIP-typeatmospher@nly simulation and reveals that in this area the clouds

comprise too little cloud water and too much cloud iee.disentangle-the-atmespherie-and

oceanic effects on the Southern Ocean bias is still under investighlierglobal standard
deviation of theglobal errors is ~2.4 °Cfor 160/40 and ~1.7 °@r 80/20, which indicates a

substantial effect by the resolution increase. Such a resolution effect on the mean error is also
found in the MPJESM (Mller et al., 2018)

The sedcesimulationsreveal reasonable distributions in the northern hemispgleetievinter
season with 83 m seace thickness in the central Arctic and @2 m within the Labrador
Sea (Fig. 4, shown only for 80/20, buts similar in 160/40). During theairimum-summer
seasons in the northern and southern hemisphere both configurations show only-iitie sea
thickness. The seiae volume of 80/20 in theeaknorthern hemispherginter seasons is about
30 x 16 km*-in-the-nerthern-hemisphe(Fig. 2d), which is comparable with the PIOMAS

arctic sedce volume reanalysis (385 x 16 km® April value during 1980s(Zhang and

Rothrock, 2003)and 13 x 1®km? in the southern hemisphevénter seasor{not shown).
During hemispheric summer seasgife sedce volume drops to 5 x $&m? in the Arctic
(PIOMAS ~15 x 18 km?® September values during the 198®chweiger et al., 2013nd 0.5
x 10° km3in the Antarctic region. The 160/40 configuration generally produces much more sea

ice compared to 80/20 (Fig. 2d red curves), which can also be inferred from the surface
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temperatures in high latitudes (Fig. 3&).fact, since the PIOMAS reanalysiepicts the

currentstate of thelimate the preindustrial seige thickness is expected to be larger.

The state of the ocean circulation of the two configurations is described by the overturning
circulations in the Atlantic and Ind@acific regions(Fig. 5) and transport through various

oceanpassagethat are important for various climate ssystemgTable 3).For the last 500

years of simulationFthe overturningcirculationsin the Atlanticat 26° N and 1000 m depth
shows values betweempeak—maghitudes-0£15-20-14-17 Sv for 80/20 and16-19 Sv for

160/4Gt+-26°N-&-1000-m-depthwhich is comparable to the RAPID array (~174+5\)
(FrajkaWilliams et al., 2019) The two configurations show a menell structure with a

northward transport of water masses in upper andewniels and southward transport in deeper
levels. In the Pacific, the surface values indicate the subtropical cells at the northern and
southern hemisphere. At deeper levels a basiie middepth outflow occurs in both

configurations.

The transports through the passages in both configurations are mostly simulated within the
observational uncertainty found in the literature (Sedble 3 for values and references). The
transport through Bering Strait a key element of the Arctic freshwater budget] the values

are close to the estimates\Wpodgate et al. (200@nhdWoodgate et al. (2012ZJhe exchange

of water masses between the Atlantic Ocean and the Nordic Seas plays a vital role in driving
the global overturning circulation. The simulated transport rates are consistent with the
circulation pattern described Ibyansen et al. (2008pimilarly, the Indonesian Throughflow

is a key component of the wanwater branch of the global conveyor belt. Although the
simulated transport in this region is slightly underestimated compared to the values reported
by Gordon et al. (2010Q)it still aligns reasonably well with observational estimaidgese
transports are similar to what is found in MESM (cf Table 5 in Muller et al., 2018) and
ICON-ESM (cf Table 4 in Jungclaus et al.,, 202Phe Drake Passage transport is notably
underestimated in 80/20, both when compared to the traditional estimate of around 135 Sv
(Cunningham et al., 2003; Nowlin Jr. and Klinck, 19864 to the more recent compilation by
Donohue et al. (2016)
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20  Figure 3 Nearsurface temperature bias for a-ya€ar time sliceerof CTRL for (a) 160/40 and (b) 80/20. As
421 reference ERAS for the period 192908 is used. Units are [°C].
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25  Figure 4 SAverage eaice thickness for 80/20 for (a, b) the northern and (c, d) southern hemisphere for (a, c)
26  winter (December, January, FebruanDJF) and (b, dsummer June, July, August JJA)fer-80/20 The same
27  30vyeartimeslicetime window of CTRL as infFigure 3 is used. Units are in [m].

(a) 160/40 km - Atlantic MOC - (b) 80/20 km - Atlantic MOC

Depth [km]
w

Eq. 30°N 60°N 90° 30°S Eq. 30°N 60°N 90° 4

160/40 km - Pacific MOC o (d) 80/20 km - Pacific MOC 0

. o] - " —— S :-==::'f/f I_%H— T ] —a

i/' d Y < S

T T2 i -12
= = -16
] A £3 [” —20

-
E (i a ’ ‘ G -24
6
428 30°N 60°N 30°S Eq. 30°N 60°N

429  Figure 5:The overturning circulation in the Atlantic (a,b) and In@acific (c,d) for 160/40 (a,c) and 80/20 (b,d).
30  For both, the same 3geartimeslicetime window of CTRL as Figure 3 is used. Units are in Sverdruf§ kKtos
431 4.

132 The state of the ocean circulationthe North Atlanticis closely related téthe deepwvater

433 mixing in the Labrador Sea and Irminger Seadat higher latitudes in the Norwegiamd

134 Greenlandes. The ceep convection of the Labrad®ea and Irminger Seandrive thedeep

135 waterformation andis suggested tompact on theAMOC. The mixing in the Norwegiaand

136 Greenlandsea contribute to the Arctic overflows amtlantic bottom waterThe mixedlayer

137 depthin March is used here as a proxy flmepwater mixing(Fig. 6). It shows thathe 80/20

438 configurationprovides deepmixed layerdgn the Labrador Seavith maximum value®f up to

439 2500 m. In the Irminger Seathe mixal-layer depth reacheslues ofup to 1000 m. The

140 maximum of thedeep mixed layersm the 160/40 configuration is shifted tloe Irminge Sea

441 and reaches values of ab@%0D0 m The shift of the maximumalues othemixed-layer depth

142 is closely related to the production of sea ice, which is larger in this configucatigmared to

143 the 80/20 configuratiolisee Figld). The valueof mixedlayer depthsare generallyhigher

144  comparedo recent climatestimatesor which maximumvalues of ~1000m in the Labrador

445  Sea andrmingerSea are suggestéelg., Konigk et al., 2021)-inally, the mixedlayer depths

446 in the Norwegian Sea@similar in both configurations and reach values of W\)@H m.
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Figure 6: The mixedayer depth in March of CTRL for (a) 160/40 and (b) 80/Rth e

ML D

criterion

model diagnostic) is the difference threshold of 0.03 Kgmpotential density increase from the surface ocean.

Units are in meters [m].

Fhe-aDcean biogeochemilstry parametergor the 80/20 configuratioards shown in Fig.

67 ; Averagedepicting-thephosphateoncentrationstotal alkalinity, and dissolved inorganic

carbon (DIC) at the surfacere compared to the Global Ocean Data Analysis Project

(GLODAP) version 2 databag®lsen et al., 2016)The spatial patterns of biogeochemistry

fields are captured, with bias patterns similar to other Earth System models and previous ICON

ESM simulationgJungclaus et al., 2022%urface phosphatencentratioris underestimated

in the eastern equatorial Pacific and Southern Ocean, and overestimated along the southern

Chilean coast. The bias in surface alkalinity and DIC is relatively small in most regions, with

higher biases observed in coastal regions due to wepegsentatiorof coastal carbon

dynamicgMathis et al., 2022)The global pattern of surface alkalinity bias follows the bias in

seasurface salinity, with negative salinity bias leading to negative alkalinity bias. Since the

model is forced with constant piedustrial atmosphere GQOthe surface DIC in the model

adjusts to the surface alkalinity. Therefdiesbias in surface alkalinity is compensated oy

bias in surface DIC, maintaining a correct ocp@@: field. The simulated global flux of GO

into the ocean is approximately 0.1 Pg€a-, close to the equilibrium levels at gredustrial

conditions.
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|468 Figure&7: Simulatedphosphatesoncentrationfupper),surface totaalkalinity (middle) and DIGat-the-surface

469  (lower) for 80/20 climatology (left) and corresponding difference to reference data from the Global Ocean Data
|47O Analysis Project version 2 database (right). The GLODAP phosphate and alkaihigsare climatological

471 means and the DIC is from piedustrial estimates. The analysis is based onged0time window of the CTRL

472  experiment.

473

74 The performance of the land carbon model is illustratedahytet—othe gross primary
75 productivity (GPP) for CTRL simulations in the 160/40 and 80/20 configurations{&)g.
24



476 The spatial GPP patterns in both configurations look very similar, with tropical productivity
’477 being much higher than exttepical productivity-as—expectedThe patterns reflect the
478 simulated biases in tropical precipitation (e.g., over eastern and central South America), but are
479 otherwise very similar to the pattern simulated with NESIM in CMIP6. The total annual
480 productivity fluxes are 114.5 + 1.8 PgCyand 112.9 + 1.6 PgCyiin the 160/40 configuration
481 and the 80/20 configuration, respectively. Both model configurations are well within the
82 CMIP6 model range for the pradustrial period and close to th&6-estimate-gpre-industrial
83 GPPestimate ofa 113 PgCyr (Canadell et al., 2021)

CTRL 160/40 CTRL 80/20

484 GPP [kg m-2 yr-1]

|485 Figure87: 30-years mean of yearly accumulated gross primary producti@iy°)for CTRL-efHSON-XPPin the
486 (a) 160/40 and (b) 80/20 configurations.

A87

A88  Table 3: Simulated and observed net volume transports across sections (positive means northward).

A89  Units are in [Sv].

Ocean Passage 160/40 80/20 Observations

Bering Strait
(Woodgate et al., 2006; 1.0 1.1 0.7-1.1

Woodgate et al., 2012)

Fram Strait
(Fieg et al., 2010) -1.5 -2.0 -1.75+5.01
Danmark Strait
(Hansen et al., 2008; -5.0 -5.2 -4.8;
Jochumsen et al., 2012) -3.4+1.4

Iceland-Scotland

(Hansen et al., 2008; Ross 4.9 5.1 4.8;
and Flagg, 2012) 4.6 +0.25
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Indonesian Throughflow

(Gordon et al., 2010) 12.4 12 11.6-15.7
Drake Passage
(Donohue et al., 2016; 152.1 111 134.0 + 14.0;
Nowlin Jr. and Klinck, 198€ 173.3 +10.7

3.3 Transient Climate- 1850 to present

To recreate the climate of the historical period from 1850 to present, we employed external
forcings from CMIP6, as the CMIP7 input data were not yet available at the tithes#
experiments. Specifically, we included yearly anthropogenic land cover changes, volcanic
aerosol, and anthropogenic aerosol, which were added to the baseline aerosol concentrations
of the preindustrial period. Additionally, monthly ozone data and annual greenhouse gas

concentrations were incorporated to reflect the evolving atmospheric composition over time.

All experiments were conducted using theed-namelisparameters derived from the CTRL
experiments (see Section 3.2). For each of the configurations, a small ensemble of three
members was generated. Each ensemble member was initialized from the corresponding CTRL
experiment. The members differ only in their starting points, which were selected from various
time points with the distance of 50 (160/80) and 25 years (80/20) apart in the CTRL period.

Figure 98 shows the temporal evolution of GMT and global mean total precipitation. The
development of GMT is close to observations from the 1960s onwards, and in the 2010s is
about ~1.2 °C above 188®00. The increase is in the range of observed warming €f.2.9

°C (Gulev et al., 2021)The global mean total precipitation shows a substantial positive bias in
both configurations compared to GPCP and ERA5, and is on the upper end of all CMIP6
models. The global distribution of the bias reveals a strong détUGIé in the tropical Pacific

with values up to 6 mm/day within the southern hemispheric branch, and particularly high

values in the tropical Atlantic. Over the tropical continental regions strong dry bias occurs,

such as in the Amazargionand over Indonesig-ig. 9d and f) The precipitation bias in the

tropical Pacific imposes a limitation for the global climate because it covers a large region of

the globe in a rawdominated areaflthough the causes of the doulblECZ are currently

unclear, some models have modified the clouds microphysics, vertical entrainment rates,

convection schemes or the atmospheric energy balance to reduce this(kegtuida et al.,

2023; Ren and Zhou, 2024)owever, no generalized modification can be applied to all models.
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The causes are currently unclear, and further investigations are in progress.

In addition, we show the vertical temperature biagnpared to ERASoref the two

configurations (Figl09). The bias structures are characterized by cold biases of the tropical
atmosphere above the boundary layers, cold biases at tropopause levels, and warm biases at the
surface in the high latitudes. The tropical cold bias reaches uf f& in the 160/40
configuration accompanied with upgerel positive biases in the stitmpics. The cold bias in

80/20 is increased up t@ °C and reaches the striopical regions. The positive surface bias is
relatively large over the Southern Hemisphere with values up to 5 °C in both configurations

and are in line with surface temperature distribution in Figure 3.
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Figure 98 Evolution of (a) the global mean nesurface temperature (Kelvin) and (b) the global mean total
precipitation (mm day) from the three historical ensembles HIST for the 160/40 (orange) and the 80/20
configuration (blue). The evolutions are compared with CMIP6 models (grey) and respective
observations/reanatyes (black). Geographical distribution of absolute values of (c, e) total precipitation and (d,
f) precipitation bias with respect to ERA5 for one member of the (c, d) 160/40 andg8@/2) configuration,
averaged for the period 192908 both in (mm/day). Details on reference data sets are given in Table 4.
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Figure109: (a) Annual nean zonal mean temperature in the troposphere for the perioe20@8%or ERAS5 and
biases for HIST for one member of the (b) 160/40 and (c) 80/20 resolutions. Units are [°C].

A summary of the model performance is given in.Hif,, which compares several key

dynamical and thermodynanailcvariables with the CMIP6 model ensemble. Smaller root

mean squared errors (RMSE) are found for many dynamical and thermodynamical quantities

by increasing the resolution from the 160/40 to the 80/20 configuration. A similar impact of

resolution is found for previous model versions, such as forB8N (Miller et al., 2018)

Exceptions to the reduction of RMSE with resolution are variables describing the cloud

properties and liquid water path, which underlines a systematic bias in the configurations with

respect to the lonterm mean hydrosphere. The 80/20 ensemble exhibits a relatively strong

performance among the CMIP6 models for dynamical variables, such as zonal wind and

temperatures in the midnd upper troposphere.
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Figure 110: The performance matrix for the 160/40 and 8Q/20figurationseselutienqrightmost columns) and

CMIP6 models (left columns) for key dynamical and thermodynaiagriables. Shown are normalized relative
spacetime root mearsquare errors (RMSEs) of the climatological seasonal cycle with respect to reference
observational data sets. The normalization is done relative to the ensemble median of all models, with positive
values (red) denoting a higher RMSE and thus worse performance, while negative values (blue) denote a lower
RMSE than the ensemble median and thus a better performance. The considered time periezDis2fad@he

models, for the observational reference data the time period had to be adjusted to the available time frame (see
Table 4 for details). Boxes with a diagonal split indicate that two different reference data sets are used, with the
first mentioned reference in the top left corner. The variables shown are the absorbed solar radiation (asr;
reference: CEREEBAF), ice water path (clivi; references: ESAGCLOUD, MODIS), total cloud cover (clt;
references: ESACGCLOUD, PATMOSX), condensed water path (clwvi; references: MODIS, ESACCI
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570 CLOUD), specific humidity at 400hPa (hus400; reference: ERAS5), liquid water path (Iwp; references: ESACCI
571 CLOUD, MODIS), total precipitation (pr; references: GRE8, ERAS), water vapor path (prw; reference:

572 ESACCHWATERVAPOUR), TOA outgoing longwave radiation (rlut; reference: CEREBR\F), TOA outgoing

573  shortwave radiation (rsut; reference: CERESAF), temperature at 200 hPa (ta200; reference: ERA5) and 850
574  nhPa (ta850; reference: ERA5), surface temperature (tas; references: HadCRUTS5, ERA5), zonal wind stress (tauu;
575 reference: ERA5), and zonal wind at 200 hPa (ua200; reference: ERA5) and 850hPa (ua850; reference: ERA5).

576

’577 Table 4: Observational reference data sets used in1Aig.

Reference data sets Type Variables Timerange Reference
used in
Figure 7

Absorbed solar radiation (asr)
CERES-EBAF Ed4.2 Satellte TOA outgoing longwave radiation (rlut 200%:2014 Loeb et al.

TOA outgoing shortwave radiation (rsu (2018)

Specific humidity (hus)
ERA5 Reanalysis Total precipitation (pr) 20062014 Hersbach et e
Air temperature (ta) (2020)
Nearsurface air temperature (t:
Zonal wind stress (tauu)
Zonal wind (ua)
Ice water path (clivi)
ESACCI-CLOUD Satellite Condensed water path (clwvi 20062014 Stengel et al
Total cloud cover (clt) (2020)
Liquid water path (lwp)

ESACCI- Satellite Water vapor path (prw) 20032014 Schroder et a
WATERVAPOUR (2023)
GPCP-SG v2.3 Satellite- Precipitation (pr) 20002014  Adler et al.
gauge (2017)
HadCRUT5v5.0.1.0  Ground Nearsurface air temperature (tt 20062014 Morice et al.
(analysis) (2021)
MERRA2 Reanalysis Nearsurface air temperature (tt Notused Gelaro et al.
(2017)
Ice water path (clivi)
MODIS Satellite Condensed water path (clwvi 20032014 Platnick et al.
Liquid water path (lwp) (2003)
PATMOS-x Satellite Total cloud cover (clt) 20002014 Heidinger et
al. (2014)

578

579 3.4 Climate Sensitivity
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Climate sensitivity describes the response of the climate system to radiative forcing and is a

critical parameter that determines Kes-indicator-forfuture evolution of climate. Two metrics

are commonly used: the transient climate response (TCR) and the equilibrium climate

sensitivity (ECS).

TCR is determined from the 1%G@xperiment as the global mean surface air temperature

increases (relative to the CTRL experiment) around the time of doubling F&owing

Meehl et al. (2020andJungclaus et al. (2022) 20year average is taken around the doubling

of COy in order to reduce the potential influence of internal variability. The TCR is 1.7 K for

the 160/40 configuration and 1.6 K for the 80/20 configuration (Fitalnd b). The

assessment of climate sensitivity in CMIP6 models shows a best estimate of TCR=1.8 K with

a very likely range of 1.2 to 2.4 K.

ECS is approximated withthessoa | | ed “ ef f ect i {(Geegocy)|2D00d4)esinge

an idealized experiment where the atmospheriec €@centration is abruptly quadrupled

sens

(4xCQy). For this, a linear regression is applied between the global mean surface air

temperature change (relative to the CTé&dperiment) and the net downward radiative flux at
the topof-atmosphere over 150 years of the simulation (see Eig.dhdd). The extrapolation

of the regression line to zero net radiation gives the temperature response with quadruple

increase in CQ which is then divided by two to get an estimate for the ECS. This results in an

ECS of 2.47 K foboththe 160/40 configuratiopand-2.32-K-forthe-86/20-configurationhe

assessment of climate sensitivity in CMIP6 models shows a best estimate of ECS=3 K with a

very likely range of 2 to 5 KForster et al., 2021)he climate sensitivity of ICON XPP falls

within these CMIP6 ranges, tending towards the lower end of the spectrum.
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Figure 21: Estimating climate sensitivity. The Transient Climate Response (TCR) is estimated from the global
mean surface air temperature anomaly at the time afdd0bling (at year 70) in the 1%G®xperiment for (a)
160/40 and (b) 80/20. The Equilibrium Climate Sensitivity (ECS) as diagnosedfesratterplot between TOA

net radiance and global mean surface temperature anomaly, inchidiegr regression for (c) 160/40 and (d)
80/20. ECS is estimated from 150 years of the 4x&@eriments (black line), but since the assumption of linear
feedback is only an approximatidhg regression lines antie estimated ECS values for the first 20 years (blue

line) and the last 130 years (orange line) are shown for completeness.

4. Key dynamical processes in the tropics, extraopics and stratosphere

ICON XPP is intended to be the successor of #BM for climate prediction research and
operational forecasts. A principal foundation of climate predictions is based on the reliable
description of the+ineiplemajormodes oflimatevariability and their associated background
mean state. Examples of such modes of variability are the Malidien Oscillation (MJO),
ENSO, and the Quasiiennial Oscillation (QBO) in the tropics, or the NAO arxdrelation to

the extratropical jet position in the extrmopics. While designing the model configurations,
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we therefore put special emphasis on monitoring certain aspects of the mean climate which are

directly related to thenajoprineiple modes.

4.1- Tropics

In contrast tahe midlatitudes, the release of latent heat is the main source of energy in the
tropical atmosphege This occurs in conjunction with convective cloud systems embedded in

largescale circulations. The diabatic heating associated with tropical precipitation not only
leads to a locateed response in the atmospheric circulation, but can also cause a remote

response through the excitation of equatorial waves.
4.1.1 Tropical Waves and MadderJulian Oscillation

Equatorially trapped waves are a fundamental property of tropical dynamics and appear as
solutions of the shallow water equations which are either symmetric or asymmetric about the
equator. Among others, the observed disturbances in the clouds can be associated with
equatorial trapped wavé€d/heeler and Kiladis, 1999By creating the wavenumbé&equency
spectrum of the outgoing longwave radiation (OLR), modes of tropical variability can be
analyzsed in more detafWheeler and Kiladis, 1999FheWe usethe OLR as it is generally

assumed that is a reasonable proxy for deep tropical convection and precegit@tidd

The principal nature of the tropical spectrum is red in both zonal wavenumber and frequency,
with highest power at the lowest frequency and lowest zonal wavenumber. Thus, an estimated
background spectrum is removed prior to the analysis of tropical waeessfTypically; the
peaks then follow the dlsper5|on curves of equatorial trapped m*msh—ar&als&eaued
convectively-codupled-equatorial-waves
disturbances—are-alsopresent-in-the-speMast of the preferred modes of variabilidye

observed in the symmetric componersuch athe MJO (eastward zonal wavenumbes, 1

frequencies of about <= 1/(30 days)), Kelvin waves (eastward zonal wavenumber), Equatorial
Rossby waves (ER, westward zonal wavenumber) and westward-mertity modes (WIG,
westward zonal wavenumber, frequencies < 3 days). In general, the waveifftggbency
spectrum has a lower spectral power in the model compared to ERAS §EjgHbwever,
except for the WIG, the preferred modes of variability in ICON XPB-12-b;e)match with
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the observationf~ig—12a)quite well-with-an-improvement-in-the Kelvinrwaves-for-the-higher
fetopren S0 D cornoron o e D00 cop b a0

Most of the signals in the antisymmetric component can be associated with Mixed -Rossby
Gravity waves (MRG) and Eastward Inertia Gravity waves (EIG) (Rgd-1). Again, the
modes of variability of the antisymmetric component are found in ICON._XRR}-improve

h hinhe ACO =ne-AA HHOA a¥a’ a a alal alala [Tala a NQa N— A aves

{emp—Fig—12a—and—Fig—12b,elGenerally, Bboth configurations show an improved

representation of the equatorial waves compared to ESGM (Jungclaus et al., 2022)
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660 Figure B2 AveragedwWavenumbefrequency OLR spectra for the symmetric components (top) and
661 asymmetric components (bottomjeragedetween 15° S and 15° N for (a,d) ERAS5, (b,e) 160/40 and@,20.
662  Solid lines represent the dispersion curves of the odd (top) and even (bottom) meridionalumbeeed

663  equatorial waves for the three equivalent depths=ofl2, 25, and 50 m [as in Wheeler and Kiladis, 1999]. For
664 ICON XPP, high frequency output of a-Y8ar period (2002010) of one realization is used for both
665  configurations.
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4.1.2 El Nifilo/Southern Oscillation (ENSO)

The El Niflo/Southern Oscillation (ENSO) is one of the key processes for climate predictions
on seasonal to annual time scales, and is routinely predicted in numerous operational forecast
systems. However, ENSO is determined by the complex interplay of the mean climate state in
the tropical Pacific, the internal ENSO dynam(Giilyardi et al., 202Q)and also by global

remote influences, for example the Atlantic and Indian Océdaset al., 2019)In many

forecast systems and their underlying Earth system models, the mean state and trends of the
tropical Pacific- and thus the ENSO dynamicare only inadequately represent&uilyardi

et al., 2020) CMIP-like models show longerm mean errors ("cold tongue bias") and strongly

underestimated ENSO feedbackée cold tongue bias refers to the excessive cooling along

the equatorial Pacific, a common systematic error in climate mfdeand Xie, 2014) The

MPI-ESM, for example, clearly has weak Bjerkriesdbacks and atmospheric damping in
conjunction with a strong tropical Pacific cold b{@&ayr et al., 2018)This has an impact on

the simulated development of an ENSO event. A balanced interplay between the mean state
and the ENSO dynamics in the tropics can therefore be assumed as a basic prerequisite for

successful ENSO predictions.

We investigate ENSO during the tuning process with a particular focus not only on isolated
ENSO performance (e,camplitude, seasonalitytc), but also consider the ENSO dynamics
(feedbacks) and the ENSO relation to the mean state bias. We apply the ENSO metric package
developed by CLIVARPlanten-et-ak—2021which is designed to evaluate the model with
respect to the basic state, ENSO performance and their feedbacks, as well as the ENSO
teleconnectiongPlanton et al., 2021 Nine3-4relatedd regression oSST anomalieso the

Nino3.4 indexfor both configurations clearly exhibit an ENSO pattern in the tropical Pacific

for both configurations (Fig.4B). The strongest anomalies are found in the cetdrahstern

Pacific similar to the referencelowever Aasin many coupled modelg)e ENSO activity in

ICON XPP exhibits a stronger westward extension of the SST anomalies than observed
(Capotondi et al., 2020)

Figure B4 gives more details of ENSO for the two configurations. Figalshows a general
summary of several metrics from the CLIVAR ENSO package and illustrates E&&ed

mean states, performance, feedbacks and teleconnections in ICON XPP relative to the CMIP6
models. The Vvalues within the box indicate that ENSO in ICON XPP is within980
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confidence intervals of the CMIP6 model ensemble. Positive values that are outside the box
show that the experiments have a significantly weaker performance than the CMIP6 models.
Clearly, for the performancend feedbacksind-teleconnectiometrics ENSO in ICON XPP
is within the range of the CMIP6 models. The ENfR@ted mean statend teleconnection

summary, however, indicates a larger bias compared to the CMIP6 ensemble. A general
improvement is found for alhetricsfor higher resolution experiments (80/20) compared to
the 160/40 runs.

We further examine ENSO by looking into the individual metrics. The mean SST illustrates
that the model configurations are about-2.8C colder than the reference, mainly in the
western and central Pacific, associated with the-tmidue bias (Fig. 34b). The westeast

SST gradient is about 4 °C amlde SST slopeas close to what is shown in the Tkpx

reference. In the western Paciéidge 150°E-160°E), the SST gradients are relatively steep
in both configurations. In theasterrPacificedge(240°E-270°E), the SST gradienteverss

in both configurationsThe ENSOrelatedzonal wind stressubstantially improves ithe

higherresolved configuratiocompared to the 160/40 resolutidhig 15c). In 80/20 the

magnitudes are much closer to the refeeeaad the minimum is shifted eastward closer to
what is observedThe-westeast SSTgradientis-about4-°C-and-is-close-to-whatis-shown in
e bvepeeniorene s e mee ope Dacle dhe o0 cpndlonde o ool clecs 1 Dol

urationsassociated-with-strongersurface-wind-stre 14} In-the central-Pacific the

maller than

h-stronger
and-shifted-too-far-westwarth addition, we show the zonal mean total precipitation for the
Pacific (Fig. 54d). The distributions clearly reveal a doubl€Z in both configurations, with

a strong deviation from observations shown in the Southern Pacific. The bias is relatively large
in both configurations with values up tesdnm/day*. The double ITCZ bias is found in many
coupled models, and is linked with their ENSO characteristics, suttie &NSO seasonal
phaselocking simulation(Liao et al., 2023)

The ENSO characteristics of the two configurations are shown in Figgeegl The ENSO
amplitude- defined as the standard deviation of SST anomaaeross theérepicatequatorial

Pacific shows weaker values in the eastern part and stronger values in the western part (Fig.

145e) associated-with-mean-state-wind-stress-distribution{(Fig. T4he amplitude of the
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Nino3.4 index appears a bit weak and is about 2/3 of the observational amplitude. During the
peak season of ENSO the Nino3.4 index is about 0.7 af€0r8160/40 and 80/20 compared

to 1.2 °C in Tropflux (Fig. 154f). In addition, the ENSO skewness shows larger (smaller)
values inthe western (eastern) Pacific and indicates a western shift of the peak ENSO (Fig.
1549).

Finally, we-shoewthe ENSO feedbacksre shown in-since-they-characterize-the-dynamical
evolution—of-ENSO-Fig. 154h-j}. A positive wind stresSST relationship explains an

anomalous zonal wind with the SST propagation alongitiygeal-equatorialPacific. For
example, during El Nifio, a stronger wind strassmaly(weaker trade winds) is associated
with eastward propagation of SST anomalies. This relationship is captured in both
configurations, but with less amplitude and the maximum regression coefficients appear shifted
eastward compared to observations (Fig¢h). The wind stress is furthermore related to
thermocline depth, meaning that for example durinyigb there is a shallowing (deepimg)

of the thermocline depth in the western (centmadastern) Pacific (Fig. 54, here the
thermocline depth is illustrated by the sea surface hé&ight) In both configurations, the
negative wind stresSSH relationship in the western Pacific is absent, while positive regression
coefficients are found in the centtaleastern Pacific. In the centtateastern Pacific, the
80/20 configuration shows regression coefficientstivelyclose to observation. Finally, the
negative SSheat flux relationship illustrates the atmospheric damping effect, i.e. in case of
El Niflo, a warm SST anomaly results in a stronger updraft and cloud cover increase which in
turn reduces the net incoming radiation at the surface (&ig). In ICON XPR this feedback

is strongly underestimated which reflects a systematic bias in the heat fluxes, in particular in
the centrato-western Pacific. This is a common bias found in many CMIP models, in which
a weak atmospheric heat flux damping compensates the weak Bjerknes fe@#yack al.,

2018) The weak SSheat flux relationship in ICON XPP is dominated by the shortwave

radiation fluxes (not shown), similar to what is found in other madalgr et al., 2018)

In summary, ICON XPP generates an ENSO with typical characteristics and dynamics known

from observations. Howevewrith-the-current parametersettilCON XPP performs weaker

amplitudes and feedbacks compared to observatidhghe current parameter settjriaut a
significantimprovement is found for 80/20 compared to 160/40. We also find structural biases

similar to the longstanding errors of many coupled models. Here, the overall performance with

respect to the CMIP6 models reveal pronounced biases in both configurations, closely
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associated with the precipitation bias. However, in other key diagnespesformanceand
feedbacksnd-teleconnectiondENSO in ICON XPP is within the range of the CMIP6 models.

It is worth noting that in some aspects both configurations share similar features. An example
is the precipitation bias which cleartydicates a pronounced douldlECZ, or the weak ENSO
amplitudes in both configurations. This points towards systematic errors covered in both

configurations.Thus the much faster ancheaperonfigurationcanbe used tanore easily

explorethe space of hyperparameté&rsdentify potential tuning improvements fie ENSO
20, this
mination of
#stzitempts
point towards the role of cloud properties and microphysics in modulating the surface radiation
budgetthat affectand-have-an-effect-cthe atmospheric damping and the S®/Inhd stress

feedbacksThis-werk-is-inprogress.
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Figure ¥3: Regression betweehe Nino3.4 index and SST anomalies (SSTA) for Decenflieone member of
(a) 160/40, (b) 80/20, and (c) and TropFluke Nino3.4 indexs defined as the areaveraged SST anomaly over
5°N to 5°Sand170°W to 120°W. Also shown are the differences between (d) 160/40 and TropFlux, and (e)
80/20 and TropFlux. Units are in [°C/°C]. The regression is calculated with the CLIVAR ENSO metric package
(see Planton et al. (2021) for detail8k reference in (@) Trog-lux is used(Praveen Kumar et al., 2012)

TropFlux @nsiss of daily and monthly fluxes, SST and wind strémsthe tropical region for 308to 30° N, and
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Figure B4: Description of ENSO. (a) An overall summary of different categories of the ENSO metrics
(climatology, characteristics, feedbacks and teleconnections) for (red) the 160/40 and (blue) 80/20 ensemble
members together with the CMIP6 models. See Planton et al. (2021) for all metrics and their definitions. Further
shown are specific metrics for-@ ENSQrelated climatology, (g) the ENSO characteristics, and-fhthe

ENSO feedbacks faull ensemble members (red) the 160/40 and (blue) 80/20 configurations, and (black) an
observational reference. The mean states are illustrated by (b) SST averaged for 5° N totB&#rfe) wind

stress averaged for 5° d—50 5° S, and (d)the-precipitation averaged for 150° W to 90° W. The ENSO

characteristics are described by (e) the zonal structure of the standard deviation of the Nino3.4 SST anomalies

(SSTA) averaged for 5° N to 5° S, (f) the standard deviation of SSTA as a function of calendar months, (g) the
skewness of SSTA in the equatorial Pacific averaged for 5° N to 5° S. ENSO is furthesezhblythe Bjerknes
feedbacks, here shown by (h) the regression of zonal-streds anomalies (meridional 5° S to 5° N average)
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onto SSTA in the eastern equatorial Pacific (Nifio3 region averaged), and (i) the regressiesudisesheight
(SSH) anomalies (meridional 5° S to 5° N average) on to-wsiress anomalies (Nifio3 region averaged). The
atmospheric damping is illustrated by (j) the regressiotie total atmospheric surface heat flux anomalies on
SSTA, both 5° N to 5° S averaged. The plots are calculated based on the CLIVAR ENSO metric (PAaktme

et al.,, 2021) As references this package uses GPCPv2.3 for precipitation, AVISO for SSH, andlukop

otherwise(Praveen Kumar et al., 2012)

4.2 Extra-tropics - Zonal mean zonal wind and jets

The extratropical jets provide a substantial guideline for syneptiale disturbances. Among
othes, the extratropical storm paths are aligned to the position and magnitude of the seasonally
and yearly varying jet positions and impact weather and climate further downstream. In
addition, the timeaveraged tropospheric jets act as a wgwiee for Rossbyike traveling
waves propagating from the tropical regions to the d@wjpas, and thereby have a control on

the midlatitude dynamic¢Branstator, 2002)n the extraropics, the zonal and meridional jet

variation mark—a—fundamental-propedne closely linkedoef the major modes of climate
variability, i.e.the NAO (Woollings et al., 2015)and its predictabilityi.e., Strommen et al.,

2023) The NAO constitutes a principal driver of the North Atlantic and European clievate,
meanwhileseasonal-and-decadal-prediction-skillis-establisimedarious prediction systems
and underlying coupled mode[®oblasReyes et al., 2003)and seasonal and decadal
prediction skill of the NAO is establish€Athanasiadis et al., 2020; Dobrynin et al., 2018;
Muller et al., 2005; Scaife et al., 2014; Smith et al., 2020)

However, climate models still provide biases in the representation of the zonal wind, and
associated jets and storm tracks. For example, CMIP6 models are generally able to reproduce
storm tracks, however, they appear too zonal over the Pacific and A{ngstley et al.,

2020) Over the southern hemisphettes climatemodels tend to shift jet positions and storm
tracks too far equatorwasdThere is a general improvemenbf the biases from CMIP5 to
CMIP6, which arises from the tendency of using higher model resolutions, but their bias
structures still persigiPriestley et al., 2023)n MPI-ESM used for CMIP6, the mean zonal

wind and storm track biases are reduced by doubling the atmospheric resolutions. The bias
reduction is mainly induced by an improved wagtivity flux and eddydriven effects on the

mean zonal wind, particularlgt the exitof the Northern hemisphere jekits (Muller et al.,

2018) However, a relatively strong zonal wind bias persists in the higiseived model
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version. In this respect, the underestimation of edlilyen effects on the mean zonal wind is

found in many climate mode(se., Smith et al., 2022)

In ICON XPP,the zonal mean zonal wind biases in the ektypics appear smaller compared
to its predecessors ICOBRSM (Jungclaus et al2022)and MPESM (Mduller et al., 2018)In

the 80/20 configuration, 2zonal mean zonal winbias of 32 ms*/sis found at the northern

hemisphere jet position (Fig.63), and of 24 m s’/s in the low resolution (160/40). For
comparison in MRESM, zonal mean zonal wind biases are about twice as large and amount
to 24 ms*/sand >4 ms /s for similar resolutions compared to ICON XPP (cf Fig. 9 in Miiller

et al., 2018). For ICONESM, a bias of up to 10 m'/sis found in their 160/40 configuration

(cf Fig. 12 in Jungclaus et al., 2022). In the tropics, there are alternating significant positive
and negativevind biases varying with height. The biases are smaller compared to-ESDN

but of similar magnitude compared to MBPSM.

To understandhe reasons for the relatively small biases of the northern hemisphere zonal
winds, we further examine the eddhediated effects on the jets. Figuré khows the mean
zonal wind at a level where the jet maximum occurs and corresponding divergergelay 2
bandpasdiltered eddymomentum fluxes. The divergence is calculated based on the horizontal
components of the-Eector averaged over 2€BD0 hPaHoskins et al., 1983)The net effect

of the divergence is a westerly acceleratignthe mean flow whereas a convergence is

associated with increased easterlies. ERAS revealsimum-divergenceof the Evector

downstream of the maximum zonal watdhejetexitswhichindicakesve forjetextensionby
eddymeomentum-fluxes—The-figure-furthershethat momentum fluxes are able to force the

jets towards the nortbastward direction. In ICON XPP, eddyomentum fluxes are found

similar to ERAS and the jet is forced towards a nedistward direction. That is different to
precursors of ICON XPP, where momentum fluxes and respective jets appear more zonally
oriented. The magnitudes of the divergence of the momentum fluxes in 160/40 are higher than
in ERA5, but fits very well in 80/20. This diagnostic underlinesdhed performanceei-

behawviorof the synoptic properties in ICON XPP for the mean state of the jet. It can be expected
that this has a positive impact on stetmaick pathways and associated impact on downstream

regional climate.
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65 Figure I76: The effectof transient eddiesn the mearstate Shownis the divergence of the-Eector (shading)
EGG and the mean zonal wind (contourfsy wintermeangDJF)in (a) ERA5for the{period 20082010} and 10year
867 averages for the ICON XPP (b) 160/40 and (c) 80/20 resolutions. Twecter is calculated by 6
868 U h 6 U, where u and v are-@ day banepass filtered zonal and meridional wind anomalies. Tivedor and
869 mean zonal wind are averagbdtween200-300 hPa.Positive values of the divergence indicate a transfer of

870 momentum to the meastate
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72 4.3 Stratosphere- QBO;PolarVortex—and-Sudden—Stratospheric—WarmingQuask

73 Biennial Oscillation
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Developments in recent decades have shown that seasonal amdrigaglimate predictions
benefit from resolving the stratosphere at depth, as the variability of the stratosphere is not only
affected by the lower atmosphere and surface climate, but also by intrinsic interéegons
Domeisen et al., 2020; Manzini et al., 2014; Scaife et al., 20B22)quasbiennial oscillation

(QBO ' ' ]

MSSWh-ards akey processsin this respect.

The QBO is an important component of the Earth's climate, controlling equatorial zonal winds
and temperature deviations from the global mean. Its teleconnections to surface climate occur
in various pathwayéGray, 2018) In the tropics, a link between the tropical stratosphere and
the MJO has been revealed as the phase of the QBO modulates tHe.lyl)J®lartin et al.,

2021) In addition, the QBO modulates the winter stratospheric polar vortex in the Northern
Hemisphere, which has implications for the troposplte¢otton and Tan, 1982Both the QBO

and the variability of the stratospheric polar vortex are examples of predictability originating

in the stratosphere.

The observed QBO is characterized by descending alternating easterly and westerly jets in the
tropical stratospherendtheir downward propagation into the tropospheasshown by the

zonally averaged zonal W|F($+g—1—la)—‘Fhese—jeLs—a¥e—even—meFe—p¥eneHneed—m—the wind
¢Fig. 187ad). In the ICON XPP

160/40 configurationith-90-verticalHevelsthe descending winds are wéakasterlywinds
with a high periodicityof roughly 12 months at 32 km (~ 10 hPegmpared taoughly 28
months inobservations (Fig.&#b). For the higher resolution 80/20th-an-increased-number
ofvertical-levels;a QBO is presenand the period increases to 17 mopntakthough the

amplitudes still appear smaller than observatiamsd-thefrequency—is—still-higher—than
ebservedFig. 178c;f). A quastpermanent easterly wind in the lowtermiddle stratosphere is

prominentin both resolutions (Fig.8b, c). In order to assess the QBO independéirtiv the

climatological state, the loagrm mean is removed from the OBO time series (Fdg, 1).

The zonal wind anomalies emphasize that ICON XPP is capable of developing spontaneous
QBO phasesind their downward propagati{kig. 187e, f). However, in 160740 with 90

vertical levelsonly, the QBOappears-eredisruptive andhe downward propagation mot

well established (Fig.8Fe). Ir-agreement-with-previous-findings,—an-nerease-of-the-number

stvortienHovelsmprovesthoroproseoptation-otthe- Q20 (R 8 longterm mean
equatorial zonal mean wind the model configuratiorss—characterized-biurther exhibit
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06 strong easterly windsvhich-can-be-seen-in-theresultingproatan altitude oabout 20 km
07 heightin-the-histerical-simulations-oHHCON-XPFPhese easterly winds can act as a permanent

908 wauvefilter for vertical wave propagation, resulting in a perturbed wave forcing above that
09 heightand hindering the QBO development in ICONPP. The reason for the development of
10 this easterly jet is unclear, but seemisitedto-be-connected-othe horizontal resolution.

11 In atmospher®nly experiments (160 km, 130 legglthe frequency of the QBO phasess
12 been examineth the passimpreved(Niemeier et al., 2023)n theser experiments the QBO
13 is well establishednd benefit from increasy thenumber of vertical leveld he lower vertical

14 resolution of 90 levels is found too coarse to generate an internally generate & WBer, in

15 the atmospherenly experiments& much smaller time stepasused which seemso further

16 improve the QBO360 secondm atmospher®nly experimentgompared to 458econds in

17 the coupled configuratiopdHowever the reasons for such impageyet not fully understood.

18 In addition to the OBQ the atmospher®nly experiments reveal a weakpresented

19 stratospheric transp

; Vs an examplethe transport of

20 the water vaper cloud after the Honga Tonga eruptionfgsind very close to observations
21 (Niemeier et al., 2023)Fhese i
22
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24  Figure B7: Zonal mean zonal wind averaged between 5° S and 5°(&) iERAS5, (b) 160/40 with 90 vertical
25 levels (L90) andc) 80/20 with 130 vertical levels (L130) afd), (e), (f) the corresponding deviation of the leng
926 term mean (1972008). Here the period 1971®89 is shown. Units are in [mi]s
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955 5. Discussion and Conclusion

956 ICON XPP is a newly developed Earth System model configuration based on the ICON
957 modeling framework. It merges accomplishments from the recent operational numerical
958 weather prediction model (ICON NWP) with welstablished climate components for the
959 ocean, land and ocedmogeochemistry into a new Earth System model configuration. Here,
960 we discussed two baseline configurations which serve as a starting point for accommodating
961 ICON for Earth System predictions and projections, and future model development.

962 ICON XPP in the presented configurations reaches typical targets of a coupled climate
963 simulation, such as a pnedustrial stable climate equilibrium with radiation balance and a

964 target global mean temperature. Though the presented configurations share sestenlding
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biasesypical foir coupled models, such g&swarm biases in the coastal upwelling regions,

the overall fidelity of ICON XPP fits in the CMIP6 ensembles-diagnesed-by-a-few key
parametersThis is noteworthy since a major newly implemented component is the atmospheric
model component ICON NWP, originally designed for numerical weather predietioh,
which is tested here for the first time in a coupled Earth System configuration. Furthermore,
the climate sensitivity, albeit weak, fits within the assessed range of the CMIP6 models, and
creates confidence in ICON XPP projections. The simulated trerids giobal temperatute

are close to observationsnd underline the model's suitability to simulate various climate

scenarios.

The model configurations are able to capture the principal features of coupled circulations in
the tropics. A prominent example is ENSO, which reveals typical characteristics and dynamics
known from observationsin—beth—cenfigurations We highlighted the use of a more
sophisticated evaluation of ENSO, by not only looking at certain characteristics (amplitude,
spectra, skewnesstc.), but also considering the ENSO dynamics (feedbacks) and its link to
the mean bias. Although ENSO amplitudes and basic feedbacks appear weak, the overall
fidelity of ENSO in ICON XPP fits within the CMIP6 models. Further examples of key
processes in the tropics are the tropical waves and Mahlldiem Oscillation, whichanalyzed
by-the-wavenumbdreguency-analysis are captured quite well in both configurations. In
addition, ICON XPP is capable of developing spontaneous QBO phases, which clearly benefits
from the higher vertical resolution in the 80/20 configuration.

An outstanding result of the current evaluation is the state of the nehtberisphere extra
tropical dynamics. Here, ICON XPP reveals a strong reduction of the tropospheric zonal mean
zonal wind biases, and the location of the mean jets are placed close to what is found in
observations. A closer examination of the syneptale eddies reveals that ICON XPP is able

to depict the shape and magnitude of the trargfenomentunonto the mean flow close to

what is found in ERA5The momentum transfer leads to a northeastward elongation of the
mean jet in ICON XPPwhereas predecessor model generations reveal a strong zonal
distribution.This could have consequences for the storm tracks and their downstream impacts,
which are known to exhibit a biased southern pathway in the ICON XPP precursors. We
hypothesize that this improvement is linked to the enhanced accuracy in resolving synoptic
disturbances within the ICON NWP model.
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However, the currenCON XPPconfigurations are characterized by some strong biases with
global implications. These include a warm bias of up 6 Bf the Southern Ocean, associated

with little sea ice. This isAaccompanied withhis-area particularly deep ocean mixed layer

at the Antarctic boundaries near the Weddell Sea and strong biases in the atmospheric net
radiation and cloud covers (not shown). Errors of this magnitude inevitably lead to the need to
adjust the model. In order to achieve the global mean temperature target, it was necessary to
counterbalance the Southern Ocean warming by adjustment of cloud parameters, e.g. reducing
the entrainment rate. Further, the Southern Ocean plays an important role in remote regions of
the climate system. Recent studies reveal the global role of the observed Southern Ocean
cooling trends and their teleconnections, such as to tropical regions and the southeast Pacific
cooling (Kang et al., 2023)However, many climate models notoriously fail to capture the
recent SST trend in the Southern Ocean. Also, all coupled model and climate prediction
systems are not able to capture the Pacific cooling trend with consequences on forecasting the
Pacific climate such as ENS@.g., L' Heureux et al., 202Z2)herefore, an improvement of the
Southern Ocean climate may be of great relevance for remote regional climate and their
predictions.

The tropical precipitation distribution reveals the lestgnding double ITCZ, as found in many
CMIP6-like models. In our configurations, however, the magnitudes are relatively large
compared to the CMIP6 ensemble. Such a bias ultimately imposes an influence on regional and
global climate. An example is ENSO, whighovideshasa strong relationships-with the
precipitation bias in the current ICON XPP configuration. Further, a strong dry bias in the
Amazonian region is found in the current configurations. Such bias imposes an impact on the
modeling of land vegetation and the global carbon cycle. The reasons for the tropical
precipitation bias are yet unclear. However, since during the tuning process the precipitation
distribution has not received much attention, we expect some improvements in subsequent
versions of ICON XPP.

ICON XPP forms the basis for future developments in the areas of climate predictions and
projections. Some initiatives have already been established for this purpose. One project was
initiated to support ICON XPP's preliminary research into climate predictions. Here, data
assimilation methods and hindcasts are being tested with ICON XPP, as well as their
possibilities for special applications. The aim is, among others, to use ICON XPP for

operational climate predictions. Another initiative prepares ICON XPP as a national
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1028 contribution to CMIP7. For this, ICON XPP will be more thoroughly tuned with respect to the
1029 aforementioned biases. In addition, corresponding DECK experiments with CMIP7 forcing
]+O3O will be prepared and carried ewtrd-theirdata-disseminatedl basic requirement for both

1031 initiatives is that the model is able to calculate as many model years and ensemble members as
1032 possible, in as little real time as possible. The high runtime performance of the current
1033 configurations with throughput of ~80 simulated years per day (SYPD, 100 nodes) for 160/40
1034 and ~45 SYPD (64 nodes) for 80/28un on a CPLtpartition of the DKRZ HPGC meet this

1035 requirement.

1036 In summary, ICON XPP is an Earth System model configuration, able to run long integrations
1037 and largeensemble experiments, making it suitable for climate predictions and projections,

1038 and for climate research for which a large throughput is required.
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Code and Data Availability Statement

The run scripts and manual used to run ICON XPP for this sitelgvailablein the Open
Research Data Repository of the Max Planck Societp<://doi.org/10.17617/3.UUI128
(Muller et al., 2024)ICON is available to the community under a permissive open source

licencse (BSD3C). Please follow thastructions on the ICON webpage https://www.icon

model.org). ERA5 datgHersbach et al., 202@)as downloaded from the Copernicus Climate
Change ServicéHersbach et al., 2023a, 20230)he results contain modified Copernicus
Climate Change Service information 2025. Neither the European Commission nor ECMWF is
responsible for any use that may be made of the Copernicus information or data it contains.
Figures 6a, 6b, 7, and 8 of this study have been created with the Earth System model Evaluation
Tool (ESMValToo) (Andela et al., 2024a; Righi et al., 2028p)d its core dependency
ESMValCore(Andela et al., 2024b)ESMValTool has recently been extended to be able to
process ICON XPP output without any model postprocegSoglund et al., 2023CMIP6

model output required to reproduce the analyses of this paper is available through the Earth
System Grid Foundation (ESGFitps://esgimetagrid.cloud.dkrz.de/search/cmigkrz/, last

access: 19 February 2025). ESMValTool can automatically download these data if requested
(see

https://docs.esmvaltool.org/projects/ESMValCore/en/v2.11.1/quickstart/configure.html#esgf

configuration last access: 19 February 2025). Observational/reanalysis datasets are not

distributed with ESMValTool that is restricted to the code as open source software, but
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ESMValTool provides a collection of scripts with downloading and processing instructions to
recreate all observational/reanalysis datasets used for Fig@eess9b, and 117 (see

https://docs.esmvaltool.org/en/latest/input.html#observgtiassaccess: 19 February 2025).
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