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ABSTRACT: The impact of future Arctic sea ice loss on local climate and large-scale atmospheric circulation has been
extensively studied, including through the Polar Amplification Model Intercomparison Project (PAMIP). However, the in-
fluence of horizontal resolution on these responses remains largely unexplored. This study addresses this gap by conducting
a set of PAMIP-type experiments in parallel using the Community Earth System Model, version 2.2 (CESM2.2), at global
110-km and Arctic-refined 14-km resolutions, with outputs regridded to a common grid to enable direct comparison. Sea
ice loss is identified as the dominant driver of future Arctic precipitation increases in boreal winter. The Arctic-refined
model exhibits a larger increase in precipitation over the sea ice loss region compared to the global 110-km model. This am-
plified response is linked to stronger updrafts and corresponding intensification of upward moisture transport. Additionally,
daily precipitation variability increases in response to sea ice loss, with the change in the Arctic-refined model more than
twice that in the global 110-km model, primarily connected to enhanced variability in vertical motion. Furthermore, both
model resolutions capture Arctic amplification and associated dynamical responses, but the Arctic-refined model shows
stronger warming and greater zonal wind deceleration over the polar cap. The thermodynamic budget analysis indicates
that transient eddies associated with vertical motion are a major factor in the enhanced warming in the higher-resolution
configuration. Collectively, these findings highlight the role of horizontal resolution in shaping Arctic precipitation and at-
mospheric circulation responses and underscore vertical motion as a key driver of this sensitivity.

SIGNIFICANCE STATEMENT: This modeling study examines how increasing model horizontal resolution influences
the atmospheric response to future Arctic sea ice loss. Using the Community Earth System Model, version 2.2 (CESM2.2),
we conducted two sea ice loss experiments, one with a typical climate model resolution and one with very high reso-
lution over the Arctic, following an experiment protocol similar to the Polar Amplification Model Intercomparison
Project (PAMIP). The results show that higher resolution leads to greater increases in Arctic precipitation and its
variability in response to sea ice loss. Additionally, the simulations with high resolution over the Arctic exhibit stron-
ger lower-tropospheric temperature and circulation responses over the polar cap compared to the coarser-resolution
simulations. These enhanced responses are likely linked to resolution-dependent differences in vertical motion. Our
findings advance the understanding of high-resolution modeling and highlight the critical role of horizontal resolu-
tion in accurately simulating climate and climate change in the Arctic.

KEYWORDS: Arctic; Sea ice; Precipitation; Atmospheric circulation; Vertical motion; Climate models

1. Introduction which is a prominent feature of anthropogenic climate change
characterized by the disproportionate surface warming in the
Arctic compared to lower latitudes (Serreze et al. 2009; Screen
and Simmonds 2010; Rantanen et al. 2022). Numerous studies
have highlighted key climate feedbacks driving this amplifica-
tion (e.g., Pithan and Mauritsen 2014; Stuecker et al. 2018; Feldl
and Merlis 2021; Hahn et al. 2021; Previdi et al. 2021; Jenkins
and Dai 2021; Taylor et al. 2022; Zhou et al. 2024; Liang et al.
2025) and quantified the contribution of sea ice loss to Arctic
warming (Dai et al. 2019; Feldl et al. 2020; Dai and Jenkins

& Supplemental information related to this paper is available ~2023; Jenkins et al. 2024). The influence of internal variability
at the Journals Online website: https://doi.org/10.1175/JCLI-D-25-  on observed and projected polar amplification has also been

Arctic sea ice has declined rapidly over the past several deca-
des (Fetterer et al. 2017; Meier and Stroeve 2022). Climate
models project a seasonally ice-free Arctic Ocean by the middle
of this century under increasing greenhouse gas (GHG) concen-
trations (Notz and SIMIP Community 2020). Sea ice loss has
been identified as the primary driver of Arctic amplification,

0260.s1. widely studied (England et al. 2021; Sweeney et al. 2023, 2024;
_ Chen and Dai 2024).
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global-mean precipitation rate (~2%), a phenomenon known
as precipitation amplification (Bintanja and Selten 2014; Pithan
and Jung 2021). However, the mechanisms and the role of sea
ice loss remain uncertain. For example, one proposed mecha-
nism links increased Arctic precipitation to greater evaporation
driven by sea ice retreat (Bintanja and Selten 2014). This is con-
sistent with the modeling study by Deser et al. (2010), which
found that in response to sea ice loss, the seasonal cycle of Arc-
tic precipitation change closely follows surface energy fluxes.
In addition to local evaporation, poleward moisture transport
from lower latitudes contributes to the projected increase in
Aurctic precipitation (Serreze et al. 2024). From an energetic
perspective, Anderson et al. (2018) suggested that first-order la-
tent heat release from Arctic precipitation is balanced by the re-
duced dry static energy convergence. Pithan and Jung (2021)
argued that radiative cooling is the primary driver of future
Arctic precipitation increases in boreal winter, which can be
further linked to Planck and cloud feedbacks (Bonan et al.
2023). In contrast, local evaporation following sea ice retreat
was found to play a secondary role in their study. Yukimoto
et al. (2024) suggested that increased radiative cooling and
reduced dry static energy convergence contributed equally to
the recent rise in Arctic precipitation. In addition to changes
in mean precipitation, studies have also reported increases in
Arctic precipitation variability across different time scales
(Pendergrass et al. 2017; Bintanja et al. 2020).

Given the central role of sea ice loss in driving Arctic and
broader climate changes, there has been a continued modeling
effort to isolate its regional and remote impacts (e.g., Royer
et al. 1990; Deser et al. 2010). Arctic sea ice loss can influence
Northern Hemisphere (NH) large-scale atmospheric circulation
and even global climate through ocean—atmosphere coupling
(Barnes and Screen 2015). Modeling studies have also at-
tempted to disentangle the effects of anthropogenic climate
change by separating low-latitude warming from polar sea
ice loss (McCusker et al. 2017; Hay et al. 2018, 2022), suggest-
ing a tug-of-war between these influences (e.g., Deser et al.
2015). However, the response of midlatitude atmospheric cir-
culation and surface climate to Arctic sea ice loss, particu-
larly over the observational period, remains highly debated
(Barnes and Screen 2015; Sun et al. 2016; Blackport and
Screen 2019, 2020; Cohen et al. 2020; Dai and Song 2020).
Discrepancies among climate models may stem from differ-
ences in the magnitude and spatial pattern of sea ice loss
(Peings and Magnusdottir 2014; Sun et al. 2015; Koenigk et al.
2016), stratospheric representation (Sun et al. 2015; Zhang
et al. 2018), background state (Osborne et al. 2017; Smith et al.
2017), low signal-to-noise ratio (Screen et al. 2014; Mori et al.
2014), and air-sea coupling (Smith et al. 2017; Blackport and
Kushner 2018), among other factors (Screen et al. 2018; Smith
et al. 2019).

The Polar Amplification Model Intercomparison Project
(PAMIP), part of the Coupled Model Intercomparison Pro-
ject phase 6 (CMIP6), aims to improve scientific understanding
of the causes and consequences of polar amplification through
a set of coordinated climate model experiments (Smith et al.
2019). These simulations have provided insights into key as-
pects of the effects of Arctic sea ice loss, including dynamical
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mechanisms and robustness (Smith et al. 2022), sensitivity to
the model’s basic state and emergent constraints (Smith et al.
2022; Screen et al. 2022; Simon et al. 2022; Sigmond and
Sun 2024), internal variability (Peings et al. 2021; Streffing
et al. 2021; Sun et al. 2022), stratospheric pathways (Sun
et al. 2022; Liang et al. 2024; Sigmond and Sun 2024), and
surface climate responses (Zheng et al. 2023; Ye et al. 2024),
as well as the role of ocean—atmosphere coupling (e.g., Kang
et al. 2023).

With increasing computational power, recent generations
of global climate models have been developed at progres-
sively higher horizontal resolutions (e.g., Caldwell et al. 2019;
Chang et al. 2020; Harris et al. 2020), including the creation of
kilometer-scale global storm-resolving models (Satoh et al.
2008; Caldwell et al. 2019; Cheng et al. 2022; Hohenegger et al.
2023; Rackow et al. 2025; Segura et al. 2025). A key effort in
this advancement is the High-Resolution Model Intercompar-
ison Project (HighResMIP; Haarsma et al. 2016; Roberts et al.
2025), which was established to systematically assess the influence
of horizontal resolution on climate simulations using global mod-
els at tens-of-kilometer scales. Compared to low-resolution
models, high-resolution models can capture fine-scale cli-
mate processes more accurately, thereby potentially reducing
mean biases (Lu et al. 2015; Moreno-Chamarro et al. 2022;
Athanasiadis et al. 2022), improving the representation of
climate variability (Smirnov et al. 2015; Larson et al. 2024;
Patrizio et al. 2023; Williams et al. 2024; Wills et al. 2024;
Sun et al. 2025), and enhancing both decadal climate predic-
tions (Yeager et al. 2023) and long-term projections (Xu
et al. 2024). Furthermore, high-resolution models are help-
ing to bridge the long-standing divide between weather and
climate research by enabling consistent treatment of meso-
scale processes across time scales (Randall and Emanuel
2024).

Global high-resolution models are typically too computa-
tionally expensive for long-term climate simulations, particu-
larly for climate processes with inherently low signal-to-noise
ratios. In contrast, regional refinement configurations (or global
variable-resolution models) provide a more computationally ef-
ficient alternative and have been developed for various ap-
plications (e.g., Lauritzen et al. 2018; Tang et al. 2023; Lin
et al. 2024). These models have been widely used to study
extreme convective storms (e.g., derechos; Liu et al. 2023),
tropical cyclones (Zarzycki et al. 2014), Greenland’s mass bal-
ance (Herrington et al. 2022), precipitation and snowpack
(Rhoades et al. 2016; Huang et al. 2022), extreme winds (Morris
et al. 2024), ocean—atmosphere interactions (Wills et al. 2024),
and future Arctic extreme temperature and precipitation changes
(Wijngaard et al. 2025). For instance, Herrington et al. (2022)
found that the Arctic-refined configuration of the Community
Earth System Model, version 2.2 (CESM2.2), produced a
more realistic representation of precipitation along the storm
track compared to standard low-resolution models. Similarly,
Huo et al. (2025) evaluated the Department of Energy’s
(DOE) Energy Exascale Earth System Model, version 2.1
(E3SMv2.1), with an Arctic regionally refined mesh (25-km
atmosphere and land, 10-km ocean—ice) and found reduced
biases and improved simulations of Arctic precipitation and
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atmospheric circulation. These findings underscore the influ-
ence of horizontal resolution on Arctic precipitation and atmo-
spheric circulation.

Modeling studies have consistently demonstrated that pre-
cipitation intensity generally increases with horizontal reso-
lution, a relationship often attributed to the sensitivity of
vertical motion to grid spacing (Rauscher et al. 2016; Terai
et al. 2018; O’Brien et al. 2016; Herrington and Reed 2020;
Rasmussen et al. 2023). Using the Boussinesq approxima-
tion, Jeevanjee and Romps (2016) provided a theoretical
physical basis for this sensitivity, suggesting that resolution-
dependent vertical motion arises from scaling arguments for
the acceleration of a buoyant air parcel interacting with its
environment. Building on this framework, Herrington and
Reed (2017, 2018) adopted the Boussinesq approach under
the hydrostatic approximation and proposed a power-law
scaling of vertical velocity with grid spacing, Ax", where n = —1.
This result contrasts with the earlier scaling analysis by Rauscher
et al. (2016), who applied the continuity equation to the spec-
tral properties of horizontal wind and suggested a scaling ex-
ponent of n=—(2/3) for horizontal scales of ~100 km or
smaller. Herrington and Reed (2020) confirmed the —1 scal-
ing through convergence experiments and further linked the
sensitivity of both large-scale and convective precipitation to
resolution through the increase in vertical velocity with reso-
lution. However, to our knowledge, few studies have specifi-
cally examined how the precipitation response to changes in
boundary conditions, such as sea ice loss, varies with horizon-
tal resolution.

The influence of horizontal resolution on the midlatitude
response to Arctic sea ice loss has been previously examined
by Streffing et al. (2021), who compared three 100-member
PAMIP experiments using the Integrated Forecasting System
(IFS) at global resolutions of 125, 39, and 16 km, and found
no detectable sensitivity. This lack of resolution dependence
was attributed to internal atmospheric variability, which can
obscure the forced response even in large ensembles (Peings
et al. 2021; Sun et al. 2022). However, this single-model result
does not rule out resolution-dependent effects, particularly
for local responses within the Arctic that may exhibit a higher
signal-to-noise ratio (Screen et al. 2013). A more comprehen-
sive assessment remains warranted, with a focus on Arctic
precipitation and high-latitude circulation responses, as the
former has yet to be explored.

This study investigates the sensitivity of the atmospheric re-
sponse to future Arctic sea ice loss across different horizontal
resolutions and identifies the underlying mechanisms. We use
a global atmospheric general circulation model with two
different resolutions over the Arctic (110 and 14 km) and
conduct a set of parallel PAMIP-type experiments to assess
resolution-dependent responses to Arctic sea ice loss, with
a focus on Arctic precipitation and high-latitude atmospheric
circulation in boreal winter [December—February (DJF)]. The
paper is structured as follows: Section 2 details the model ex-
perimental design; section 3 presents results on precipitation
and atmospheric circulation responses; and section 4 provides
a summary and discussion.
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FIG. 1. Arctic-refined CESM grids, with horizontal resolution
varying from 14 km in the Arctic (dense hatching) to 110 km in the
far field. The shading represents the ensemble-mean change in

DIJF Arctic sea ice concentration (%) between 1850-69 and 2080-99,
based on the ensemble mean of the CESM2-LE dataset.

2. Model experimental design
a. Model description

We use the Community Atmosphere Model, version 6.3
(CAMBG6.3; Craig et al. 2021; Gettelman et al. 2019), which serves as
the atmospheric component of the CESM2.2 (Danabasoglu et al.
2020). CESM2 ranks within the top 10% of CMIP-class models in
many atmospheric circulation metrics (Simpson et al. 2020). A ma-
jor update in CAMO6’s physical parameterizations compared to
earlier versions is the cloud layers unified by binormals (CLUBB)
scheme (Larson et al. 2002; Bogenschutz et al. 2013), which acts
jointly as a planetary boundary layer, shallow convection, and
cloud macrophysics scheme. Here, we use CAM6.3 with the
spectral-element (SE) dynamical core (Lauritzen et al. 2018),
which is capable of regional refinement.

We employ two model resolutions: a standard global uniform-
area grid (i.e., ne30pg3_ne30pg3_mgl7) with approximately
110-km resolution (global 110-km) and an Arctic-refined grid
in which the resolution increases from ~110 to ~14 km over
the Arctic (i.e., ne30 X 8_mtl12; Arctic 14-km; Fig. 1). Both
configurations have the same 32 vertical levels, with a model
top at 2.26 hPa (Danabasoglu et al. 2020). The lowest level is
located at approximately 60 m above the surface with vertical
resolution on the order of ~100 m. Our computational cost analy-
sis on the National Center for Atmospheric Research (NCAR)’s
supercomputer Cheyenne shows that the Arctic 14-km model re-
quires approximately 38 times more core hours than the global
110-km model, whereas increasing the global resolution to 14 km
results in a much steeper increase—approximately 512 times
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more. This underscores that regional refinement is a far more
affordable and computationally efficient approach to higher
resolution if the resolution over a specific domain is the pri-
mary interest.

b. PAMIP-type experimental protocol

We conduct atmosphere-only time-slice experiments similar,
but not identical, to the PAMIP protocols (Smith et al. 2019).
In all experiments, radiative forcing is fixed at year 2000 levels.
Two types of sea ice experiments are conducted: a preindustrial
control and a future perturbation, which resemble the PAMIP
piSST-piSIC and piSST-futArcSIC experiments, respectively.
In the preindustrial control, Arctic sea ice concentration and
sea surface temperature (SST) are prescribed from the en-
semble mean of 1850-69 averages from the CESM2-Large
Ensemble (CESM2-LE; Rodgers et al. 2021). The perturba-
tion experiment follows the same setup but replaces the control
Arctic sea ice concentration with its projected 2080-99 average
under the shared socioeconomic pathway 3-7.0 (SSP3-7.0) sce-
nario, also from CESM2-LE. In the perturbation experiments,
SSTs remain the same as in the control, except in regions where
sea ice loss exceeds 10% (~77% of the Arctic Ocean). In these
areas, SSTs are set to 2080-99 values to account for both sea ice
loss and the associated local SST warming (Smith et al. 2019).
Therefore, the surface forcing includes contributions from both
reduced ice cover and the accompanying SST increase, rather
than sea ice loss alone (Screen et al. 2013).

The projected change in boreal winter (DJF) sea ice con-
centration from 1850-69 to 2080-99 shows ice loss throughout
the Arctic marginal ice zones, with the most pronounced re-
ductions occurring in the Chukchi Sea, Barents—Kara Seas,
and Hudson Bay (Fig. 1; color shading). These regions are
mostly contained within the 14-km mesh in the high-resolution
configuration (Fig. 1; dense hatching). Note that the future Arc-
tic sea ice area loss prescribed in this study is somewhat greater
than that used in PAMIP (e.g., 6.5 million km? in our simula-
tions compared to 3.5 million km? in PAMIP). The choice of a
stronger sea ice forcing in this study is intended to maximize the
signal, making it easier to detect the sensitivity to resolution.

We first run a 1-yr control simulation and select a mid-
September day (18 September) as the initial condition for
both the preindustrial control and future sea ice experi-
ments. This timing avoids artificially initializing the strato-
spheric polar vortex in an anomalously strong or weak state,
as the vortex has not yet formed by mid-September (Black
et al. 2006). Each experiment runs until the end of February
of the following year; outputs from September to November
are discarded as spinup. We generate ensembles using the
microperturbation method (i.e., “pertlim”), which introdu-
ces a small random atmospheric temperature perturbation
(on the order of 107!* K) to the initial conditions in each ex-
periment. Due to computational constraints, we run 100 en-
semble members for the Arctic 14-km configuration from
a single initial condition. For the global 110-km model,
we run 600 members in total: 300 members initialized on
18 September of year 1 and an additional 300 members initial-
ized on 18 September of year 2, after extending the control run
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by one more year. We find modest differences in the strato-
spheric polar vortex response (~2 m s~ ' at 10 hPa, 60°N
zonal wind) and its downward influence on the troposphere
between the two sets of global low-resolution simulations ini-
tialized from different years. This resembles the spread seen
in Sun et al. (2022), though smaller due to the larger ensemble
size used here. These differences likely reflect internal strato-
spheric variability and its downward coupling (e.g., Streffing
et al. 2021; Sigmond and Sun 2024).

¢. Model diagnostics and resolution sensitivity assessment

Throughout the paper, comparisons are made between the
Arctic 14-km and global 110-km ensembles. In most cases,
both model outputs are regridded to a common 0.9° X 1.25°
latitude-longitude grid (note that the global 110-km model
uses an equal-area grid, not a latitude-longitude grid). For
precipitation scaling and decomposition analyses, the native
grid is preferred due to its equal-area properties, which sim-
plify area-based calculations. To enable comparison, the Arc-
tic 14-km output is regridded to the native global 110-km grid
using the Earth System Modeling Framework (ESMF) first-
order conservative remapping algorithm (ESMF Team 2021).
Monthly outputs are used in most analyses, except for precipi-
tation scaling and decomposition, which use 6-hourly instanta-
neous outputs.

The effect of Arctic sea ice loss is isolated by computing the
difference between the ensemble means of the future and pre-
industrial sea ice experiments for each model resolution. A
two-sided Student’s ¢ test at the 95% confidence level is used
to evaluate statistical significance.

3. Results
a. The role of sea ice loss for Arctic precipitation changes

We first examine the role of sea ice loss in future Arctic
precipitation changes. Previous work has shown that CAMS6,
when given prescribed global SST and sea ice anomalies
from CESM2-LE, can largely reproduce the late-twenty-first-
century Arctic precipitation increase seen in fully coupled
simulations (Leister et al. 2025; their Fig. 3). Because we use
the same model framework and analyze similar late-century
CESM2-LE changes, we can reasonably expect that applying
CESM2-LE SST and sea ice anomalies to CAM6 would yield
a comparable precipitation response. Comparing our sea ice—
only experiments with the CESM2-LE SSP3-7.0 future pro-
jection, therefore, provides a useful indication of the importance
of sea ice loss in contributing to future Arctic precipitation
changes.

The left panel of Fig. 2 shows the boreal winter (DJF) total
precipitation change from 1850-60 to 2080-99 under the
SSP3-7.0 scenario in CESM2-LE (run at global 1° resolution),
alongside the contribution from Arctic sea ice loss, as simu-
lated in the corresponding global 110-km experiment con-
ducted in this work. Over the polar cap (65°-90°N), about
62% of the total precipitation increase in CESM2-LE is at-
tributed to Arctic sea ice loss, rising to 90% poleward of
75°N. When separated by precipitation type, sea ice loss alone

University of Colorado Libraries | Unauthenticated | Downloaded 03/30/26 09:48 PM UT(C



1 MAY 2026

Precipitation

SSP3-7.0 i

Arctic Sea
Ice Loss

SUN ET AL.

2043

0.8
0.4
0.2
0.1
0.05
0.025

-0.025
-0.05
-0.1
0.2
-0.4
-0.8

FIG. 2. (left) Precipitation, (middle) evaporation, and (right) moisture convergence difference between 1850 and 1869 and 2080-99 in
the CESM2-LE simulations and the response to corresponding Arctic sea ice loss conducted using global 110-km resolution (mm day ™).
Stippling indicates regions where the ensemble-mean difference is significantly different from zero at the 95% confidence level based on

the two-sided Student’s ¢ test.

accounts for 57% of the future increase in large-scale strati-
form precipitation and the entirety of the increase in parame-
terized convective precipitation. These results highlight the
critical role of sea ice loss in driving future Arctic precipita-
tion increases during boreal winter.

To better understand the mechanism behind the precipi-
tation changes, we analyze the steady-state moisture budget
equation:

P=FE—-V-(ug), 1

where P is the precipitation, E is the evaporation, V is the na-
bla operator on a sphere, u is the horizontal wind vector, g is
the specific humidity, and (.) denotes a density-weighted verti-
cal integral over the atmospheric column. Each term is calcu-
lated from monthly output, and the covariance terms (e.g.,
uq) are available as direct model output, making the residual
term negligible (not shown). As shown in the middle and right
panels of Fig. 2, the precipitation increase over the sea ice loss
region is primarily driven by enhanced evaporation, associ-
ated with increased surface latent heat flux. This increase is
partially offset by changes in moisture convergence [i.e., the
second term on the right-hand side of Eq. (1)]. The consis-
tency in the evaporation and moisture convergence response
between future projections using all forcings and sea ice loss
experiments implies that this mechanism and the resulting
precipitation change can be largely explained by sea ice loss.
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These findings support the mechanism proposed by Bintanja
and Selten (2014), who suggested that future Arctic precipita-
tion increase in boreal winter is mainly due to enhanced local
evaporation associated with sea ice retreat, with poleward
moisture transport from lower latitudes being less important.
We also examine the energetic constraints on Arctic precip-
itation changes by analyzing the atmospheric energy budget:

L, =R - DSE,, — SH, )

where L, is the latent heat release due to precipitation and R
is the radiative cooling of the atmospheric column, defined as
the sum of top of the atmosphere (TOA) and surface radia-
tive flux. The DSE, 4, is the dry static energy due to advection,
and SH is the surface sensible heat flux. Consistent with previ-
ous studies (Pithan and Jung 2021; Bonan et al. 2023), we find
that the increase in latent heat release from precipitation in
the SSP3-7.0 simulation is primarily balanced by radiative
cooling, while changes in surface sensible heat flux and dry
static energy largely offset each other. However, our analysis
also shows that sea ice loss accounts for the majority of fu-
ture changes in all three budget terms (Fig. S1 in the online
supplemental material), highlighting the central role of sea
ice boundary forcing for precipitation changes. This contrasts
with Pithan and Jung (2021), who concluded that sea ice re-
treat and the associated surface flux changes played a second-
ary role for future Arctic precipitation increases in boreal
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TABLE 1. Arctic precipitation climatology and its mean response to sea ice loss during boreal winter (DJF) in global 110-km and
Arctic 14-km. The Arctic is defined as 65°-90°N polar cap.

Mean precipitation climatology (mm day ')

Mean precipitation response (mm day ')

Convective Large scale Total Convective Large scale Total
(a) Global 110-km 0.030 0.915 0.945 0.042 0.197 0.238
(b) Arctic 14-km 0.013 0.956 0.969 0.012 0.246 0.259
(c)b—a —0.017 0.041 0.024 —-0.030 0.049 0.021

winter. We interpret this apparent discrepancy as evidence
that radiative cooling and sea ice retreat are linked processes.
Thus, the radiative cooling mechanism does not preclude a
key role for sea ice retreat in shaping future Arctic precipita-
tion changes.

b. Sensitivity of arctic precipitation response at different
resolutions

Next, we examine the sensitivity of Arctic precipitation to
horizontal resolution. Table 1 shows the polar cap (65°-90°N)
climatological mean precipitation and the mean precipitation
response to Arctic sea ice loss in both the global 110-km and
Arctic 14-km models. Arctic precipitation is predominantly
large scale, accounting for approximately 97% of the climato-
logical total in the global 110-km model and 99% in the Arctic
14-km model. The increase in large-scale precipitation and de-
crease in convective precipitation at higher resolution align
with previous findings (e.g., Terai et al. 2018; Herrington and
Reed 2020). Total precipitation in the Arctic 14-km model is
only slightly higher (~2.5%) than that in the global 110-km
model. In response to Arctic sea ice loss, both large-scale and
convective precipitation increase. For both precipitation types,
the difference in response between the two models aligns with
their climatology, where larger climatological values correspond
to larger responses (Table 1 and Figs. 3a—f).

It is worth noting that in the Arctic 14-km model, the “large-
scale” precipitation category includes a broader spectrum of
resolved motions, capturing smaller-scale features that re-
main unresolved in the global 110-km model. As a result, a
larger proportion of precipitation is classified as large scale in
the high-resolution model. This distinction highlights the resolu-
tion dependence of process representation: What is treated as
parameterized subgrid convection at coarse resolution may be-
come partially resolved at finer resolution. Although 14-km grid
spacing is generally considered too coarse to fully resolve deep
convection, models at this resolution often begin to exhibit con-
vective behavior without relying entirely on parameterization.
These partially resolved convective cores can improve precipita-
tion skill and, in some cases, outperform a purely parameterized
convection scheme.

Overall, total precipitation in the Arctic 14-km model in-
creases by about 8.5% more than that in the global 110-km
model. The spatial pattern of the mean precipitation response
reveals that the largest increases occur over regions of sea ice
loss in both models (Figs. 3g-i), consistent with the local in-
creases in evaporation shown previously. The difference be-
tween the Arctic 14-km and global 110-km mean precipitation
responses is largely uniform across the Arctic.
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What leads to the amplified Arctic precipitation response
in the Arctic 14-km model compared to the global 110-km
model? An analysis of surface energy fluxes shows that their
responses are very similar between the two model resolutions
(Fig. S2), suggesting that surface forcing does not explain the
increased sensitivity. Instead, previous studies have linked
daily precipitation to upward moisture flux at the cloud base,
following the principle that “what goes up, must come down”
(Rauscher et al. 2016). This relationship is described by the
approximate scaling equation:

1
Plol ~ _a wq'gb’ (3)

where P, refers to high-frequency precipitation, wg|s, repre-
sents the combined product of ascending motion w and spe-
cific humidity at the cloud base, typically approximated as
850 hPa (e.g., O’Brien et al. 2016), with g = 9.8 m s2, and
p. is the density of rainwater (1000 kg m~>). To conduct a
similar scaling analysis, we regrid the Arctic 14-km output
onto the native global 110-km grid using a conservative remap-
ping method, which allows for direct comparison between the
two resolutions.

Figure 4 illustrates the scaling relationship between Arctic
precipitation and the corresponding upward moisture flux for
both model resolutions using 6-hourly instantaneous data. The
scaling relationship remains robust, especially in the global
110-km model. The Arctic 14-km model exhibits a slightly
lower slope compared to the global 110-km model but produ-
ces higher maximum precipitation, consistent with the notion
that increased model resolution generally leads to more in-
tense precipitation. This is primarily due to stronger upward
moisture flux associated with enhanced vertical motion, even
after regridding to coarse grids. A similar slope behavior was
also noted in O’Brien et al. (2016; their Fig. 8), who inter-
preted slopes less than one as indicative of an effective de-
trainment flux that removes moisture from cloudy updrafts
and reduces precipitation efficiency, though they did not in-
vestigate resolution effects. We speculate that a comparable
detrainment-related process may contribute to the slope dif-
ferences across resolutions. Overall, the linear relationship
between precipitation and vertical moisture flux at high fre-
quencies raises the question of whether resolution-dependent
differences in mean precipitation increases are tied to mois-
ture and/or vertical velocity responses.

Following Herrington and Reed (2020), we decompose spa-
tially averaged precipitation (P,) over the polar cap (65°~90°N)
as a double sum of the product of the time-mean magnitude

University of Colorado Libraries | Unauthenticated | Downloaded 03/30/26 09:48 PM UT(C



1 MAY 2026

SUN ET AL.

2045

0.8
0.4
0.2
0.1
— 0.05
— 0.025

—-0.025
— -0.05

FIG. 3. Mean large-scale, convective, and total precipitation (mm day ™ ') response to Arctic sea ice loss in (left) global 110-km model,
(middle) Arctic 14-km model, and (right) their difference. Stippling indicates regions where the difference between the two ensemble
means is statistically significant at the 95% confidence level based on the two-sided Student’s ¢ test.

(My) and the time-mean spatial frequency (f;) across  and
moisture space at 850 hPa:

FS = ;;f,(wls qj)Ms(wi, qj), 4)

where w; and g; represent the bins for 850-hPa vertical motion
(every 0.1 Pa s~ ') and specific humidity (every 0.2 g kg™ '), re-
spectively. The f, measures the occurrence of a particular
combination of (w;, g;), while M denotes the mean total pre-
cipitation associated with that combination of (w;, g;). Thus,
the product f,M; represents the contribution of each combina-
tion (w;, g;) to total precipitation.

Figure 5 shows the magnitude (M), frequency (f;), and
their combined product (f;M;) for Arctic precipitation in both
models. In both the Arctic 14-km and global 110-km models,
the lowest precipitation magnitude occurs when the vertical
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motion and specific humidity are near zero. By contrast, heavy
precipitation is observed when strong upward motion coincides
with high moisture, consistent with the scaling relationship
between precipitation and upward moisture flux [Eq. (3) and
Fig. 4]. Notably, the distribution in the Arctic 14-km model is
broader horizontally than that in the global 110-km model,
leading to an increase in heavy precipitation associated with
extreme upward moisture flux. This highlights the sensitivity
of precipitation to horizontal resolution, particularly in rela-
tion to the spectrum of upward motion.

Figure 6 further illustrates this by comparing the probabil-
ity density functions (PDFs) of Arctic upward motion, mois-
ture, and precipitation at the two resolutions, using 6-hourly
instantaneous data. The Arctic 14-km model exhibits stronger
upward motion and greater precipitation compared to the
global 110-km model. This is consistent with previous findings
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FIG. 4. Arctic precipitation rates vs upward moisture flux at the
850-hPa level during boreal winter (DJF). Solid lines represent the
median precipitation rates corresponding to bins of moisture flux,
while the shaded areas indicate the interquartile range for each
bin. Blue curve indicates the global 110-km model, and red curve
indicates the Arctic 14-km output regridded to the global 110-km
grid. The dashed line indicates the scaling equation predicted by
Rauscher et al. (2016).

that higher-resolution models tend to produce stronger verti-
cal motion and more intense extremes, even after their output
is regridded onto a lower-resolution grid (e.g., Herrington and
Reed 2020). In contrast, the moisture PDFs are similar between
the two resolutions, with the Arctic 14-km model even showing
slightly lower moisture values. This suggests that differences in
vertical motion, not differences in moisture, explain the sensitiv-
ity of precipitation to resolution.

It is also important to note that total precipitation is deter-
mined by both the time-mean spatial frequency (f;) and mag-
nitude (M,). Extreme precipitation events are rare (see the
nonlinear y axis in Fig. 6) and thus contribute minimally to to-
tal precipitation. Instead, total precipitation is primarily deter-
mined by the frequency distribution, which peaks when vertical
motion is near zero, corresponding to low-intensity precipita-
tion events. The Arctic 14-km model exhibits a broader range
of vertical motions with a more frequent occurrence of extreme
upward motion than the global 110-km model (Figs. 5d—f). As a
result, the global 110-km model has a greater contribution from
low-intensity precipitation, while the Arctic 14-km model shows
a higher contribution from higher-intensity precipitation events
(Figs. 5g—i and 6). Therefore, despite similar total precipitation
rates, the precipitation distribution differs between the two
models, highlighting the sensitivity of precipitation characteris-
tics to horizontal resolution, even after regridding to a common
110-km grid.

Figure 7 shows the combined products (f;M,) of total precipi-
tation response to Arctic sea ice loss, along with its individual
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contributions from changes in frequency, magnitude, and their
covariance, as described by the following equation:

AP, = XX A(M,) = DX ALM,
L ij
+ XXSAM + DXARAM,. (5)
L [

In response to Arctic sea ice loss, the contribution to total pre-
cipitation from conditions when moisture exceeds 0.5 g kg ! in-
creases and the contribution from conditions when it falls below
this threshold decreases, which is consistent with a moisture-
availability increase associated with newly ice-free ocean, even
though it does not reveal the accurate dynamics of the pre-
cipitation (e.g., vertical motion during cold-air outbreaks). The
change in the precipitation frequency-magnitude distribution is
primarily explained by changes in frequency, with the increase
partly offset by a decrease in magnitude and, to a lesser extent,
by changes in the covariance between frequency and magnitude.
Additionally, the stronger vertical motion in the Arctic 14-km
model leads to increases in frequency across a broader range of
vertical motions, explaining the overall larger precipitation in-
crease in the Arctic 14-km model (Figs. 7c.f).

Arctic sea ice loss not only increases mean precipitation
but also alters daily precipitation variability. Table 2 presents
the climatological daily precipitation standard deviation, com-
puted at each location and then averaged over the polar cap,
along with its response to Arctic sea ice loss in both resolu-
tions. The Arctic 14-km model exhibits only a slightly higher
daily precipitation variability (~6%) compared to the global
110-km model. However, in response to sea ice loss, the increase
in daily variability in the Arctic 14-km model is more than twice
that of the global 110-km model, highlighting a strong sensitivity
to model resolution.

The top row of Fig. 8 shows the spatial distribution of the
response in daily precipitation standard deviation for both
models and their differences, indicating that regions with sub-
stantial sea ice loss experience the largest increases in vari-
ability. Both models exhibit similar spatial patterns, with the
Arctic 14-km model showing a greater magnitude of increase;
the difference between the models is nearly uniform across
the Arctic. In contrast, near-surface temperature variability
shows no clear sensitivity to resolution, with both models ex-
hibiting similar decreased daily temperature variability (not
shown).

What causes daily precipitation variability to respond more
strongly to Arctic sea ice loss in the high-resolution model
compared to the low-resolution model? Recall that Arctic
precipitation can be approximated by upward moisture flux
[Eqg- (3) and Fig. 4]. Indeed, the sensitivity of daily precipita-
tion variability can also be attributed to vertical moisture flux
variability (Figs. 8d—f). Notably, the response magnitude of
vertical moisture flux variability in the Arctic 14-km model
exceeds that of precipitation variability response, resulting in
a larger difference between the models (cf. Figs. 8a—f). This
happens because the slope of the precipitation-to-upward
moisture flux relationship is less than one in the Arctic 14-km
model (Fig. 4), necessitating a larger increase in vertical moisture
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FIG. 5. Decomposition of the Arctic climatological total precipitation rates into contributions from wgsy and ggsy environmental condi-
tions shown for (left) global 110-km control, (middle) Arctic 14-km control, and (right) their difference. The Arctic 14-km output has
been regridded to the native global 110-km grid. (top) The time-mean magnitude term M(w;, ¢;) and (center) the space-time frequency
term f{w; ;). (bottom) The magnitude term multiplied by the space-time frequency term. Integrals over flw;, g;))M(w;, g;) give the clima-
tological, area-averaged total precipitation rate. Gray shading indicates areas with no bins in the combined wss;—gsso space. Note that the

color scales for the middle and bottom rows are nonlinear.

flux variability to produce the observed precipitation response.
Nevertheless, the relationship between precipitation and vertical
moisture flux holds for daily variability.

To further investigate the sensitivity of daily precipitation
variability to model resolution, we show vertical motion and
moisture variability in the bottom two rows of Fig. 8. Vertical
motion exhibits a similar sensitivity as vertical moisture flux,
with a larger increase in variability in the high-resolution
model compared to the low-resolution model. This contrib-
utes to the greater increase in precipitation variability in the
Arctic 14-km model relative to the global 110-km model. In
contrast, moisture variability shows little signal over the Arctic.
However, sea ice loss enhances mean moisture over the Arctic
(Fig. 7), with a slightly larger magnitude in the high-resolution
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model. As a result, an equivalent change in vertical motion
variability leads to a larger increase in vertical moisture flux
variability, helping to explain part of the resolution-dependent
difference in precipitation variability.

c. Sensitivity of atmospheric circulation response at
different resolutions

We now turn to the atmospheric circulation response to
Arctic sea ice loss. Figure 9 shows the boreal winter zonal-
mean temperature and zonal wind responses (shading) in the
Arctic 14-km and global 110-km configurations, along with
their differences, overlaid with their climatology (contours).
Both models exhibit strong surface-intensified Arctic amplifi-
cation in the lower troposphere in response to sea ice loss,
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FIG. 6. PDFs of the Arctic upward wgsp, gsso, and total precipitation rate for the control simulations in the global 110-km and Arctic 14-km
models. The Arctic 14-km output has been regridded to the native global 110-km grid.

accompanied by modest warming in the polar stratosphere.
Warming in the Arctic 14-km model is slightly stronger than
in the global 110-km model throughout the troposphere, with
a maximum difference of about 1 K around 800 hPa. Consis-
tent with thermal wind balance, zonal-mean zonal winds show
a strong deceleration centered around 60°N throughout the
free troposphere and lower stratosphere in response to Arctic
sea ice loss, with a weak but statistically significant strengthen-
ing around 35°N, in both models. The magnitude of the decel-
eration is approximately 50% larger in the Arctic 14-km
model compared to the global 110-km model (peak values of
1.90 m s~ ! compared to 1.25 m s~ ! at upper levels), consistent
with the greater tropospheric warming response.

The spatial distributions of the temperature response at
800 hPa and the zonal wind response at 500 hPa in the two
models are compared in Fig. 10. In response to sea ice loss,
both models show a significant temperature increase through-
out the Arctic, with the largest warming centered over major
ice loss regions such as Hudson Bay and the Barents—Kara
Seas and a significant zonal wind decrease between 65° and
80°N and increase at lower latitudes, indicative of a southward
shift of the Atlantic jet and a strengthening of the Pacific jet.
These results are largely consistent with previous modeling
studies (Ronalds et al. 2020; Peings et al. 2021; Yu et al. 2024).
Compared to the global 110-km model, the Arctic 14-km model
shows enhanced warming over the central Arctic and slight
cooling over the high-latitude continents (particularly central—
eastern Canada, central Europe, and eastern Russia), accom-
panied by a more pronounced zonal wind deceleration along
the Arctic coastline, particularly in the Eurasian sector, and a
small increase over eastern Canada and the Mediterranean
Sea (Figs. 10c,f).

Figure 11 shows the geopotential height response at 500
and 1000 hPa, along with the differences between the two
models. In response to sea ice loss, upper-level geopotential
height increases over the Arctic and decreases over the Pacific
and Atlantic—Europe sectors. In contrast, near-surface geopo-
tential height exhibits a zonal-wave-1 pattern at high latitudes,
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with positive anomalies over the Eurasian continent and
Greenland and negative anomalies over North America and
the Pacific Ocean. These features are consistent with previous
modeling results (e.g., Deser et al. 2016; Smith et al. 2022).
Consistent with the stronger Arctic warming in the Arctic
14-km model, its 500-hPa geopotential height response is
also more pronounced over the central Arctic, with weak
negative anomalies over eastern Canada and Europe. Col-
lectively, while these statistically significant response differ-
ences may project onto the negative phase of the North
Atlantic Oscillation (NAO; Hurrell 1995) or the Northern
Annular Mode (NAM; Thompson and Wallace 2000), they
do not fully resemble the canonical NAO/NAM patterns, as
the signals are primarily confined to the polar regions.

Previous studies have identified substantial internal vari-
ability in the effects of Arctic sea ice loss and suggested that
at least 200 ensemble members are needed to robustly iso-
late the forced response (Labe 2020; Peings et al. 2021; Sun
et al. 2022). Given that our Arctic 14-km ensemble is limited
to 100 members, we further examine the response uncertainty
through random sampling techniques. To do this, we follow
Deser et al. (2017) and apply a bootstrapping method (Mudelsee
2010) to the polar-cap (65°-90°N) temperature at 800 hPa. We
randomly sample 100 members from both the control and the fu-
ture sea ice experiments for both resolutions with replacement
and repeat this process 1000 times. Figure 12 shows the distribu-
tion of the differences in polar temperature responses in the two
models based on randomly sampled 100-member averages.
Depending on the members sampled, the magnitude of the
response difference varies between 0.2 and 0.8 K (Fig. 12a).
However, the response difference consistently shows relative
warming in the Arctic 14-km model across all 1000 iterations,
indicating that the enhanced warming in the high-resolution
model compared to the low-resolution model is a robust fea-
ture. We suspect that this might be related to the fact that local
response within the Arctic tends to have a larger signal-to-noise
ratio than the remote ones (e.g., midlatitude response discussed
in Streffing et al. 2021).
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FIG. 7. As in Figs. 5g, 5h, and 5i, but showing the response to Arctic sea ice loss for the (a)-(c) magnitude multiplied by space-time fre-
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Another key question is whether the distributions of the
temperature and circulation responses are connected. To in-
vestigate this, we applied the same selection procedure to the
500-hPa geopotential height and zonal wind responses and
generated scatterplots of the 100-member ensemble-mean re-
sponse differences of these variables (Figs. 12b,c). As expected,
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the polar-cap-averaged geopotential height and the 65°-80°N
zonal wind response differences are correlated with the temper-
ature response, with correlation coefficients of 0.65 and 0.44,
respectively. This indicates that variations in geopotential
height and zonal wind response differences are closely linked
to the magnitude of tropospheric warming. Additionally, we
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TABLE 2. As in Table 1, but for the Arctic daily precipitation
standard deviation and its response to Arctic sea ice loss.

Daily precipitation  Daily precipitation
variability climatology variability response

(mm day ') (mm day™!)
(a) Global 110-km 1.34 0.08
(b) Arctic 14-km 1.42 0.19
(c)b—a 0.08 0.11

constructed composite response differences between the Arctic
14-km and global 110-km models for the 5th-10th and 90th-95th
percentiles of the 800-hPa temperature, 500-hPa geopotential
height, and 500-hPa zonal wind. The results reveal similar spatial
patterns, though the magnitudes of the dynamical responses vary
(Figs. S3).

To further investigate the mechanism behind the temperature
response differences between the Arctic 14-km and global 110-km
models, we perform a thermodynamic budget analysis for
the polar-cap temperature tendency at 850-300 hPa using the
model’s 0.9° X 1.25° hybrid-coordinate output, following the
method of Wills et al. (2024). The time-mean thermodynamic
equation is given by

T 7T (w,T,)
Qlalenl + Qrad + Qlurb - Vy A ap( T) K
~— — ~— — p
o, Or TE,
TE,
~av,T - oV, T - (aaPT - Kw—) =0, (6)
S~— ———
Ay A,
A

where Q; represents the latent heating term and Qx denotes
the sum of radiative heating and heating by the turbulence
parameterization. The TE, and TE, correspond to transient
eddy meridional wind and vertical motion terms, respectively,
due to all resolved departures from the coarse-grained time
mean. The A,, A,, and A, represent the zonal, meridional, and
vertical dynamical contributions, with A,, including both vertical
advection and adiabatic heating. Assuming equilibrium, the sum
of these terms is zero. The residual, due to interpolation, is
smaller than any of the other terms and is not shown.

Figure 13 shows the climatology and response to Arctic sea
ice loss for each term in Eq. (6) averaged over the polar cap
in the free troposphere (300-850 hPa). The climatology in
both the Arctic 14-km and global 110-km models is governed
by a balance between radiation cooling (Qg) and heating
from condensation (Q,), mean advection (A, A,, and A,),
and transient-eddy heat fluxes (TE, and TE,) (Fig. 13a). The
response to Arctic sea ice loss in both models is primarily
driven by latent heat release from increased precipitation
(Qr), with smaller contributions from enhanced subsidence
heating (A,) and transient-eddy vertical heat flux (TE,), and
balanced by increased radiative cooling (Qr) and reduced
transient-eddy meridional heat flux (TE,), all of which are
consistent with a warming-driven adjustment (Fig. 13b). Al-
though the precipitation increases more in the Arctic 14-km
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model (Fig. 3), the increase in latent heating above 850 hPa
does not exceed that in the global 110-km model, likely because
condensation occurs primarily near the surface. In comparison,
the largest positive warming tendency difference between the
Arctic 14-km and global 110-km responses is found in the tran-
sient-eddy vertical heat flux term (TE,), suggesting that en-
hanced transient-eddy vertical heat transport may play a causal
role in the larger warming response observed in the Arctic
14-km model.

We also repeat the budget analysis for the whole atmo-
spheric column and find similar results, although the contribu-
tion of TE, becomes secondary to that of A, in explaining the
warming tendency difference between the two models (not
shown). Nevertheless, TE,, A,, and A, remain the primary
contributors to the enhanced warming in the Arctic 14-km
model. This suggests that transient vertical motions continue
to play a key role in driving the temperature and associated
dynamical response differences between the two resolutions.

4. Summary and discussion
a. Summary

In this study, we conducted PAMIP-type Arctic sea ice loss
experiments using two configurations of the global CAM6 at-
mospheric model: one at a horizontal resolution of 110 km
and the other with regional refinement of 14 km over the Arc-
tic. Previous studies have shown that simulated precipitation
is highly sensitive to horizontal resolution via linkages to verti-
cal motion (e.g., Herrington and Reed 2020). Here, we investi-
gate how the atmospheric response to Arctic sea ice loss varies
across horizontal resolutions and examine the underlying
mechanisms. Our results are based on 100-member ensem-
bles of preindustrial (1850-69) and future (2080-99) Arctic sea
ice conditions for the Arctic 14-km model and 600-member en-
sembles for the global 110-km model. Our main findings can be
summarized as follows.

1) The projected increase in Arctic precipitation during boreal
winter is strongly influenced by sea ice loss, which enhances
local moisture availability through increased upward latent
heat fluxes as newly ice-free surfaces become exposed to the
atmosphere.

2) The increase in Arctic precipitation in response to sea ice
loss is more pronounced at higher horizontal resolution.
This can be understood through changes in upward moisture
fluxes. In both model resolutions, higher Arctic moisture
availability leads to more frequent low-intensity precipitation
events, increasing total precipitation. Additionally, the
stronger upward motion in the high-resolution model com-
pared to the low-resolution model results in more higher-
intensity precipitation events and fewer lower-intensity
precipitation events, further amplifying the total precipi-
tation increase.

3) Beyond the mean precipitation response, sea ice loss also
enhances daily precipitation variability in the Arctic. This
increase is more than twice as large in the Arctic 14-km
model compared to the global 110-km model and is closely
linked to daily variability in vertical motion.

University of Colorado Libraries | Unauthenticated | Downloaded 03/30/26 09:48 PM UT(C



1 MAY 2026 SUN ET AL. 2051

Arctic 14-km

e

0.5

0.4

0.3

0.2

0.1

H 0.05

|
mm day

0.05
0.04
0.03
0.02
0.01
0.005

Pa/s

-0.005
-0.01
-0.02
-0.03
-0.04
-0.05

0.2
0.16
0.12
0.08
0.04
0.02

-0.02
-0.04
-0.08
-0.12
-0.16
-0.2

FIG. 8. Daily standard deviation response to Arctic sea ice loss in (left) global 110-km, (middle) Arctic 14-km, and (right) their difference
for (first row) total precipitation, (second row) upward moisture flux at 850 hPa, (third row) vertical motion, and (fourth row) moisture.

4) The Arctic 14-km model exhibits greater polar cap warm-
ing throughout the troposphere (peaking near 800 hPa)
compared to the global 110-km model, accompanied by a
50% stronger deceleration of the zonal-mean zonal winds

around 60°-80°N. The enhanced response in the Arctic
14-km model compared to the global 110-km model is not
attributable to noise, given the smaller ensemble size, as
shown by a bootstrapping analysis based on resampling.
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FIG. 9. Shading: responses of December-March (top) zonal-mean temperature (°C) and (bottom) zonal wind (m s~ 1) to Arctic sea ice
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and 10 m s~ !, Stippling indicates regions where the ensemble-mean difference is statistically significant at the 95% confidence level based

on the two-sided Student’s ¢ test.

The thermodynamic budget analysis suggests that the ad-
ditional warming in the high-resolution model is linked to
vertical heat transport, particularly by transient eddies.

Collectively, these results highlight the sensitivity of Arctic pre-
cipitation and atmospheric circulation responses to sea ice loss
across different horizontal resolutions. They also suggest that ver-
tical motion plays a crucial role in driving this sensitivity.

b. Discussion

The relative contributions of local evaporation and remote
moisture transport to future Arctic precipitation changes re-
main an active area of research. Leister et al. (2025) examined
late-twenty-first-century Arctic precipitation using both fully
coupled and atmosphere-only CESM configurations and indi-
cated that enhanced evaporation over newly ice-free ocean is
the leading contributor to the wintertime precipitation in-
crease, with remote SST forcing playing a secondary role. Al-
though our experiments do not isolate individual processes
such as the direct radiative effect of carbon dioxide (CO,) or
nonlinear interactions arising from the coinfluence of local
evaporation and remote moisture transport, our results are
consistent with the mechanism identified by Leister et al.
(2025). These comparisons reinforce that sea ice loss is an im-
portant, but not exclusive, factor shaping future Arctic precip-
itation changes.
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Our results also highlight key factors related to the sensitiv-
ity of simulated precipitation and atmospheric circulation to
horizontal resolution. First, precipitation sensitivity varies by
precipitation type, and changes in different types can offset
one another when considering total precipitation. This is con-
sistent with previous findings that higher resolution tends to
increase large-scale stratiform precipitation and reduce deep
convective precipitation (Terai et al. 2018; Herrington and
Reed 2020). In our experiments, the total precipitation re-
sponse to Arctic sea ice loss increases modestly (8.5%) from
the 110- to 14-km grid, but the response in large-scale precipi-
tation increases more substantially (25%). This illustrates
how resolution affects the partitioning among precipitation
types, even if the overall mean response changes only slightly.

Second, our scaling and physical decomposition analyses
suggest that the precipitation response to Arctic sea ice loss is
thermodynamically driven, mainly due to increased moisture
availability leading to more frequent low-intensity precipita-
tion events. In contrast, the influence of horizontal resolution
on both precipitation climatology and its response to Arctic
sea ice loss across resolutions is more closely linked to vertical
motion. At higher resolution, stronger vertical motion leads
to fewer low-intensity precipitation events and more frequent
higher-intensity precipitation events, resulting in an overall in-
crease in both precipitation climatology and response. The in-
crease in daily precipitation variability is also found to be
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FIG. 10. As in Fig. 9, but for the responses in 800-hPa temperature (°C) and 500-hPa zonal wind (m s~ 1) to Arctic sea ice loss in (left)

global 110-km, (middle) Arctic 14-km, and (right) their difference. Contours show the climatology with the interval of 5°C and 10 ms™ .

1

Stippling indicates regions where the ensemble-mean difference is statistically significant at the 95% confidence level based on the two-

sided Student’s 7 test.

linked to increased vertical motion variability. Therefore, the
resolution sensitivity of mean precipitation, precipitation vari-
ability, and their responses to sea ice loss are primarily dy-
namically driven.

It is also worth noting that the sensitivity to resolution man-
ifests differently in daily precipitation variability and the
mean precipitation response. The enhanced variability in the
Arctic 14-km model closely corresponds to increased variabil-
ity in vertical motion. By contrast, the amplified mean precipi-
tation response cannot be attributed to changes in the mean
vertical motion, which shows no systematic resolution depen-
dence (not shown). Instead, as sea ice retreats and local mois-
ture increases, the higher-resolution model permits a broader
range of vertical velocities. This enables stronger upward
moisture flux and more frequent high-intensity precipitation
events, while the coarser model tends to produce more low-
intensity events. This redistribution across precipitation inten-
sity contributes to the enhanced mean response in the Arctic
14-km model.

Third, our results reveal an amplified response of polar tro-
pospheric warming and associated zonal wind deceleration to
Arctic sea ice loss at high resolution. However, most of this
sensitivity is confined to high latitudes, with minimal exten-
sion south of ~30°N; further, the circulation response is dis-
tinct from the canonical NAO/NAM pattern. This latter point
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suggests that the eddy feedback mechanism proposed by
Smith et al. (2022) does not account for the sensitivity ob-
served here. Indeed, we find that the correlation between the
eddy momentum flux convergence and the mean flow remains
similar between global 110-km and Arctic 14-km resolutions
(not shown). By comparison, Wills et al. (2024) found a stron-
ger NAO response to Gulf Stream SST anomalies in a North
Atlantic-refined 14-km model resulted from stronger heat
fluxes by transient vertical motions, which we also found to be
important for the response to Arctic sea ice loss. This suggests
that higher resolution may be crucial for capturing the vertical
fluxes important for large-scale atmospheric circulation re-
sponses to a wide range of surface anomalies.

Our primary goal is to assess the sensitivity of Arctic pre-
cipitation to horizontal resolution, but it is also instructive to
compare our control simulations with reanalysis, despite the
fact that the model is driven by preindustrial surface bound-
ary forcing, which limits the fairness of the comparison.
Figure S4 shows the PDF of daily mean precipitation in bo-
real winter (DJF) over the Arctic from ERAS (Hersbach et al.
2020), the global 110-km model, and the Arctic 14-km model.
ERAS5, with a native resolution of ~31 km, assimilates obser-
vations but remains a model-based product, particularly in the
data-sparse Arctic. We find that ERAS exhibits stronger precip-
itation extremes than the global 110-km model, consistent with
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FIG. 11. As in Fig. 10, but for the geopotential height (gpm) response at 500 and 1000 hPa.

previous findings in Herrington et al. (2022), which showed that
a regionally refined CESM configuration at ~28-km resolution
better captured the intensity of high-latitude storms compared
to a coarser 110-km model. Our Arctic 14-km model produces
even stronger extremes than ERAS, which we interpret as a
manifestation of its further resolution enhancement compared
to ERAS rather than overestimation. This comparison reinfor-
ces our conclusion that horizontal resolution plays a critical role
in shaping both the distribution and the response of Arctic pre-
cipitation to sea ice loss.

Our results come with some limitations. First, our global
110-km sea ice experiments use the SE dynamical core, whereas
CESM2-LE uses the finite volume (FV) dynamical core. There-
fore, differences in response between the climate change sce-
nario and the sea ice experiment (recall Fig. 2) could partly be
due to the choice of dynamical cores, as shown in Jun et al.
(2018). Second, the Arctic 14-km simulation exhibits a slightly
weaker near-surface inversion compared to the global 110-km
model, consistent with reduced static stability and a modestly
higher planetary boundary layer height. Such thermodynamic
differences could potentially enable a broader range of vertical
velocity responses to sea ice loss, although the extent of this
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sensitivity remains uncertain and warrants dedicated inves-
tigation in future work.

Third, our experiments are conducted with an atmosphere-
only model, which allows us to isolate the atmospheric
response to prescribed Arctic sea ice loss but omits ocean
feedbacks. Prior fully coupled studies highlight several
large-scale oceanic adjustments outside the Arctic, includ-
ing weakened Atlantic meridional overturning circulation
(AMOC), large-scale SST warming, and an equatorward
shift of the intertropical convergence zone (ITCZ), all of
which are absent in our atmosphere-only setup (Deser
et al. 2015). These SST and circulation changes can further
warm the Arctic midtroposphere and enhance the Arctic precip-
itation response during winter (Deser et al. 2016; Blackport and
Kushner 2018), although the magnitude of this effect remains
uncertain because of potential artificial heating in the experi-
mental protocol (England et al. 2022). Together, these omit-
ted processes suggest that the sensitivity of the atmospheric
response across horizontal resolutions may be even greater
when ocean coupling is enabled. E3SM has the capability to
run regionally refined Arctic configurations in fully coupled
mode (Huo et al. 2025), making it well suited for exploring
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FIG. 12. (a) Histogram showing the bootstrapped distribution of the difference in polar-averaged (65°-90°N) temperature response at
800 hPa, based on random selection of 100 members from the global 110-km and Arctic 14-km simulations with replacement. (b) Scatter-
plot of the bootstrapped temperature response at 800 hPa vs the geopotential height response at 500 hPa, both averaged over the polar
cap. (c) Scatterplot of the bootstrapped polar-averaged temperature response at 800 hPa vs the zonal wind response averaged over

65°-80°N at 500 hPa. Numbers in parentheses represent the correlation coefficients.

the sensitivity of Arctic precipitation to resolution and cou-
pling complexity.

Despite this limitation, the utility of the atmosphere-only
framework is supported by analysis of PAMIP simulations
with CAM6 (Sun et al. 2022). These experiments show that
Arctic precipitation increases are primarily driven by sea ice
loss in regions with strong retreat, while global SST warming
exerts a more uniform influence. The combined response closely
matches the sum of the individual SST and sea ice effects, indi-
cating a near-linear additivity. These results support the use of
atmosphere-only models for isolating the influence of sea ice loss
and quantifying its contribution to the broader climate re-
sponse. In this novel context of the use of a regionally refined
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FIG. 13. Terms of the thermodynamic equation averaged over
the Arctic midtroposphere (65°-90°N; 300-850 hPa). (a) Climatol-
ogy in global 110-km and Arctic 14-km models. (b) Response to
sea ice loss in global 110-km and Arctic 14-km models. See Eq. (6)
for details of the individual terms.
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configuration to explore resolution impacts, setting up a tuned
and balanced coupled version of this regionally refined grid
would be a substantial task. While we recognize that work
should continue to explore the impacts of coupling on these re-
sults, we consider the evidence presented in support of the use
of atmosphere-only models to explore sea ice impacts to be suf-
ficient motivation to consider this work as a reasonable step to-
ward understanding resolution sensitivities.

Fourth, previous studies have shown that increasing both
horizontal and vertical resolutions can improve the simulation
of atmospheric processes (e.g., Skamarock et al. 2019; Streffing
et al. 2021). We use the same 32 vertical levels in both configu-
rations to isolate the impact of horizontal resolution without
introducing changes in model physics or requiring retuning.
Future versions of CESM, such as CESM3, with more bound-
ary layer levels and higher free-tropospheric resolution, will al-
low further exploration of this issue. Last, our results are based
on a single model, and some differences from Streffing et al.
(2021) may reflect model dependence. Nonetheless, our study
represents a step toward understanding resolution sensitivity and
highlights its importance through physically plausible mecha-
nisms. Conducting similar experiments with other climate
models would be a valuable next step.
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