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Abstract
The polar regions are undergoing profound changes, but climate models still
struggle to accurately represent key polar climate processes. Exploring how
increased horizontal resolution affects model biases in the polar regions and
lower latitudes, we performed a coordinated set of global model simulations for
the recent past with grid refinement in the polar regions, with the finest resolu-
tion implemented poleward of 60◦. We employed three state-of-the-art models:
the Community Earth System Model, the Icosahedral Nonhydrostatic model,
and the Model for Prediction Across Scales. The result is the first coordinated
multimodel ensemble with variable-resolution models with refinement over
the polar regions. This work documents the common experiment protocol and
presents the first results, focusing on temperature, zonal wind, and turbulent
surface fluxes. The experiments were configured with fully coupled atmosphere
and land components and prescribed sea-surface temperatures and sea-ice con-
centrations. Forcings for greenhouse gases and aerosols were based on the
historical experiment from the sixth phase of the Coupled Model Intercompari-
son Project. We find that the influence of the refinement, assessed by comparing
simulations with refined and uniform resolution, can vary considerably across
models, hemispheres, and seasons. The most consistent improvements occur in
wintertime upper-tropospheric high-latitude temperature, leading to improved
Equator-to-Pole temperature contrasts and zonal wind in both hemispheres.
Though all models underestimate the Arctic winter near-surface temperature
compared with the fifth generation of the European Center for Medium-Rrange
Forecasts Reanalysis, validation against Arctic and Antarctic in-situ measure-
ments reveals modest improvements in the refined experiments, with the mea-
sured values being better represented in the Arctic compared with the Antarctic
and in summer compared with winter.
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1 INTRODUCTION

The climate in the polar regions is characterized by pro-
found and rapid changes, both in the recent historical
period and in future climate projections (e.g., Bintanja &
Andry, 2017; Davy & Outten, 2020; Holland & Bitz, 2003;
Rantanen et al., 2022). Though mean surface temperatures
over much of the Antarctic continent have not changed
significantly, partly due to circulation changes associated
with ozone depletion (e.g., Thompson et al., 2011), new
record maximum temperatures have been recorded twice
in the Antarctic Peninsula in recent years (Francelino
et al., 2021). Offshore, Antarctic sea ice has lately under-
gone significant losses (e.g., Purich & Doddridge, 2023),
with the last 4 years having the lowest four minima on
record. In the Arctic, surface temperatures have been
increasing at an accelerated rate compared with the global
mean, a phenomenon known as Arctic amplification. Pro-
jections from the Coupled Model Intercomparison Project
Phase 6 (CMIP6; Eyring et al., 2016) show that uncertainty
in projected future warming is larger in the Arctic than
anywhere else (Taylor et al., 2022). This uncertainty arises
from many sources, such as incomplete understanding of
key processes, inaccurate representation of subgrid-scale
processes, and interactions between these processes and
the larger-scale climate.

Global climate models are excellent tools for inves-
tigating polar climate and its links to lower latitudes.
However, the high computational cost renders it chal-
lenging to apply sufficiently high spatial and temporal
resolution to properly represent important small-scale fea-
tures like orographically induced gravity waves. Higher
resolution over limited regions can be achieved at lower
cost using regional climate models. However, such exper-
iments rely on boundary conditions from reanalyses or
global models that may lack full mathematical and phys-
ical consistency, and cannot simulate feedbacks to the
large-scale global climate. Variable-resolution models, on
the other hand, offer a way of employing high reso-
lution in a limited area while using coarser resolution
elsewhere, allowing two-way interactions between the
high- and lower-resolution regions, reduced computa-
tional costs outside the refined region(s), and a unified
set-up.

The development of variable-resolution models
began in the 1970s with the stretched-grid models (e.g.,
Schmidt, 1977; Staniforth & Mitchell, 1978). Stretched
grids are structured global grids in which the grid spac-
ing is gradually increased away from the high-resolution
region of interest. Results from an inter-comparison of
four stretched-grid models with refinement over North
America demonstrated smaller errors, particularly for
orographically-induced precipitation (Fox-Rabinovitz

et al., 2008). Stretched-grid simulations with enhanced res-
olution over Antarctica exhibit improved representation
of past and future Antarctic climate, including its surface
mass balance (e.g., Krinner et al., 1997, 2007, 2014). A
drawback of stretched grids is that areas far away from the
refined region are represented at very coarse resolution.

More recently, several unstructured-grid models have
been developed, allowing for greater flexibility in the shape
and position of the refined regions. The refinement is
typically applied as a local refinement, as in the Commu-
nity Earth System Model (CESM; Zarzycki et al., 2014;
Danabasoglu et al., 2020), and the Model for Prediction
Across Scales (MPAS; Skamarock et al., 2012) or as a
two-way nesting, as with the Geophysical Fluid Dynam-
ics Laboratory dynamical core (Harris & Lin, 2013, 2014;
Mouallem et al., 2022) and in the Icosahedral Nonhy-
drostatic (ICON) model (Zängl et al., 2015, 2022). Local
refinement offers a smooth transition between coarse and
refined regions, ameliorating many challenges associated
with abrupt changes in two-way nesting, but also requiring
scale-aware parametrizations and time steps determined
by the finest resolution. In contrast, two-way nesting facil-
itates distinct time steps and physical-parametrization set-
tings in different regions; a limitation of this approach is
that spurious waves can be induced at the nest boundaries.

Both types of unstructured-grid models have been used
for a wide range of regions, including high-mountain areas
in Asia (e.g., Rahimi et al., 2019; Wijngaard et al., 2023),
East Asia (e.g., Cheng et al., 2023; Liang et al., 2021; Wang
et al., 2024; Zhu et al., 2022), North America (e.g., Gettel-
man et al., 2018; Lin et al., 2024; Rhoades et al., 2018; Tang
et al., 2019; Wu et al., 2017), North Atlantic (e.g., Wills
et al., 2024), South America (e.g., Bambach et al., 2022), the
Mediterranean region (e.g., Boza et al., 2025), and Africa
(e.g., Maoyi & Abiodun, 2022). All studies report a general
reduction of climatological biases in many meteorological
variables with refinement. For example, improvements are
found for orographic precipitation and snow-water equiv-
alent (e.g., Gettelman et al., 2018; Tang et al., 2019; Wang
et al., 2024), for characteristics of the East Asian monsoon
(e.g., Liang et al., 2021; Zhu et al., 2022), albeit with no con-
sensus for the monsoon precipitation evolution (e.g., Wang
et al., 2024), and for characteristics of tropical cyclones
and associated large-scale circulation and precipitation
patterns (e.g. Liang et al., 2023; Zarzycki et al., 2014).

Fewer studies have, however, targeted the polar
regions. CESM experiments with refinement over the
Arctic (Herrington et al., 2022), Greenland (Herrington
et al., 2022; van Kampenhout et al., 2019), and Antarctica
(Datta et al., 2023) revealed that the surface mass bal-
ance mainly improves with refinement whereas results are
more mixed for clouds, with some degradations found in
Datta et al. (2023) and van Kampenhout et al. (2019) and
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improvements in Herrington et al. (2022). Furthermore,
Waling et al. (2024) found the extent of atmospheric
rivers and precipitation more closely matches reanalysis in
CESM experiments with refinement over Greenland.

To further examine the effect of polar refinement
on model performance, we carried out a coordinated
set of global climate model experiments for the recent
past (1985–2014) with refined regions centered over the
Poles with the finest horizontal resolution poleward of
60◦ (the “refined” experiments). To evaluate the influ-
ence of the refinement, we also performed baseline
experiments without refinement (the “unrefined” exper-
iments), using the same coarse resolution everywhere.
We use three state-of-the-art models: CESM, ICON, and
MPAS. The experiments are “AMIP-style”; that is, in the
style of the Atmosphere Model Intercomparison Project
experiments (Eyring et al., 2016; Gates et al., 1999),
with sea-surface temperatures (SSTs) and sea-ice concen-
trations (SICs) prescribed from forcing files while the
other model components are fully active. We chose the
AMIP-style approach to simplify the analysis and iso-
late atmospheric interactions; furthermore, the develop-
ment of fully coupled variable-resolution models with
refinement capability in the atmosphere, land, ocean,
and sea-ice components only started recently (e.g., Huo
et al., 2025). To ensure comparability, we follow a com-
mon modeling protocol detailing key aspects of the
model set-up. To the best of our knowledge, the result
is the first coordinated intermodel comparison of global
variable-resolution unstructured-grid model experiments
for the polar regions.

The purpose of this article is to document the experi-
ment protocol and the set-up of the models (Section 2) and
present the first set of results for this multimodel ensem-
ble (Section 4). We assess refinement-induced changes and
their influence on model errors (with respect to the ref-
erence data in Section 3), focusing on temperature, zonal
wind, and surface heat fluxes. Process-based studies fur-
ther exploring mechanisms behind results reported here
are currently ongoing. Indeed, Arctic temperature and pre-
cipitation extremes in the CESM experiments are already
analyzed in Wijngaard et al. (2025). We summarize and
discuss our results in Section 5.

2 EXPERIMENTS AND MODELS

2.1 Common experiment protocol

Our experiment set comprises global simulations for
the recent past (1985–2014) with polar refinement
(refined experiments) and without refinement; that

is, with uniform resolution (unrefined experiments).
Both were carried out with three climate models with
regional-refinement capabilities: CESM, ICON, and
MPAS. Whereas CESM has a long history, dating back to
the Community Climate Model first released 1983, ICON
and MPAS were developed more recently. To ensure that
the results are as comparable as possible, we configured
the experiments following the same protocol, described in
the following.

In the refined experiments, the grids were constructed
with the equatorward edge of the finest-resolution region
as close to 60◦ as technically feasible, with a transition
region extending to around 40◦ in CESM, 50◦ in ICON
and 30◦ in MPAS, and with coarse resolution equator-
ward of the transition zone (Figure 1). In the unrefined
experiments, the grids have uniform resolution match-
ing the coarsest used in the refined grids. ICON and
MPAS were run with one refined region per grid, requir-
ing three separate grids: (a) Arctic refined with finest
resolution poleward of 60◦ N; (b) Antarctic refined with
finest resolution poleward of 60◦ S; and (c) unrefined
with the coarsest resolution everywhere. CESM was run
with Arctic and Antarctic refinement simultaneously,
requiring only two grids: (a) dual-polar refined with
finest resolution poleward of 60◦ N and 60◦ S and (b)
unrefined with the coarsest resolution everywhere. Alto-
gether, we conducted eight experiments: the unrefined,
Arctic-refined, and Antarctic-refined experiments with
MPAS and ICON and the unrefined and dual-polar-refined
experiments with CESM. The finest and coarsest horizon-
tal resolutions correspond to∼10 km and∼50 km in ICON
and MPAS and ∼28 km and ∼111 km in CESM due to
technical and computational restrictions. See Supporting
Information Table S1 and Sections 2.2–2.4 for further
details.

The experiments are AMIP-style, entailing that the
atmosphere and land components were fully active,
whereas the ocean and sea-ice components were replaced
by data components. The SST and SIC fields were pre-
scribed to daily values from the fifth generation of the
European Center for Medium-Range Forecasts Reanaly-
sis (ERA5; Hersbach et al., 2020) for the years 1985–2014.
Although SIC is the same in all models, intermodel dif-
ferences can arise in and around the sea-ice regions due
to differences in surface fluxes, sea-ice thickness (which
is calculated by the sea-ice model in our ICON experi-
ments, but prescribed to 2 m in the Northern Hemisphere
[NH] and 1 m in the Southern Hemisphere [SH] in CESM
and to 1 m in both hemispheres in MPAS), and so forth
(Sections 2.2–2.4).

We initialized the experiments on January 1, 1984,
using each model’s default method and spun them up for
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F I G U R E 1 Overview of the horizontal extent of the regions with finest resolution (saturated colors) and intermediate/transitional
resolution (lighter colors) in the refined grids used for the (a, d) Community Earth System Model (CESM; green regions), (b, e) Icosahedral
Nonhydrostatic (ICON) model (orange regions), and (c, f) Model for Prediction Across Scales (MPAS; blue regions). Note that in CESM, the
Northern Hemisphere (NH) and Southern Hemisphere (SH) domains are incorporated into the same grid (dual-polar refined), whereas we
use separate grids for ICON and MPAS (Arctic refined and Antarctic refined; see Section 2). Though the transitional region is illustrated with
a single hue in each panel, the grid spacing in CESM and MPAS gradually transitions from the finest to the coarsest resolution (Supporting
Information Table S1).

12 months with one ensemble member for each exper-
iment. We used time-varying forcings for greenhouse
gases (GHGs: carbon dioxide, CO2; methane, CH4; nitrous
oxide, N2O; and chlorofluorocarbons, CFCs), ozone, and
tropospheric aerosols based on the CMIP6 historical forc-
ings (Meinshausen et al., 2017). In cases where the models
do not allow for time-varying concentrations of certain
species, we used climatologies representative for the recent
past (Sections 2.2–2.4). Stratospheric aerosols were not
included.

All models include a common set of variables in
their output, comprising monthly and daily means and
six-hourly instantaneous fields (see Supporting Informa-
tion Tables S5 and S6 for an overview). The output was
interpolated to regular grids corresponding to each model’s
unrefined resolution as a post-processing step. In the verti-
cal, the output was interpolated to the plev19 pressure lev-
els defined in the CMIP6 data request (Juckes et al., 2020,
version 01.00.31).

2.2 CESM

The CESM simulations were performed with version 2.2
(Danabasoglu et al., 2020). The atmosphere component
is the Community Atmosphere Model version 6 (CAM6),
applied with a hydrostatic spectral element dynamical
core (Gettelman et al., 2019b; Lauritzen et al., 2018) that
supports unstructured grids without polar singularities
and enables regional refinement (Zarzycki et al., 2014).
The CAM6 physical parametrizations include a shal-
low convection, boundary-layer turbulence, and cloud
macrophysics scheme (Cloud Layers Unified by Binor-
mals; Bogenschutz et al., 2013), a deep convection scheme
(Zhang & McFarlane, 1995), a cloud microphysics scheme
with prognostic treatment of precipitation (Gettelman
& Morrison, 2015), an orographic-drag parametrization
scheme (Beljaars et al., 2004), a modified modal aerosol
module (Liu et al., 2016), and a cloud–aerosol radiation
scheme (Iacono et al., 2008). The land component is the
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Community Land Model version 5 (Lawrence et al., 2019),
applied with prescribed satellite vegetation phenology.
Topography was interpolated from an updated 30-arcsec
global topography dataset (Wijngaard et al., 2023) consist-
ing of the Global Multi-resolution Terrain Elevation Data
(GMTED2010; Danielson & Gesch, 2011) and the Bed-
Machine topography (Morlighem et al., 2017, 2020) for
Greenland and Antarctica. Whereas the SSTs and SICs
were prescribed (Section 2.1), the Community Ice Code
version 5 (Hunke et al., 2015) calculated surface fluxes,
snow depth, albedo, and surface temperature over ice.
We prescribed sea-ice thickness to the standard CESM
values for AMIP-style runs: 2 m in the NH and 1 m in
the SH.

We calibrated short-wave radiation, sea-ice albedo, and
low-level cloudiness following (Wijngaard et al., 2023).
Furthermore, we rectified a bug in the cloud microphysics
by increasing the number of microphysical sub-steps and
removing the limiter on the cloud ice-number concentra-
tions (Shaw et al., 2022; Zhu et al., 2022). For the unrefined
simulations, we used eight microphysical sub-steps, cor-
responding to a microphysical time step of 75 s, following
Zhu et al. (2022). For the refined simulations, we main-
tained the microphysical time step of 75 s, correspond-
ing to three sub-steps, which is computationally cheaper
while performing similarly to test simulations with eight
sub-steps.

We used two grids: the unrefined grid with 1◦
(∼111 km) resolution everywhere and the dual-polar
refined grid with 0.25◦ (∼28 km) resolution poleward of
60◦ N and 60◦ S, a transitional region with 0.5◦ resolution
between 60◦ N–45◦ N and 60◦ S–45◦ S to ensure numerical
stability, and a coarse-resolution region with 1◦ resolution
equatorward of 45◦ (Figure 1a,d and Supporting Informa-
tion Table S1). We generated the dual-polar grid using
the SQuadGen software package (Ullrich, 2014). All exper-
iments had 58 hybrid-sigma levels with the model top
at ∼40 km, resulting in finer vertical resolution than the
32-level grid used for CMIP6, particularly in the plane-
tary boundary layer and upper troposphere (Danabasoglu
et al., 2020; Huang et al., 2022; Lauritzen et al., 2018). The
computation cost was ∼3,500 CPU hours per model year
for the unrefined experiments and ∼50,000 CPU hours
per model year for the dual-polar refined experiments
(Supporting Information Table S2).

The experiments were initialized from a 58-level
CAM6 experiment representative of the recent past.
Time-varying GHG forcings for CO2, CH4, N2O, CFC-11,
and CFC-12 were obtained from CESM2 experiments
with the Whole Atmosphere Community Climate Model
version 6 (WACCM6; Gettelman et al., 2019a) forced
in accordance with the CMIP6 protocol, in line with

the official CESM2–CAM6 CMIP6 experiments (Danaba-
soglu et al., 2020); time-varying ozone concentrations and
aerosols were taken from the same CESM2–WACCM6
experiments (Danabasoglu et al., 2020; Hoesly et al., 2018;
van Marle et al., 2017).

2.3 ICON

ICON is a flexible, scalable, high-performance modeling
framework for weather and climate applications. While
the non-hydrostatic dynamical core (Zängl et al., 2015)
allows for applying the model on a wide range of
scales, its icosahedral grid enables a high uniformity
in the resolution over the whole sphere, thus avoid-
ing polar singularities of latitude–longitude grids. We
ran all experiments with version 2.6.6, configured with
the multicomponent radiation scheme ecRad (Hogan
& Bozzo, 2018), a single-moment cloud microphysics
scheme based on Doms et al. (2011) and Seifert (2008),
a Tiedtke–Bechtold-based convection scheme (Bechtold
et al., 2008; Tiedtke, 1989), a prognostic turbulent
kinetic energy turbulence scheme (Raschendorfer, 2001),
a subgrid-scale orographic drag scheme based on Lott
and Miller (1997), a non-orographic gravity wave drag
scheme based on Orr et al. (2010), the TERRA land com-
ponent for the soil–vegetation–atmosphere-transfer based
on Schrodin and Heise (2001), and topography from the
GLOBE dataset with a raw resolution close to 1 km (Hast-
ings et al., 1999). Even though ICON was run with pre-
scribed SSTs and SICs (Section 2.1), the sea-ice scheme still
accounts for thermodynamic processes in order to calcu-
late the sea-ice thickness using a bulk approach to solve
the heat transfer equation (Mironov et al., 2012).

ICON was run with three grids (Supporting Infor-
mation Table S1). For the unrefined experiments, we
applied the R3B5 resolution (∼52.6 km) globally. We cre-
ated the high-resolution domains in the Arctic- and
Antarctic-refined experiments (Figure 1b,e) with two-way
nesting, allowing the coarse- and intermediate-resolution
domains to overlap with and exchange information with
the high-resolution domain. As each nested subdomain
can only have half of the grid spacing of the parent domain,
two nested subdomains were needed to reach the desired
resolution over the Poles: an intermediate domain north/-
south of 50◦ N/S with a resolution of R3B6 (∼26.3 km),
and a high-resolution domain north/south of 57◦ N/S
with a resolution of R3B7 (∼13.2 km). We ran the model
with 90 vertical levels with the model top at 75 km in all
cases. Per halving of the grid spacing, we also halved the
time step for each subdomain. The physical parametriza-
tions were consistent across domains and were chosen
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to realistically represent the given range of resolutions.
Parameters representing the set-up of the subgrid-scale
orographic drag and the non-orographic gravity wave drag
were based on Köhler et al. (2021). The computation cost
was ∼5,400 CPU hours per model year for the unre-
fined experiments and ∼29,000 CPU hours per model year
for the Arctic/Antarctic-refined experiments (Supporting
Information Table S2).

We initialized the experiments from ERA5 data. GHGs
were prescribed to the time-varying forcings from the
CMIP6 historical experiment (Meinshausen et al., 2017).
The ozone concentrations were prescribed to clima-
tologies based on a combination of the Geostationary
Environment Monitoring Spectrometer and the Monitor-
ing Atmospheric Composition and Climate Reanalysis
(Hollingsworth et al., 2008; Inness et al., 2013, 2019),
and aerosols were from the Tegen climatology (Tegen
et al., 1997).

2.4 MPAS

The atmospheric component of MPAS was designed to
form the core of a state-of-the-art numerical weather and
climate prediction model capable of resolving regional
climate variability at fine scales while retaining global
coverage. MPAS employs a C-grid staggered solver
for state-variable fluxes on an unstructured centroidal
Voronoi mesh with variable tile sizes (Ringler et al., 2010;
Thuburn et al., 2009). The grid cell structure enables
smooth transitions from finer to coarser tile sizes, pre-
empting computational issues arising from abrupt grid
resolution transitions typical of nested grids. The dynam-
ical core solves the fully compressible, non-hydrostatic
equations of motion (Skamarock et al., 2012). Vertical
fluxes are resolved on a geometric-height coordinate,
consisting of 55 vertical levels, using a split-explicit
time-integration scheme that handles the gravity waves
on the acoustic substep (Klemp et al., 2007). A third-order
Runge–Kutta time-integration scheme is used to resolve
a wide range of atmospheric modes, from weather to
acoustic modes (Wicker & Skamarock, 2002).

All experiments were carried out with MPAS ver-
sion 7.3 using the default mesoscale physics suite, which
is based on the Advanced Research Weather Research and
Forecasting model physics. It includes the Tiedtke scheme
for deep and shallow convection (Bechtold et al., 2014),
the six-class GRAUPEL phase microphysics scheme of
the Single-Moment Micro-Physics for cloud nucleation
(Hong & Lim, 2006), a vertical diffusion representation of
non-local turbulent mixing in the boundary layer (Hong
& Pan, 1996), and a representation of mountain-induced
gravity wave drag from subgrid-scale orography (Choi &

Hong, 2015). Short-wave and long-wave radiative fluxes in
the atmosphere and at the surface were computed by the
Rapid Radiative Transfer Model for General Circulation
Models (Iacono et al., 2008), which accounts for natu-
ral and anthropogenic aerosols. Near-surface fluxes were
computed using a Monin–Obukhov flux-profile scheme
(Jiménez et al., 2012), whereas surface fluxes over terres-
trial areas were computed by the community Noah land
surface model (Chen et al., 1996; Chen & Dudhia, 2001; Ek
et al., 2003). Topography was taken from GMTED2010 and
interpolated to the meshes used here. MPAS was run with
prescribed SSTs and SICs (Section 2.1), with the sea-ice
thickness prescribed to a uniform value of 1 m and the
heat capacity and conductivity of the sea ice being set
accordingly.

Similar to ICON, MPAS was run with three grids
(Supporting Information Table S1). The unrefined exper-
iment used a uniform 48 km resolution mesh (256,002
horizontal grid cells). The Arctic- and Antarctic-refined
experiments used a 46 km–12 km variable-resolution mesh
(655,362 horizontal grid cells) with the finest resolution
(12 km) centered around the geographic North Pole and
South Pole and extending equatorward to 60◦ N and 60◦
S respectively. Outside the refined region, tiles progres-
sively became wider between 60◦N/S and 30◦N/S, tran-
sitioning to the coarse 46 km resolution used over the
rest of the globe (Figure 1c,f). The computational cost of
the unrefined and Arctic/Antarctic-refined experiments
was ∼50,000 and ∼350,000 CPU hours per model year
(Supporting Information Table S2).

CO2 was prescribed to time-varying annual-mean
global-mean values from the CMIP6 historical forcings.
Other GHGs (CH4, N2O, CFCs, and carbon tetrachlo-
ride) were prescribed to the global-mean and annual-mean
concentrations from 2005. Aerosols and ozone concentra-
tions were prescribed to monthly and daily climatologies
respectively.

3 REFERENCE DATA

We compare the models’ data with reference data from
ERA5 (Hersbach et al., 2020) for near-surface tem-
perature, (three-dimensional) temperature, zonal wind,
near-surface wind, near-surface specific humidity (derived
from dew-point temperature and surface pressure fields),
cloud cover, and sea-level pressure. In addition, we
compare the models’ near-surface temperature with
in-situ measurements from 10 meteorological stations
in each polar region (locations shown in Supporting
Information Figure S1); these stations were chosen
to have a widespread spatial distribution and also
near-complete monthly data for 1985–2014. We evaluate
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GRAFF et al. 7 of 34

surface latent and sensible heat fluxes against FLUX-
COM (Jung et al., 2019; Tramontana et al., 2016) over
land and the Woods Hole Oceanographic Institution
(WHOI) Objectively Analyzed Air–Sea Fluxes (OAFlux;
Yu et al., 2008) version 3 over ocean. For the surface
downwelling and upwelling long-wave (rlds and rlus) and
short-wave (rsds and rsus) fluxes (abbreviated variable
names are given in lower case, consistent with the CMIP6
variable names and the Climate Model’s Output Rewriter
standards), we use monthly mean surface fields from ver-
sion 4.2 of the Clouds and the Earth’s Radiant Energy Sys-
tem Energy Balanced and Filled (CERES-EBAF) dataset
(NASA/LARC/SD/ASDC, 2023). In Supporting Informa-
tion Figures S19–S22, we additionally consider reference
data from the Japanese Reanalysis for Three Quarters
of a Century (JRA-3Q; Kosaka et al., 2024) for tempera-
ture, zonal wind, and sea-level pressure along with sur-
face heat fluxes from ERA5. We use years 1985–2014
for all datasets except CERES-EBAF, where we use
2001–2025.

4 RESULTS

In what follows, we examine the differences between
the refined and unrefined experiments to assess whether
refinement improves model errors. We first focus on tem-
perature, zonal wind, and surface fluxes of latent and
sensible heat for the NH and SH extratropics, defined as
latitudes poleward of 20◦. Then we zoom in on the polar
regions, evaluating the effect of the refinement across a
more comprehensive set of variables to identify processes
that warrant further investigation. We focus on the respec-
tive winter season, December–February (DJF) for the NH
and June–August (JJA) for the SH, when the atmosphere
tends to be more dynamically active. However, results for
the summer seasons (JJA for the NH and DJF for the
SH) are included in the Supporting Information and dis-
cussed briefly later herein. In line with our focus being
on winter, the results presented in the following pertain to
this season unless stated otherwise. For ICON and MPAS,
we consistently use the Arctic-refined runs for NH and
Arctic results, and the Antarctic-refined runs for SH and
Antarctic results. For CESM, we use the same (dual-polar)
refined run in all cases. All model results are based on
years 1985–2014.

Although the refined grids achieve their finest reso-
lution in the polar regions, horizontal resolution is also
enhanced at lower latitudes due to the transition zone
between the finest and coarsest resolution (Section 2,
Figure 1, Supporting Information Table S1). In contrast to
the finest-resolution region, the latitudinal extent of the

transition zone varies considerably between the models
(Figure 1): MPAS has the largest, extending from 60◦ to
30◦, whereas ICON has the smallest, extending from 57◦
to 50◦.

4.1 Temperature

As expected in AMIP-style experiments, NH winter
near-surface temperature biases are small over open
oceans and larger over land and ice-covered regions in
the unrefined experiments (Figure 2a–c). A common fea-
ture is the cold bias over the Arctic Ocean and Green-
land, which is stronger and more extensive in ICON and
MPAS, extending throughout the entire North American
continent and most of northern Eurasia (Figure 2b,c).
These cold biases are associated with underestimated rlds
(Supporting Information Figure S2a,e,i), particularly in
ICON and MPAS where cloudiness is underestimated in
the same regions (Supporting Information Figure S2g,k).
The high-latitude near-surface temperature biases should
be interpreted with some caution, as they partly reflect
ERA5 being too warm over sea ice in winter (e.g., Batrak
& Müller, 2019; Tian et al., 2024; Zampieri et al., 2023);
to better assess the magnitude these biases, we therefore
compare the near-surface temperature from the models,
and from ERA5, with observations from 10 Arctic and
Antarctic surface stations in Section 4.1.2.

At lower latitudes, the unrefined CESM run is too
warm over southern North America and large parts of
Eurasia (Figure 2a). Warm biases are also present over
the North Atlantic and the eastern North Pacific. These
biases, however, have a relatively limited vertical extent
(Figure 3a). This, combined with the consistent positive
biases in rlds and cloud cover (Supporting Information
Figure S2a,c), suggests that they may be linked to the
new vertical scheme in CESM’s atmospheric component
CAM, which has enhanced vertical resolution in the plan-
etary boundary layer. ICON also overestimates the cloud
cover over the NH oceans, which, together with negative
rlds biases and small near-surface temperature biases, sug-
gests cloud property errors (Figure 2b, Supporting Infor-
mation Figure S2e,g). MPAS, on the other hand, underes-
timates cloudiness, with consistent biases in rlds and rsus
(Supporting Information Figure S2i,k; rsus not shown).
Overall, CESM has the smallest errors in near-surface
temperature and MPAS the largest, both in terms of the
area-mean bias and root-mean-square error (RMSE; left
and right titles above Figure 2a–c).

The refinement-induced changes in NH near-surface
temperature are characterized by high-latitude cooling
(Figure 2g–i), resulting in even stronger cold biases than
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8 of 34 GRAFF et al.

F I G U R E 2 Northern Hemisphere winter (December–February, DJF) near-surface temperature biases (left color bar) for the (a)–(c)
unrefined and (d)–(f) refined experiments and (g)–(i) the difference between the refined and unrefined experiments (right color bar) for (a, d,
g) the Community Earth System Model (CESM), (b, e, h) the Icosahedral Nonhydrostatic (ICON) model, and (c, f, i) the Model for Prediction
Across Scales (MPAS). The biases (a)–(f) are computed with respect to the fifth generation of the European Center for Medium-Range
Forecasts Reanalysis (ERA5). In each panel, the area mean and root-mean-square-difference (rmsd) of the bias/difference field (colors) are
given in the upper right and left corners. The solid black lines are selected contours from the respective unrefined climatology for reference.
White dots indicate changes that are not significant at the 95% level according to a two-sided t test. Units are kelvin.
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GRAFF et al. 9 of 34

in the unrefined runs (relative to ERA5; comparing
Figure 2d–f with a–c). The cooling is most pronounced
in MPAS, particularly over northern Eurasia, the Arctic
Ocean, and parts of northern North America, and gener-
ally weaker in CESM and ICON, with changes in ICON
mostly being insignificant. The temperature changes tend
to be accompanied by similar changes in rlds (Supporting
Information Figure S2b,f,j), and largely also in cloud cover
(Supporting Information Figure S2d,h,l). The area-mean
NH near-surface temperature bias and RMSE are worse in
the refined runs, except in CESM where RMSE improves
slightly while the bias is larger (the latter indicating
less efficient cancellation between positive and negative
errors).

Though the NH high-latitude near-surface tempera-
ture biases do not generally improve with refinement,
there are still clear regional improvements. In CESM,
the warm bias over Europe and parts of western Asia
is improved by the cooling in the same regions in the
refined run, related to decreased rlds and cloud cover
(Figure 2a,d,g and Supporting Information Figure S2b,d).
In ICON, the cold bias over the northernmost part
of the North Pacific and the adjacent continents is
improved by the local patches of warming in the
refined runs (Figure 2b,e,h). The warming over south-
ern North America and the western North Atlantic in
MPAS improves the cold bias in these regions, associ-
ated with increased rlds in the latter case; also, the cool-
ing over southern Europe and central Asia, associated
with reduced rlds, acts to ameliorate the warm biases in
these regions (Figure 2c,f,i and Supporting Information
Figure S2j).

The NH zonal-mean temperature results reveal that
the high-latitude cold bias is confined to the lowest tro-
pospheric levels in the unrefined MPAS and CESM exper-
iments, whereas it extends throughout the troposphere
in ICON (Figure 3a–c). All models are, moreover, too
cold above ∼500 hPa in the Arctic, and over large parts
of the tropical troposphere and lower stratosphere. Too
low upper-level temperatures is a longstanding problem
in climate modeling (Hamilton et al., 1995), often related
to too strong radiative cooling in the upper troposphere
and lower stratosphere due to an overly moist tropopause
(Bland et al., 2021) and too weak dynamical warm-
ing at higher levels in the stratosphere associated with
poorly represented dynamical variability (Charlton-Perez
et al., 2013; Lawrence et al., 2022). The largest intermodel
disparity occurs in the Arctic between 950 and 500 hPa,
where MPAS and CESM are too warm and ICON is too cold
(Figure 3a–c).

The most striking change in NH zonal-mean tem-
perature occurs in MPAS, where the Arctic upper tropo-
sphere and lower stratosphere warm substantially with

F I G U R E 3 Northern Hemisphere winter
(December–February) zonal-mean temperature biases (left color
bar) for the (a)–(c) unrefined and (d)–(f) refined experiments and
(g)–(i) the difference between the refined and unrefined experiments
(right color bar) for (a, d, g) the Community Earth System Model
(CESM), (b, e, h) the Icosahedral Nonhydrostatic (ICON) model,
and (c, f, i) the Model for Prediction Across Scales (MPAS). Biases
(a)–(f) are computed with respect to the fifth generation of the
European Center for Medium-Range Forecasts Reanalysis. Black
lines and white dots are as in Figure 2. Units are kelvin.

refinement (Figure 2i). This results in a pronounced
improvement of upper-level Arctic temperature, given
that this region is too cold in MPAS in the unrefined
run (Figure 3c,f,i). At lower levels, MPAS cools with
refinement, improving the bias between 950 and 600 hPa,
where the model is too warm in the unrefined run,
while worsening it below 950 hPa, where the model is
too cold (Figure 3c,f,i). Overall, the representation of

 1477870x, 2026, 778, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.70192 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [28/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 34 GRAFF et al.

NH zonal-mean temperature improves considerably above
950 hPa in MPAS. In ICON and CESM, the changes appear
weak and insignificant in the zonal mean (Figure 3g,h),
except between 400 and 200 hPa where CESM warms with
refinement, improving the cold bias there (Figure 3a,d,g).
However, Section 4.4 will show that the Arctic-mean
RMSE clearly improves for all models when considering
the 250 hPa temperature.

In the SH, results for near-surface temperature are
largely consistent with the NH: during winter, biases in the
unrefined runs are generally small over the ocean-covered
regions and larger over the Antarctic continent and sur-
rounding sea ice, where all models are too cold (compared
with ERA5; Figure 4a–c). Again, we find the largest errors
in MPAS, which is colder over and surrounding Antarc-
tica than the other models, and this is also reflected in
the area-mean bias and RMSE. Over the sea-ice-covered
regions, the cold bias is linked to MPAS having a stronger
negative rlds bias; however, biases over the Antarctic conti-
nent are less pronounced (Figure 4c and Supporting Infor-
mation Figure S3i). The negative Antarctic near-surface
temperature and rlds biases are not clearly linked to
biases in cloud cover (Figure 4a–c, Supporting Information
Figure S3a,c,e,i and c,g,k), suggesting that other processes,
such as problems with the turbulence parametrizations
under stable stratification, could play a role. In ICON, the
cloud cover is overestimated between 20◦ S and 40◦ S, in
a region where rlds is too low, suggesting cloud property
errors. Similar to the NH, CESM exhibits warm biases
over the Southern Ocean with consistent positive biases in
rlds and cloud cover (Figure 4a, Supporting Information
Figure S3a,c) and a negative rsds bias (not shown). Inter-
estingly, the warming maxima exceed 0.5 K in locations
that coincide with the ridging of the zonal wave number 3
pattern (Goyal et al., 2021, their Figure 1), over the western
South Atlantic, central Indian Ocean, and south of New
Zealand (Figure 4a).

The refinement-induced changes in SH near-surface
temperature are most pronounced for MPAS, whereas
changes are weak for ICON and CESM (Figure 4g–i). In
ICON, the refined experiment is slightly colder, strength-
ening the area-mean RMSE and bias (Figure 4b,e,h). In
CESM, the refinement causes patches of warming and
cooling over and around Antarctic, possibly attributable
to better resolved Antarctic topography, resulting in
improved area-mean RMSE (Figure 4a,d,g). The refine-
ment is associated with a small area of cooling downstream
of the southern tip of the Antarctic Peninsula in all mod-
els, most pronounced in MPAS (Figure 4g–i). However,
the most prominent response in MPAS is a warming over
most of the Antarctic continent, contrary to what was
seen for the NH, where the polar regions are predomi-
nantly ocean covered (Figures 2i and 4i); as a result, the

regional biases are improved in the Antarctic along with
the area-mean bias and RMSE (Figure 4c,f). The cold
bias over the sea-ice-covered regions in MPAS does not,
however, improve. Changes in rlds are consistent with
those in near-surface temperature over the Antarctic con-
tinent, whereas changes in cloud cover are not clearly
linked (Figure 4g–i, Supporting Information Figure S3b,f,j
and d,h,l).

The SH zonal-mean winter temperature plots
(Figure 5a–c) show that the CESM midlatitude oceanic
warm bias is relatively confined to the lowest levels (as
in the NH; Figure 3a) and that all models are too cold in
the Antarctic troposphere and stratosphere with minima
near the surface and above 200 hPa. Lower-latitude biases
are weaker and vary more between models. Antarctic
refinement causes pronounced warming in MPAS that
extends throughout the troposphere, with the strongest
warming above 200 hPa (Figure 5i). Similar but weaker
warming is also seen in CESM (Figure 5g). ICON displays
warming above ∼300 hPa in the Antarctic, but changes
are generally small below (Figure 5h). As the unrefined
runs are too cold in the Antarctic, particularly above
∼200 hPa and below ∼700 hPa, refinement improves
the Antarctic zonal-mean temperature in all models
(Figure 5).

During summer, the near-surface temperature biases
are generally smaller than during winter and vary
geographically between models in both hemispheres
(Supporting Information Figures S4 and S6). Refine-
ment causes regional changes but the overall perfor-
mance is mostly unaffected, except in the SH for ICON
and CESM, where a warm bias over the Antarctic con-
tinent (inverse in sign to winter; Figure 4) is slightly
alleviated (Supporting Information Figure S6). As in
winter, the upper-air biases are characterized by a too
cold tropopause in all models and in both hemispheres
(Supporting Information Figures S5 and S7) whereas other
biases are more model dependent. Refinement allevi-
ates the cold tropopause bias in all models, except in
ICON in the NH, where the bias was relatively small in
the unrefined run; in the free troposphere, the refine-
ment increases the NH warm biases in CESM and the
NH and SH warm bias in MPAS but improves the cold
NH biases in ICON (Supporting Information Figures S5
and S7).

4.1.1 Polar trends

Although the models underestimate climatologi-
cal Arctic near-surface temperatures compared with
ERA5 during winter, the annual trends are better
represented. Arctic-mean annual-mean near-surface
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GRAFF et al. 11 of 34

F I G U R E 4 As in Figure 2, but for Southern Hemisphere winter (June–August, JJA) near-surface temperature. Units are kelvin.

temperature trends for 1985–2014 are 0.70 K⋅decade−1,
0.74 K⋅decade−1, and 0.62 K⋅decade−1 in the unrefined
CESM, ICON, and MPAS experiments respectively, sim-
ilar to the ERA5 trend of 0.69 K⋅decade−1 (Table 1).

With refinement, the CESM trend is unchanged,
whereas the trends in ICON (0.64 K⋅decade−1) and MPAS
(0.57 K⋅decade−1) weaken. Compared with ERA5, ICON
somewhat overestimates the trend in the unrefined run
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12 of 34 GRAFF et al.

F I G U R E 5 As in Figure 3, but for Southern Hemisphere
winter (June–August) zonal-mean temperature. Units are kelvin.

and underestimates it in the refined run, whereas MPAS
underestimates the trend in both cases.

In the Antarctic, the trends are negative and substan-
tially weaker than in the Arctic. Compared with ERA5,
where the trend is almost negligible and insignificant
(−0.03 K ⋅ decade−1), the trends are too strong in CESM,
ICON, and MPAS in the unrefined runs (−0.12, −0.16,
and −0.19 K ⋅ decade−1). The effect of the refinement is
mixed, with no changes in CESM, very small changes in
ICON, and a stronger trend in MPAS (Table 1). We note
that the recent near-surface temperature trends in ERA5
are known to be too large in certain regions of Antarctica
(Bromwich et al., 2024).

Exploring the effect of internal variability on the
trends, we also consider ensemble-mean trends and spread
from 10 members (r1i1p1f1–r10i1p1f1) from the CMIP6

CESM2 AMIP experiment (Danabasoglu, 2019; Danaba-
soglu et al., 2020; Eyring et al., 2016). The spread is 0.05 K ⋅
decade−1 for the Arctic and Antarctic trends, indicating
that the influence of the refinement exceeds internal vari-
ability in the Arctic for ICON and in the Antarctic for
MPAS. Though the Antarctic trends for ERA5 and for
refined and unrefined CESM runs fall within the CMIP6
CESM2 AMIP range, the CMIP6 CESM2 AMIP trend is
weaker relative to the other models and ERA5 in the Arctic
and relative to ICON and MPAS in the Antarctic.

4.1.2 Comparison with in-situ
measurements

Although the comparison with ERA5 indicates that the
models are too cold in the Arctic, recent literature
finds ERA5 to be too warm in this region (Batrak and
Müller, 2019; Zampieri et al., 2023; Tian et al., 2024),
indicating that the cold biases could be exaggerated. To
investigate this further, we validate the near-surface tem-
perature from the models and ERA5 against observations
from selected Arctic and Antarctic meteorological stations
for winter and summer (Section 3). We note that ERA5
assimilates data from these stations.

Validation summary statistics (mean bias and RMSE
across the 10 stations and 30 years) are provided in Table 2
and the locations of the stations in Supporting Informa-
tion Figure S1. The models are largely more accurate in
the Arctic than Antarctic, the exception being MPAS in
summer, and they do better in summer than winter. More-
over, in the majority of examples, the refined runs do better
than the unrefined ones, although the improvements are
generally small. Generally, ICON is the best model (italic
numbers) and MPAS the worst (bold numbers), with the
exception that the unrefined CESM run has the smallest
bias and refined CESM run has the smallest RMSE for
Arctic winter.

Interestingly, Table 2 reveals that both the refined and
unrefined ICON runs outperform ERA5 in Antarctic sum-
mer. Analysis of the individual station data indicates that
ERA5 does especially badly at Vostok, situated on the
Antarctic Plateau, where it has the second worst bias
(−6.89◦C) across all the models (not shown). This can
be associated with the intense near-surface temperature
inversions that reside over the continental interior (Xie
et al., 2023). McMurdo Station, located on the Ross Ice
Shelf, has the worst statistics for most models in both
winter and summer. The biases are always negative, imply-
ing that the models are failing to capture the protection
that the Transantarctic Mountains provide McMurdo from
the coldest plateau temperatures in winter and the influ-
ence of nearby open water in the summer, when the Ross
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GRAFF et al. 13 of 34

T A B L E 1 Trends in near-surface temperature for the Arctic (≥60◦ N) and Antarctic (≥60◦ S) computed for the fifth generation of the
European Center for Medium-Range Forecasts Reanalysis (ERA5) and the unrefined (U) and refined (R) experiments with the Community
Earth System Model (CESM), the Icosahedral Nonhydrostatic (ICON) model, and the Model for Prediction Across Scales (MPAS).

Polar near-surface temperature trend (K ⋅ decade−1)

ERA5 CESM-U CESM-R ICON-U ICON-R MPAS-U MPAS-R CESM2

Arctic 0.69* 0.70* 0.70* 0.74* 0.64* 0.62* 0.57* 0.45 ± 0.05 ∗

Antarctic −0.03 −0.12* −0.12* −0.16* −0.15 −0.19* −0.29* −0.08 ± 0.05 ∗

Note: To assess the influence of internal variability, we also include the ensemble-mean trend and spread (±1 standard deviation) computed from 10 realizations
from the Coupled Model Intercomparison Project Phase 6 CESM2 Atmosphere Model Intercomparison Project experiment (Danabasoglu, 2019). Trends are
based on a least-squares approach and marked with an asterisk when they are significant at the P = 0.9 level according to the Mann–Kendall non-parametric
test. For CESM2, the significance is assessed for each member and the asterisk indicates significant trends for all 10 members. We use yearly means for
1985–2014 and the data were interpolated to a common grid as a preprocessing step to ensure that the same latitude thresholds can be used in all cases.

T A B L E 2 Validation statistics in terms of mean bias and root-mean-square error (RMSE) for near-surface temperature based on in-situ
observations from 10 Arctic and 10 Antarctic stations (locations shown in Supporting Information Figure S1) for the fifth generation of the
European Center for Medium-Range Forecasts Reanalysis (ERA5) and the unrefined (U) and refined (R) experiments with the Community
Earth System Model (CESM), the Icosahedral Nonhydrostatic (ICON) model, and the Model for Prediction Across Scales (MPAS) for years
1985–2014.

Statistic ERA5 CESM-U CESM-R ICON-U ICON-R MPAS-U MPAS-R

Arctic winter (DJF)

Mean bias (K) −0.29 −0.53 −1.33 −2.84 −1.46 −2.92 −3.58

RMSE (K) 1.44 3.04 3.02 3.42 3.17 10.95 11.18

Arctic summer (JJA)

Mean bias (K) −0.20 −2.40 −2.31 −0.84 −0.51 −4.39 −3.82

RMSE (K) 1.07 3.02 2.97 1.57 1.24 5.06 4.62

Antarctic winter (JJA)

Mean bias (K) −0.24 −4.63 3.55 −2.72 −2.72 −5.32 −4.72

RMSE (K) 3.07 6.49 5.15 4.14 4.51 11.27 10.74

Antarctic summer (DJF)

Mean bias (K) −1.63 −3.12 −2.58 −1.22 −0.99 −2.80 −2.12

RMSE (K) 2.72 4.19 3.47 2.20 1.80 7.12 6.70

Note: The model data are linearly interpolated to the location of the meteorological stations to 0.01◦. For each region, season, and statistic, the value for the best
model is in italics and the value for the worst is shown in bold.
Abbreviation: DJF: December–February; JJA: July–August.

Sea sea ice melts. There are marked differences in the
statistics between the models at Vernadsky on the western
side of the Antarctic Peninsula in winter. Local tempera-
tures in this season are predominantly controlled by the
offshore sea-ice extent in the Bellingshausen Sea. Given
that sea-ice extent is prescribed to the same values in all
models, other effects must be at play, such as inconsisten-
cies in sea-ice thickness or snow on sea ice (Section 2).
Other features in the models, such as the representation of
orography or advection schemes (Sections 2.2–2.4) could
also play a role. Nonetheless, the strong negative biases
in the CESM and MPAS models at Vernadsky (−10.43◦C

in MPAS-R) suggest that key aspects of the local climate
related to sea ice are not accurately captured. In contrast,
the bias of only−0.45◦C in ICON-R implies that the impact
of sea-ice variability is better represented here.

In the Arctic, there are also some very large biases at
individual stations. The greatest are in the refined MPAS
run, ranging from −22.40◦C at Jan Mayen to +16.69◦C at
Verhojansk. The CESM and ICON models do very well at
Jan Mayen, an island where temperature is dominated by
regional ocean currents and which has an annual temper-
ature range <10◦C, so this issue is specific to the MPAS
model. In contrast, the refined MPAS run has temperatures
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14 of 34 GRAFF et al.

that are far too high at Verhojansk, a location famous for
being one of the coldest places on Earth in winter due to its
extremely continental climate dominated by the climato-
logical Siberian High high-pressure system. In MPAS, this
circulation regime is not sufficiently developed to repro-
duce the very low winter temperatures (∼ −45◦C).

4.1.3 Equator-to-Pole temperature
contrasts

The zonal-mean temperature plots (Figures 3 and 5,
Supporting Information Figures S5 and S7) reveal substan-
tial improvements of the polar cold biases in the upper tro-
posphere and lower stratosphere with refinement. Given
the implications for the meridional temperature gradients,
and, by thermal wind balance, for zonal wind, we explore
this further by analyzing the Equator-to-Pole temperature
contrasts at upper and lower levels (e.g., Graff et al., 2019;
Harvey et al., 2014; Li et al., 2018) in Figure 6.

During winter, we find the most pronounced and con-
sistent improvements at 250 hPa (Figure 6a,b), in line
with the zonal-mean temperature results. The temperature
contrasts, which are too strong in the unrefined runs in
all models and both hemispheres, weaken and are much
more similar to the reanalyses in the refined runs. The
improvement is particularly pronounced for MPAS (blue
boxes) in both hemispheres and for CESM (green boxes) in
the SH, where the interquartile range (IQR) for the refined
runs lies entirely below that of the unrefined runs. CESM
and ICON (orange boxes) also improve notably in the NH
and SH respectively, with the median for the refined runs
placed below the IQR for the unrefined run in both cases.

Results are more mixed for the low-level winter
contrasts (850 hPa in the NH and 700 hPa in the SH;
Figure 6c,d). In the NH, MPAS and CESM underestimate
the contrasts, whereas ICON overestimates them; signifi-
cant improvements are only found for MPAS, where the
temperature contrasts are stronger and closer to the reanal-
yses in the refined experiment (non-overlapping IQRs;
Figure 6c). In the SH, all runs underestimate the con-
trasts, with the refined runs being slightly worse than the
unrefined for MPAS and CESM. Though both ERA5 and
JRA-3Q (black boxes) feature stronger low-level SH con-
trasts than the models, disagreement between the reanaly-
sis products indicates that the extent to which the models
underestimate these contrasts is uncertain.

During summer, the low-level SH temperature con-
trasts in ERA5 and JRA-3Q demonstrate better agreement
(Supporting Information Figure S8d). As in winter, the
models generally underestimate these gradients in both
the refined and unrefined runs; however, refinement
reduces the spread in the MPAS run. The upper-level

temperature contrasts improve also during this season
(Supporting Information Figure S8a,b) whereas low-level
NH results are more varied (Supporting Information
Figure S8c).

4.2 Zonal wind

Changes in Equator-to-Pole temperature contrasts have
been tied to changes in the storm tracks, both in fully cou-
pled (e.g., Harvey et al., 2014) and simpler models (e.g.,
Butler et al., 2010). Harvey et al. (2014) found storm-track
changes to be linked to both the upper- and lower-level
gradients, particularly in the SH during both winter and
summer, and to a lesser extent in the NH during winter.
Given the marked improvement of the upper-level tem-
perature contrast in Figure 6, we next explore whether the
eddy-driven jet, here represented by 850 hPa zonal wind,
changes accordingly.

In the NH, the 850 hPa zonal wind bias patterns are
largely similar across the models in the unrefined runs
(Figure 7a–c). The largest biases occur in the North
Atlantic exit region, where the jet is too strong and too
extended over Europe; this is particularly pronounced
in MPAS, which has the largest errors overall. All mod-
els underestimate the North Atlantic jet on the equa-
torward side, and MPAS and ICON also underestimate
it on the poleward side, over the Nordic Seas. Errors
are smaller over the North Pacific, where MPAS under-
estimates the jet and CESM and ICON places it too
far north.

Refinement considerably improves the 850 hPa North
Atlantic jet in MPAS (Figure 7c,f,i). Similar changes
are also found in ICON, but with weaker amplitudes
(Figure 7b,e,h). In both models, zonal wind is reduced in
the exit region but it increases somewhat on the equator-
ward and poleward sides of the same region. In CESM,
the refinement-induced changes are weak and do not gen-
erally improve the biases (Figure 7a,d,g). Over the North
Pacific, changes are mostly insignificant except in MPAS,
where the jet weakens on the poleward side of the entrance
region (Figure 7g–i), improving the bias there (Figure 7c,f).
Though MPAS maintains the highest area-mean RMSE,
refinement results in more comparable performance to the
other models (Figure 7d–f).

The zonal-mean NH jet is too weak on the equatorward
side of the climatological jet maximum and too strong on
the poleward side in the unrefined runs (Figure 8a–c),
in line with Figure 7a–c. This is seen at all levels, but
the biases are strongest in the upper troposphere and
lower stratosphere, consistent with the cold bias in the
polar stratosphere (Figure 3). With refinement, the jet
weakens across all levels in MPAS, with the strongest
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GRAFF et al. 15 of 34

F I G U R E 6 The (a, c) Northern Hemisphere (NH) and (b, d) Southern Hemisphere (SH) winter (December–February [DJF] and
June–August [JJA]) Equator-to-Pole temperature contrasts at (a, b) upper levels (250 hPa) and (c, d) lower levels (850 hPa in the NH and
700 hPa in the SH) for the fifth generation of the European Center for Medium-Range Forecasts Reanalysis (ERA5) and Japanese Reanalysis
for Three Quarters of a Century (JRA-3Q; black boxes) and for the unrefined and refined runs for the Community Earth System Model
(CESM; green boxes), the Icosahedral Nonhydrostatic (ICON) model (orange boxes), and the Model for Prediction Across Scales (MPAS; blue
boxes). The contrasts are computed as the difference between the area-mean temperature in the Tropics (15◦ S–15◦ N) and for the respective
polar cap (>60◦ N or >60◦ S). The box and whiskers show the distribution of the individual seasonal means. The boxes extend from the first
to the third quartiles, with the median shown as the white horizontal line and the mean as the pink diamond. The whiskers extend to the
farthest data point or 1.5 times the interquartile range from the box edge; in the latter case, outliers are shown as open circles. Units are kelvin.

changes in the stratosphere (Figure 8i). This happens in a
region where the jet is too strong in the unrefined runs,
thus substantially improving its representation at all levels
(Figure 8c,f,i). We find similar results for ICON, though the
changes with the refinement are weaker and insignificant
(Figure 8b,e,h), consistent with the 850 hPa zonal wind
results (Figure 7b,e,h). Refinement also weakens the jet
on the poleward side in CESM, but here this corresponds
to a region where the jet is well represented or underes-
timated in the unrefined run, resulting in a worsening of

the negative bias at and slightly north of the jet center
(Figure 8a,d,g).

In the SH, the 850 hPa jet is too strong in the unrefined
runs (Figure 9a–c), similar to in the NH (Figure 7a–c),
but with more model-dependent bias patterns. The over-
all performance is best in ICON (Figure 9b), where the
most pronounced regional bias is an overestimation of the
jet south and southeast of Australia, a small negative bias
over the eastern South Pacific and South Atlantic, and a
small positive bias over the Indian Ocean. MPAS exhibits
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16 of 34 GRAFF et al.

F I G U R E 7 As in Figure 2, but Northern Hemisphere winter (December–February, DJF) 850 hPa zonal wind. Units are m⋅s−1.

the largest errors, characterized by too strong winds in the
Atlantic and Indian Ocean sectors and close to Antarctica
and too weak winds over the South Atlantic on the equa-
torward side and in a small region downstream of New

Zealand (Figure 9c). The positive bias around coastal East
Antarctica in MPAS actually means that its representa-
tion of the climatological coastal easterlies is too weak. In
CESM, the jet is too strong on the poleward side and too
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GRAFF et al. 17 of 34

F I G U R E 8 As in Figure 3, but for Northern Hemisphere
winter (December–February) zonal-mean zonal wind. Units are
m⋅s−1.

weak on the equatorward side in the Atlantic and Indian
Ocean sectors (Figure 9a).

Refinement improves the SH 850 hPa jet in all models
(Figure 9). Again, the strongest changes occur in MPAS,
where the jet weakens on the poleward side across all lon-
gitudes, with the most pronounced weakening over the
Indian Ocean (Figure 9g–i). This improves the biases over
the South Atlantic, the 30◦–60◦ S latitude band over the
Indian Ocean, and adjacent to the Antarctic continent,
where the jet was too strong in the unrefined MPAS run
(Figure 9c,f). The improved Antarctic coastal easterlies in
the refined MPAS run might simply indicate reduced sub-
grid orography effects. Performance, however, deteriorates
over the southern Indian Ocean and over the southeast-
ern Pacific, where biases were small in the unrefined run

(Figure 9c,f,i); the overall effect is still improved area-mean
RMSE and bias. In ICON, refinement slightly intensifies
the jet over the South Atlantic while weakening it over
the Weddell Sea and downstream across the southeastern
Indian Ocean and over towards the southsoutheast of Aus-
tralia (Figure 9h), improving the biases in the same regions
(Figure 9b,e,h). Though changes in CESM are mostly weak
and insignificant, the slight increase on the equatorward
side and decrease on the poleward side in the Atlantic sec-
tor ameliorates the biases in this region and the area-mean
bias and RMSE (Figure 9a,d,g).

The zonal-mean SH jet is too strong on the poleward
side in all models in the unrefined runs, particularly in
MPAS, and underestimated on the equatorward side in
MPAS and ICON (Figure 10a–c). ICON performs best
overall, especially in the mid and low troposphere. With
refinement, there is a pronounced weakening on the pole-
ward side in MPAS, which is relatively barotropic through-
out the troposphere and amplified in the lower strato-
sphere (Figure 10i). The SH jet also weakens somewhat
on the poleward side in ICON and CESM (Figure 10g–h),
counteracting the positive biases in the unrefined runs
(Figures 10a,d,g and 10b,e,h). In ICON, we additionally
find intensification on the equatorward side in the mid
and upper troposphere that improves a negative bias in
the same region in the unrefined run (Figure 10b,e,h).
Overall, the refinement improves the zonal-mean SH jet
in all models (Figure 10); however, in MPAS, the zonal
winds weaken so much on the poleward side that the bias
changes sign (from positive in the unrefined run to nega-
tive in the refined run; Figure 10c,f,i), consistent with the
results at 850 hPa (Figure 9c,f,i).

During summer, the North Atlantic and North Pacific
850 hPa jets are placed too far north in the unrefined
runs with consistent biases in the zonal-mean NH jet
(Supporting Information Figure S9a–c and S10a–c). In
the SH, both the regional 850 hPa zonal wind biases
and the sign of the area-mean bias vary across mod-
els (Supporting Information Figure S11a–c), as do the
biases in the zonal-mean winds (Supporting Information
Figure S12a–c). The refinement-induced changes yield
some regional improvements, like an improved positive
bias on the poleward side of the North Atlantic jet in MPAS
(Supporting Information Figure S9c,f) and an improved
negative bias on the equatorward side of the North Pacific
jet in CESM (Supporting Information Figure S9a,d), but
also degrades some features, like the negative bias on the
equatorward side of the SH jet in CESM (Supporting Infor-
mation Figure S12a,d).

In SH winter and summer, changes in zonal wind in
MPAS and ICON (Figures 9 and 10, Supporting Infor-
mation Figures S11 and S12) appear consistent with the
changes in the 250 hPa temperature contrasts (Figure 6
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18 of 34 GRAFF et al.

F I G U R E 9 As in Figure 2, but for Southern Hemisphere winter (June–August, JJA) 850 hPa zonal wind. Units are m⋅s−1.

and Supporting Information Figure S8), with strong reduc-
tions in both the contrasts and zonal wind in MPAS
and similar but weaker changes in ICON. In CESM, the
zonal-wind changes are weaker and limited to upper

levels (above 400 hPa; Figure 10), in spite of the pro-
nounced changes in the 250 and 700 hPa contrasts. In
NH winter, changes in zonal wind appear driven by
local changes in baroclinicity, consistent with Harvey
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GRAFF et al. 19 of 34

F I G U R E 10 As in Figure 3, but for Southern Hemisphere
winter (June–August) zonal-mean zonal wind. Units are m⋅s−1.

et al. (2014), who found the North Atlantic storm-track
changes to be more sensitive to the local temperature gra-
dient. Indeed, the 850 hPa zonal wind changes (Figure 7)
align with the changes in the maximum Eady growth
parameter (Eady, 1949; Lindzen & Farrell, 1980) over the
North Atlantic basin (Supporting Information Figure S13).
As for zonal wind, changes in the Eady parameter are
most pronounced in MPAS, where Eady is too strong
in the unrefined experiment and improves considerably
with refinement. This is, furthermore, consistent with
the refinement-induced changes in near-surface temper-
ature, with warming over and east of the North Amer-
ican continent and cooling over and west of Europe
(Figure 2i).

4.3 Surface heat fluxes

The latent and sensible heat fluxes (hfls and hfss) relate
to the near-surface wind speed (sfcWind), air and surface
temperature (ta(z) and ts), and specific humidity (hus)
through the following bulk formulas (e.g., Foken, 2008):

hfss = CH(z) × sfcWind × (ts − ta(z)), (1)
hfls = CE(z) × sfcWind × (hus(0) − hus(z)), (2)

where z is height, CH and CE are transfer coefficients for
heat and moisture, and the fluxes are positive from the sur-
face to the atmosphere. Equations 1 and 2 imply that biases
in hfls and hfss can be related to biases in surface and
near-surface (2-m) temperature, near-surface (10-m) wind
speed, and surface and near-surface (2-m) specific humid-
ity. Biases in cloud cover and surface radiative fluxes and
differences in boundary-layer parametrizations between
models can also play a role, as related differences in wind
velocity and stability impact the transfer coefficients. In
the following, we consider the hfls and hfss biases in the
context of these fields, focusing on the North Atlantic,
North Pacific, NH high-latitude continents, and the SH
ocean. The main bias characteristics are summarized in
Supporting Information Tables S3 and S4.

We first examine the North Atlantic, focusing on
the region north of the Gulf Stream and North Atlantic
Drift (first part of Supporting Information Table S3). In
ICON and MPAS, winter hfls and hfss are overestimated
in this region, because the near-surface winds are too
strong and the air is too cold and dry (Figures 12a–e
and 13a–e). In MPAS, the cold bias coincides with nega-
tive rlds and cloud cover biases and positive rsds biases
(Figure 13e–g; Supporting Information Table S3). We
find similar, albeit weaker, biases in rlds and rsds in
ICON; however, in this model, the cloud cover is overesti-
mated, suggesting cloud property errors such as the clouds
being too optically thin and transmissive (Figure 12f,g;
Supporting Information Table S3). In CESM, the positive
hfls biases stem from strong near-surface winds and too
dry air (Figure 11a–c). CESM also overestimates cloudi-
ness, with consistent positive biases in rlds and neg-
ative biases rsds; this, in combination with the warm
near-surface bias noted in Section 4.1, contributes to an
underestimation of hfss (Figure 11d–g; Supporting Infor-
mation Table S3).

Over the North Pacific, hfls is underestimated in
the climatological maximum north of the Kuroshio
Current, and overestimated elsewhere, particularly in
CESM (Figures 11a, 12a, and 13a). In what follows, we
focus on the regions where hfls is too strong (second
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20 of 34 GRAFF et al.

F I G U R E 11 Winter biases in the unrefined the Community Earth System Model (CESM) runs for (a) latent heat flux (hfls; W⋅m−2),
(b) near-surface wind speed (sfcWind; m⋅s−1), (c) near-surface specific humidity (huss; g⋅kg−1), (d) sensible heat flux (hfss; W⋅m−2), (e)
near-surface temperature (tas; K), (f) surface long-wave radiative flux (rlds; W⋅m−2), and (g) cloud cover (clt; percent), shown with the
differences between the refined and unrefined runs for (h) hfls and (i) hfss (W⋅m−2). In each panel, latitudes poleward of 30◦ N show the
Northern Hemisphere (NH) winter (December–February) field and latitudes poleward of 30◦ S show the Southern Hemisphere (SH) winter
(June–August) field. Biases are computed with respect to (a, d) OAFlux over ocean and FLUXCOM over land (1985–2014), (b, c, e) the fifth
generation of the European Center for Medium-Range Forecasts Reanalysis (ERA5; 1985–2014), and (f) Clouds and the Earth’s Radiant
Energy System Energy Balanced and Filled (CERES-EBAF; 2001–2024). Black contours show the reference data climatology in (a) and (d)
and the respective unrefined climatology elsewhere; regions where the climatological values are negative are indicated by hatching. White
dots are as in Figure 2.

part of Supporting Information Table S3). In CESM, the
positive hfls biases likely reflect a combination of over-
estimated near-surface winds and an excessively large
CE (Figure 11a,b). The hfss bias is only slightly positive
because the near-surface temperatures are too warm
(consistent with too strong rlds; Supporting Informa-
tion Table S3), reducing the difference between surface
and near-surface levels, given that the SST is prescribed
(Equation (1); Figure 11d–f). In ICON and MPAS, the more
moderate hfls and hfss biases could be associated with
overly large CE and CH values due to issues with boundary-

layer parametrizations, given the small biases in wind,
humidity, and temperature (Figures 12a–e and 13a–e).

The hfls and hfss biases over NH land are generally
smaller compared with over ocean (Figures 11a,d, 12a,d,
and 13a,d). All models overestimate hfls over high-latitude
land and underestimate hfss (Figures 11a,d, 12a,d, 13a,d,
third part of Supporting Information Table S3). As
the FLUXCOM climatology is negative (hatching in
Figures 11–13) over high-latitude land during winter,
the negative hfss biases are consistent with an overesti-
mation of the flux from the atmosphere to the surface
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GRAFF et al. 21 of 34

F I G U R E 12 As in Figure 11, but for the Icosahedral Nonhydrostatic (ICON) model for winter (December–February in the Northern
Hemisphere and June–August in the Southern Hemisphere). In (h) and (i), the Arctic refined run is used in the NH and the Antarctic refined
run in the SH.

(Figures 11d, 12d, and 13d). This is consistent with the neg-
ative near-surface temperature biases in the same regions
in ICON and MPAS, related to underestimated cloudi-
ness and rlds (Figures 12d–g and 13d–g). The positive hfls
biases, on the other hand, are consistent with the flux from
the atmosphere to the surface being too weak (Figures 11a,
12a, and 13a). The lack of consistent biases in hfls, humid-
ity, and wind indicate that the surface could be releasing
too much latent energy as a result of too active sublimation
(Figures 11a–c, 12a–c, and 13a–c).

The most pronounced and significant differences
between the refined and unrefined experiments in the
NH are generally found for hfls over the North Atlantic
(Figures 11h,i, 12h,i, and 13h,i). In MPAS, both hfls and
hfss decrease over the northwestern part of the North
Atlantic and increase over the southeastern part, similar to
the bias patterns in near-surface temperature and specific
humidity (Figure 13c,e,h,i). Refinement-induced changes
in the area-mean RMSE values for the NH extratropics

are summarized in Figure 14a (further discussed in
Section 4.4). The refinement slightly improves the repre-
sentation of hfls over ocean and land in MPAS, and over
land in ICON (Figure 14a). For hfss, the refinement yields
improved area-mean RMSE values over ocean in MPAS
(Figure 14a).

Over the SH ocean (fourth part of Supporting Infor-
mation Table S3), we predominantly find positive winter
hfls biases, with the largest values in CESM (Figures 11a,
12a, and 13a). This might be related to exaggerated turbu-
lent mixing due to strong winds, which again are strongest
in CESM (Figures 11b, 12b, and 13b) and to an overes-
timated CE. Around the Antarctic sea-ice edge, we find
positive and negative biases in all models (Figures 11a,
12a, and 13a), potentially reflecting differences in sea-ice
extent between the models and OAFlux. We also find
positive hfss biases in MPAS and ICON, similar to
in the NH (Figures 12d and 13d). In MPAS, positive
near-surface wind speed biases and an overestimated CH
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22 of 34 GRAFF et al.

F I G U R E 13 As in Figure 11, but for the Model for Prediction Across Scales (MPAS) for winter (December–February in the Northern
Hemisphere and June–August in the Southern Hemisphere). In (h) and (i), the Arctic refined run is used in the NH and the Antarctic refined
run in the SH.

could contribute to the stronger turbulent mixing and
enhanced hfss (Figure 13b,d). In ICON, both wind speed
and temperature biases are small, suggesting a consider-
able contribution from CH (Figure 12b,e). CESM underes-
timates hfss where near-surface temperature is too high
(Figure 11d,e). As noted in Section 4.1, the warm bias
in near-surface temperature in CESM is accompanied by
overestimated cloudiness and rlds (Figure 11e–g). In gen-
eral, hfss biases are smaller than the hfls biases, except
near the sea-ice edge (again likely due to differences
between the sea-ice extent in the models and OAFlux).

The strongest refinement-induced changes in the SH
is a reduction in hfls over the southern Pacific and south-
ern Indian Ocean in MPAS and an increase over the South
Atlantic in CESM, improving regional biases in the former
case (Figures 11a,h,i and 13a,h,i). Overall, the area-mean
RMSE values for the SH extratropics (summarized in
Figure 15a) improve with refinement for hfls in MPAS and
ICON, whereas performance in CESM degrades somewhat

(Figure 15a). For hfss, changes are weaker and gener-
ally not associated with improved area-mean RMSE values
(Figures 11i, 12i, and 13i; Figure 15a).

During summer (Supporting Information Table S4),
MPAS and ICON overestimate hfls over most of the NH
and SH oceans, except downstream of NH high-latitude
continents, where the (negative) fluxes are too weak
(Supporting Information Figures S15a and S16a),
potentially tied to too strong CE and, in MPAS, to too
strong winds over the SH ocean (Supporting Informa-
tion Figure S16b). CESM underestimates hfls in the
northwestern Atlantic, North Pacific, and southwestern
Atlantic, likely linked to positive specific humidity biases
in these regions (Supporting Information Figure S14a,c).
Furthermore, CESM overestimates hfls over all other
ocean regions, likely linked to too strong CE and too
strong winds over the SH ocean (Supporting Information
Figure S14a–b). Over the ocean, hfss biases are positive
everywhere, entailing that the fluxes are too weak at
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GRAFF et al. 23 of 34

F I G U R E 14 Overview of (a) Northern Hemisphere (NH) extratropical and (b) Arctic winter (December–February, DJF)
root-mean-square error (RMSE) values for 250 hPa, 500 hPa, 850 hPa, and near-surface temperature (ta250, ta500, ta850, and tas; K), 250 hPa
and 850 hPa zonal wind (ua250 and ua850; m⋅s−1), near-surface wind speed (sfcWind; m⋅s−1), near-surface specific humidity (huss; g⋅kg−1),
surface latent and sensible heat flux (hfls and hfss; W⋅m−2), and sea-level pressure (psl; hPa). Each panel shows the variable (column 1),
season (column 2), and RMSE values for the unrefined runs (columns titled “unref”) and the difference between the refined and unrefined
(columns titled “ref − unref”) for the Community Earth System Model (CESM; columns 3 and 4), the Icosahedral Nonhydrostatic (ICON)
model (columns 5 and 6), and the Model for Prediction Across Scales (MPAS; columns 7 and 8). For each variable (row), the smallest (largest)
unref value is underlined (shown in bold). The “ref − unref” values are highlighted by color shading indicating the percentage change
relative to the unrefined value (color bar). The bottom two rows summarize the number of underlined (best) and bold (worst) unref values,
and the number of ref − unref values that improve by more than −0.5% (blue cells; better) and deteriorate by more than 0.5% (red cells;
worse). Reference data are the European Center for Medium-Range Forecasts Reanalysis (ta250, ta500, ta850, tas, ua250, ua850, sfcWind,
huss, psl), OAFlux (hfls-ocn and hfss-ocn), and FLUXCOM (hfls-lnd and hfss-lnd).

high latitudes (where climatological fluxes are negative)
and too strong at lower latitudes (where climatology is
positive) in both hemispheres (Supporting Information
Figures S14d, S15d, and S16d). In CESM and MPAS, the
low-latitude biases in the SH are likely due to strong
winds and overestimated CH. Continental NH hfss biases
are more pronounced, with fluxes being too weak at
high latitudes and too strong further south (Supporting
Information Figures S14d, S15d, and S16d), potentially
reflecting uncertainties in CH or biases in the temperature
differences (ts − ta).

We find significant changes of both signs with refine-
ment for hfls during summer (Supporting Information
Figures S14h, S15h, and S16h) that improve the area-mean

RMSE over the oceans for MPAS and ICON (Supporting
Information Figures S17a and S18a). For hfss, changes are
strongest over high-latitude NH land (Supporting Infor-
mation Figures S14i, S15i, and S16i), yielding improved
area-mean RMSE over NH land in ICON and CESM
(Supporting Information Figure S17a).

4.4 Model performance overview

Here, we synthesize the benefits of the refinement in
terms of area-mean RMSE for temperature and zonal wind
at various levels, near-surface wind speed and specific
humidity, hfls, hfss, and sea-level pressure (Figures 14
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24 of 34 GRAFF et al.

F I G U R E 15 As in Figure 14, but for the (a) Northern Hemisphere (SH) extratropics (a) and (b) the Antarctic during winter
(June–August, JJA). Note that we use the 700 hPa surface for ta and ua in (b), to ensure that we are above the Antarctic topography and that
we omit comparison with FLUXCOM (hfls-F and hfss-F in Figure 14).

and 15 and Supporting Information Figures S17–S22),
focusing on variables for which the errors improve the
most. We use RMSE because it is emphasizes large errors
and prevents cancellation between positive and negative
values. To assess whether the changes are more or less
pronounced when only considering the region with the
highest resolution, we include values for the Arctic and
Antarctic (>60◦ N/S) alongside those for the NH and SH
extratropics (>30◦ N/S).

MPAS benefits the most from the refinement in the
NH during winter (Figure 14). We find temperature (at
250, 500, and 850 hPa), zonal wind (at 250 and 850 hPa),
and sea-level pressure to improve the most, both in terms
of absolute values (numbers) and relative values (color
shading), and both for the NH extratropics and the Arc-
tic (Figure 14). The most extreme improvement occurs for
250 hPa temperature, which improves by 48% in the NH
extratropics and 63% in the Arctic. MPAS also improves its
representation of 250 hPa and 850 hPa zonal wind by 40%
and 34% respectively (Figure 14a), with the largest changes
occurring in the North Atlantic region, where baroclinicity
improves considerably (Figure 7c,f,i and Supporting Infor-
mation Figure S13c,f,i). The heat fluxes also improve the

most over the North Atlantic Ocean (Figure 13a,d,h,i), but
the area-mean RMSE changes are generally more modest
(Figure 14a). For SH winter (Figure 15), MPAS generally
improves for the same variables, except 250 hPa zonal wind
and hfss over ocean. However, the magnitude of changes
are more comparable to the other models in the SH, par-
ticularly for the extratropics.

CESM improves for temperature, wind, specific
humidity, and sea-level pressure in the SH during winter
in both the extratropics and Antarctic (Figure 15). The
most pronounced improvements occur in high-latitude
250 and 500 hPa temperature, with the Antarctic
250 hPa temperature improving by 42%. Consistent with
improved meridional temperature contrasts (Figure 6),
the extratropical 250 hPa zonal wind improves by 22%.
Improvements are more sparse in the NH during win-
ter; however, the amelioration of the high-latitude
upper-level temperature errors (cold bias) is clearly seen
also here, with Arctic 250 hPa temperature improving
by 26%; furthermore, Arctic continental hfls improves
by nearly 20% (Figure 14), possibly associated with
improved representation of near-surface wind and specific
humidity.
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Improvements for ICON are largely weaker. In the
SH during winter, ICON improves to some extent for
all fields except near-surface temperature and specific
humidity (Figure 15). The strongest changes are found
for Antarctic 250 hPa temperature, which improves by
22% (Figure 15b), and for 250 hPa and 850 hPa wind
in the SH extratropics, which improve by 22% and
14% respectively (Figure 15a). Similar improvements in
upper-level temperature and zonal winds are also evident
for NH winter, albeit slightly weaker (Arctic 250- hPa tem-
perature improving by 14% and NH extratropical 850 hPa
zonal wind by 8%; Figure 14).

Overall, the most consistent improvement across mod-
els and hemispheres is the amelioration of the upper-level
cold bias, with area-mean RMSE for 250 hPa temperature
consistently improving in both hemispheres (Figures 14
and 15). MPAS has the largest changes in the NH and the
Antarctic, whereas the models are more comparable in the
SH extratropics. The number of variables that improve per
model is similar in the SH, whereas in the NH extratropics
MPAS tends to improve for more variables (second last row
in Figures 14 and 15). MPAS also tends to have the largest
errors in the unrefined run (bold values and last row in
Figures 14 and 15). ICON, on the other hand, which has
weaker improvements in many cases, tends to have smaller
errors in the unrefined run (underlined values and second
last row in Figures 14 and 15).

Results are more mixed during summer (Supporting
Information Figures S17 and S18). Refinement yields the
clearest benefits in the polar regions, both in terms of
the magnitude of the RMSE reductions and the num-
ber of variables that improve, particularly for MPAS in
the Arctic. As during winter, we find the most consis-
tent improvements in 250 hPa temperature, with reduced
RMSE in all regions and models except MPAS for the NH
extratropics.

To assess the sensitivity of our results to the refer-
ence data, we produced a complementary set of RMSE
plots based on JRA-3Q for temperature, zonal wind,
near-surface wind, and sea-level pressure and ERA5
for hfls and hfss for winter (Supporting Information
Figures S19 and S20) and summer (Supporting Informa-
tion Figures S21 and S22). The results show that tempera-
ture, zonal wind, and sea-level pressure are largely insen-
sitive to the choice of reference data, whereas other fields
can be more sensitive. For near-surface wind, JRA-3Q
has weaker values than ERA5, resulting in larger unre-
fined RMSE values in the complementary RMSE plots
(Supporting Information Figures S19–S22) compared with
the main RMSE plots (Figures 14 and 15 and Supporting
Information Figures S17 and S18). This is possibly related
to inappropriate terrain and inaccuracies in atmospheric
boundary-layer processes in the data assimilation system

in JRA-3Q (Mi & Liu, 2025). For hfss and hfls, the
unrefined biases computed with respect to OAFlux and
FLUXCOM tend to be larger than those computed with
respect to ERA5, for example over the NH ocean during
winter.

4.5 Broader polar impacts and areas
for further investigation

Finally, we take a broader perspective on the influence
of polar refinement by considering wider set of variables.
Figure 16 highlights those most affected by regional refine-
ment and that exhibit a high signal-to-noise ratio dur-
ing winter. As we show polar-cap means, it should be
kept in mind that regional variations within the polar
cap, especially those with opposing signals, may result in
a near-zero net signal, potentially obscuring significant
localized impacts.

The intermodel differences are often larger than the
differences between Arctic and Antarctic refinements
within a single model. This suggests that the impact of
the refinement is strongly model dependent, whereas it
tends to show more uniformity when comparing the Arc-
tic and Antarctic regions. Generally, MPAS changes the
most and ICON the least, in line with findings from previ-
ous sections. Given the range of variables within Figure 16,
not every variable can be discussed in detail. Instead, we
focus on three key themes that emerged from the anal-
ysis: geopotential-height patterns, snow-depth changes,
and cloud-cover variability. These themes illustrate dis-
tinct aspects of the refinement’s impact and provide coher-
ent narratives for further exploring the effects of increased
resolution.

One of the most consistent effects of the refinement
is the changes in geopotential height. The models tend to
show an increase in polar geopotential height in both the
troposphere (500 hPa) and stratosphere (50 hPa), indicat-
ing coupled changes across these layers. This effect is most
pronounced in MPAS and is associated with a weakening
of the zonal winds in the upper and lower troposphere,
consistent with findings from Section 4.2. The question
of whether the tropospheric jet weakening is driven by a
weakened stratospheric polar vortex lies beyond the scope
of this study but represents an interesting avenue for future
research.

Another consistent effect of refinement is the change
in snow depth. The models tend to simulate higher snow
depth in both the Arctic and Antarctic with refinement.
Unfortunately, MPAS snow-depth data were excluded due
to processing errors; however, the intact parts of the
MPAS output also suggest an increase in the refined
version.
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26 of 34 GRAFF et al.

F I G U R E 16 Overview of the response to polar refinement for the (a) Arctic and (b) Antarctic during winter (December–February
[DJF] and June–August [JJA]). Each panel shows the normalized area-mean difference between the refined and unrefined experiments
(colored bars) for the Model for Prediction Across Scales (MPAS; blue bars), the Community Earth System Model (CESM; red bars), and the
Icosahedral Nonhydrostatic (ICON) model (green bars) for ice-water path (clivi), total cloud cover (clt), condensed-water path (clwvi),
surface upward latent heat flux (hfls), surface upward sensible heat flux (hfss), near-surface specific humidity (huss), precipitation rate (pr),
snowfall rate (prsn), sea-level pressure (psl), surface downwelling long-wave radiation (rlds), near-surface wind speed (sfcWind), snow depth
(snd), near-surface temperature (tas), 250 hPa and 850 hPa zonal wind (ua250 and ua850), and 50 hPa and 500 hPa geopotential height (zg50
and zg500). The differences are normalized by the standard deviations of the interannual seasonal values from the relevant unrefined
experiment, yielding standardized anomalies. The bars show the standardized anomalies in terms of standard deviations, with
inward-oriented bars showing negative changes and outward-oriented bars showing positive changes. Units are percent.

The models diverge, however, with respect to total
cloud cover. Whereas CESM and MPAS show strong
decreases in polar cloud cover, ICON shows an increase,
and these signals are consistent across hemispheres. Some
evidence suggests that the models’ base states may influ-
ence these differences. For example, CESM’s overestima-
tion of polar cloud cover results in reductions under refine-
ment, producing more realistic values.

The three variables described tend to exhibit seasonal
consistency. In the respective summer seasons (Supporting
Information Figure S23), changes in snow depth remain
largely unchanged across models. Resolution-induced
changes in cloud cover are also largely consistent, with
increased summer cloud cover in both hemispheres in
ICON and decreased summer cloud cover in CESM
and MPAS, except for a slight increase in CESM dur-
ing Antarctic summer. Polar-cap mean geopotential
heights also tend to increase in summer, although with
reduced consistency and weaker magnitude compared
with winter.

Overall, these findings underscore the complexity
and model dependence of polar impacts resulting from
regional refinement, highlighting areas where further
investigation could yield valuable insights. In particu-
lar, the strong variability across models in cloud cover
responses and the potential coupling between strato-
spheric and tropospheric changes warrant more detailed
exploration. Additionally, the role of long-term snow
accumulation versus seasonal snow processes in shap-
ing snow-depth responses could benefit from targeted
regional analyses. By delving deeper into these phenom-
ena, future studies can clarify the mechanisms driving the
diverse effects of refinement and their implications for
polar climate processes.

5 SUMMARY AND DISCUSSION

To explore the benefits and challenges of grid refine-
ment in the polar regions, we conducted a coordinated
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set of global variable-resolution model experiments for
the recent past (1985–2014) with polar refinement (“the
refined experiments”) and baseline experiments with-
out refinement (“the unrefined experiments”) using three
models: CESM, ICON, and MPAS. The refined experi-
ments were configured with the finest horizontal resolu-
tion poleward of 60◦, intermediate resolution in a transi-
tional region equatorward of 60◦, and coarsest resolution
equatorward of the transitional region (Figure 1). The
unrefined experiments were configured with the coars-
est resolution everywhere. The result is the first coordi-
nated multimodel variable-resolution experiment set with
refinement over the polar regions. In this article, we docu-
ment the experiment protocol and present the first results,
focusing on the NH and SH extratropics and the polar
regions for their respective winter seasons.

Upper tropospheric and lower stratospheric winter tem-
perature consistently improves with refinement in the Arctic
and Antarctic. The models are characterized by cold biases
aloft in the polar regions in the unrefined runs and sim-
ulate warming in much the same regions with the refine-
ment, thus ameliorating the errors there (Figures 3, 5,
14, and 15). MPAS exhibits the most dramatic improve-
ment, with RMSE for Arctic 250 hPa temperature reduced
by 63%. In line with improved upper-level cold biases,
the upper-level (250 hPa) winter temperature contrasts
between the Tropics and the Poles are also better repre-
sented in the refined runs (Figure 6).

The cold bias in the polar stratosphere and upper tro-
posphere is a long-standing problem in climate modeling
(Hamilton et al., 1995). It is typically attributable to a too
moist tropopause that causes overly strong radiative cool-
ing (Bland et al., 2021) in the upper troposphere–lower
stratosphere region and a lack of dynamical variabil-
ity and associated lack of dynamical warming at higher
stratospheric levels (Charlton-Perez et al., 2013; Lawrence
et al., 2022). The improved cold bias in the refined sim-
ulations is coupled to the weakened zonal winds via the
thermal-wind balance. Enhanced gravity-wave drag asso-
ciated with better-resolved orography is a plausible con-
tributing mechanism wherein the stronger wave flux prop-
agates upward and is dissipated in the upper atmosphere
leading to weakened winds down to the lower levels and
warmer polar upper atmosphere. However, we do not have
the necessary output to diagnose gravity-wave tenden-
cies directly and therefore cannot assess its quantitative
role. Further experiments with detailed output from the
gravity-wave parametrizations are needed to verify this
hypothesis.

Consistent with improved large-scale and local-scale
temperature contrasts, the winter zonal wind largely
improves (Figures 7–10). The most striking improvement
occurs in the North Atlantic region in MPAS, over and

downstream of the exit region where the jet is too strong
in the unrefined run and considerably weaker and closer
to ERA5 in the refined run. We also find similar improve-
ments for ICON, albeit much weaker, but not for CESM.
In MPAS and ICON, the North Atlantic improvements
are linked to reduced biases in baroclinicity (Supporting
Information Figure S13).

Near-surface winter cold biases generally persist with
refinement in the Arctic and Antarctic compared with
ERA5 (Figures 2 and 4). In the NH, near-surface tem-
perature biases appear to be linked to biases in rlds
and clouds (Supporting Information Figure S2), particu-
larly in MPAS and ICON. Consistent biases in rlds and
near-surface temperature are also seen in the Antarctic,
albeit there the connection to clouds (Supporting Informa-
tion Figure S3) is not so clear, indicating problems with
turbulence parametrizations under stable stratification.
The NH high-latitude near-surface temperature bias inten-
sifies with refinement compared with ERA5 and is largely
accompanied by consistent changes in rlds and clouds. In
the SH, the influence of the refinement is more mixed, as
biases improve in MPAS due to refinement-induced warm-
ing over Antarctica, and to some extent in CESM, whereas
they are slightly worse in ICON.

Validation against in-situ data suggests the near-surface
cold biases to be exaggerated in the comparison with ERA5
and that the refined runs slightly outperform the unrefined
runs (Table 2). The former is in line with recent studies that
show that ERA5 is too warm in the Arctic (e.g., Batrak &
Müller, 2019; Zampieri et al., 2023). Based on an evaluation
of the models, and ERA5, against measurements from 10
Arctic and 10 Antarctic stations, we find the refined runs to
do better than the unrefined runs in most cases, although
the improvements are predominantly small. Interestingly,
both the refined and unrefined ICON simulations perform
better than ERA5 in Antarctic summer for the perfor-
mance metrics used here. Furthermore, the models are
generally more accurate in the Arctic than the Antarctic
and do better in summer than winter. Overall, ICON is the
best model and MPAS the worst.

For the sea-ice covered regions, near-surface tempera-
ture biases can be affected by the representation of snow
on sea ice (e.g., Batrak & Müller, 2019) and by the pre-
scribed sea-ice thickness (e.g., Batrak & Müller, 2019;
Zhang et al., 2025). Over land, biases can be linked to
the representation of the continental snow cover (Zhang
et al., 2025), and continental snow density and snow ther-
mal conductivity (Simpson et al., 2022; Zhang et al., 2025).

Biases in hfls and hfss vary regionally with model-
specific characteristics and notable refinement-induced
improvements for certain regions (Figures 11–13). In many
cases, the biases are associated with other near-surface
variables, consistent with the bulk formulas, Equations (1)
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and (2). Generally, both fluxes are overestimated over
the NH and SH oceans during winter. An exception is
CESM, which exhibits negative hfss biases over the North
Atlantic, North Pacific, and SH oceans due to positive
near-surface temperature biases. The positive hfls biases
in CESM, on the other hand, are linked to near-surface
winds over the North Atlantic, North Pacific, and SH
ocean, and to overestimated rlds and cloudiness over the
North Atlantic. In ICON and MPAS, positive hfls and hfss
biases over the North Atlantic are associated with strong
winds and cold, dry air, and to underestimated cloudi-
ness in MPAS; over the North Pacific, the lack of con-
sistency between biases in hfls and hfss and other fields
suggests issues with the boundary-layer parametrizations.
With refinement, the winter latent heat flux improves over
the NH oceans in MPAS and over the SH ocean in MPAS
and ICON.

Although we explored the cloud cover, radiative fluxes
are also sensitive to cloud phase partitioning in both
reanalysis (e.g., Bertossa et al., 2025) and climate mod-
els (e.g., McIlhattan et al., 2017, 2020). Underrepresented
supercooled cloud liquid has been linked to too little Arctic
rlds in CESM1 (McIlhattan et al., 2017), whereas improve-
ments in CESM2 (McIlhattan et al., 2020) combined with
the cloud microphysics bug fix (Zhu et al., 2022) in our
CESM experiments could be contributing to the smaller
winter rlds biases over the Arctic (and Antarctic) com-
pared with ICON and MPAS.

Refinement yields notable model-dependent effects over
the Poles. Evaluating the refinement-induced normalized
polar-cap differences for a wide range of fields reveals that
MPAS exhibits the largest changes and ICON the smallest,
underscoring that intermodel variability often surpasses
differences between Arctic and Antarctic refinements in
a single model. Our findings highlight the complexity of
polar climate processes under refined resolution, with key
open questions remaining regarding the mechanisms driv-
ing the model-specific cloud responses, and, in particular,
the role of stratosphere–troposphere coupling in modu-
lating large-scale circulation and surface climate impacts.
More detailed analysis tailored for exploring these mech-
anisms is currently ongoing. Future work will also docu-
ment and explore the influence of polar refinement under
projected future climate change, using a complimentary
coordinated multimodel experiment set based on the same
three models as used here.

Given that we only have one realization for each exper-
iment, the contribution of internal variability to the dif-
ferences between the refined and unrefined experiments
cannot be rigorously assessed. Using the spread across the
10 members from the CESM CMIP6 AMIP ensemble as a
surrogate estimate of the internal variability reveals that
the differences in general exceed the estimated internal

variability for temperature diagnostics, but not for zonal
winds (not shown). However, the zonal wind changes in
our experiments generally being in line with the changes
in temperature supports attributing the changes to the
refinement. Still, future studies should strive to include
multiple realizations to further explore the role of internal
variability on the influence of polar refinement.

The results are likely to be affected by differences in
resolution between the models, both in the vertical and
horizontal. In particular, though the very finest horizontal
resolution is applied in similar regions in the three mod-
els, the latitudinal extent of the transition zone, where the
horizontal resolution transitions between the finest and
coarsest resolution, varies substantially (Figure 1). Future
multimodel studies should strive to further harmonize the
design of the refined and transitional regions.
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