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 1 

ABSTRACT 24 

The impact of future Arctic sea-ice loss on local climate and large-scale atmospheric 25 

circulation has been extensively studied, including through the Polar Amplification Model 26 

Intercomparison Project (PAMIP). However, the influence of horizontal resolution on 27 

these responses remains largely unexplored. This study addresses this gap by conducting a 28 

set of PAMIP-type experiments in parallel using the Community Earth System Model 29 

Version 2.2 (CESM2.2) at global 110-km and Arctic-refined 14-km resolutions, with 30 

outputs regridded to a common grid to enable direct comparison. Sea ice loss is identified 31 

as the dominant driver of future Arctic precipitation increases in boreal winter. The Arctic-32 

refined model exhibits a larger increase in precipitation over the sea ice loss region 33 

compared to the global 110-km model. This amplified response is linked to stronger 34 

updrafts and corresponding intensification of upward moisture transport. Additionally, 35 

daily precipitation variability increases in response to sea ice loss, with the change in the 36 

Arctic-refined model more than twice that in the global 110-km model, primarily connected 37 

to enhanced variability in vertical motion. Furthermore, both model resolutions capture 38 

Arctic amplification and associated dynamical responses, but the Arctic-refined model 39 

shows stronger warming and greater zonal wind deceleration over the polar cap. 40 

Thermodynamic budget analysis indicates that transient eddies associated with vertical 41 

motion are a major factor in the enhanced warming in the higher-resolution configuration. 42 

Collectively, these findings highlight the role of horizontal resolution in shaping Arctic 43 

precipitation and atmospheric circulation responses and underscore vertical motion as a 44 

key driver of this sensitivity.  45 
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SIGNIFICANCE STATEMENT 46 

This modeling study examines how increasing model horizontal resolution influences the 47 

atmospheric response to future Arctic sea-ice loss. Using the Community Earth System 48 

Model Version 2.2 (CESM2.2), we conducted two sea ice loss experiments, one with a 49 

typical climate model resolution and one with very high resolution over the Arctic, 50 

following an experiment protocol similar to the Polar Amplification Model 51 

Intercomparison Project (PAMIP). The results show that higher resolution leads to greater 52 

increases in Arctic precipitation and its variability in response to sea ice loss. Additionally, 53 

the simulations with high resolution over the Arctic exhibit stronger lower-tropospheric 54 

temperature and circulation responses over the polar cap compared to the coarser-55 

resolution simulations. These enhanced responses are likely linked to resolution-dependent 56 

differences in vertical motion. Our findings advance the understanding of high-resolution 57 

modeling and highlight the critical role of horizontal resolution in accurately simulating 58 

climate and climate change in the Arctic.  59 
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1. Introduction 60 

Arctic sea ice has declined rapidly over the past several decades (Fetterer et al. 2017; 61 

Meier and Stroeve 2022). Climate models project a seasonally ice-free Arctic Ocean by the 62 

middle of this century under increasing greenhouse gas (GHG) concentrations (Notz et al. 63 

2020). Sea ice loss has been identified as the primary driver of Arctic amplification, which 64 

is a prominent feature of anthropogenic climate change characterized by the 65 

disproportionate surface warming in the Arctic compared to lower latitudes (Serreze et al. 66 

2009; Screen and Simmonds 2010; Rantanen et al. 2022). Numerous studies have 67 

highlighted key climate feedbacks driving this amplification (e.g., Pithan and Mauritsen 68 

2014; Stuecker et al. 2018; Feldl and Merlis 2021; Hahn et al. 2021; Previdi et al. 2021; 69 

Jenkins and Dai 2021; Taylor et al. 2022; Zhou et al. 2024; Liang et al. 2025) and quantified 70 

the contribution of sea ice loss to Arctic warming (Dai and Song 2019; Feldl et al. 2020; 71 

Dai and Jenkins 2023; Jenkins et al. 2024). The influence of internal variability on observed 72 

and projected polar amplification has also been widely studied (England et al. 2021; 73 

Sweeney et al. 2023; Sweeney et al. 2024; Chen and Dai 2024). 74 

Beyond temperature changes, Arctic precipitation increases at a higher rate (~4.5% per 75 

degree of warming) than the global mean precipitation rate (~2%), a phenomenon known 76 

as precipitation amplification (Bintanja and Selten 2014; Pithan and Jung 2021). However, 77 

the mechanisms and the role of sea-ice loss remain uncertain. For example, one proposed 78 

mechanism links increased Arctic precipitation to greater evaporation driven by sea ice 79 

retreat (Bintanja and Selten 2014). This is consistent with the modeling study by Deser et 80 

al. (2010), which found that in response to sea ice loss, the seasonal cycle of Arctic 81 

precipitation change closely follows surface energy fluxes. In addition to local evaporation, 82 

poleward moisture transport from lower latitudes contributes to the projected increase in 83 

Arctic precipitation (Serreze et al. 2024). From an energetic perspective, Anderson et al. 84 

(2018) suggested that to first order latent heat release from Arctic precipitation is balanced 85 

by the reduced dry static energy convergence. Pithan and Jung (2021) argued that radiative 86 

cooling is the primary driver of future Arctic precipitation increases in boreal winter, which 87 
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can be further linked to Planck and cloud feedbacks (Bonan et al. 2023). In contrast, local 88 

evaporation following sea ice retreat was found to play a secondary role in their study. 89 

Yukimoto et al. (2024) suggested that increased radiative cooling and reduced dry static 90 

energy convergence contributed equally to the recent rise in Arctic precipitation. In 91 

addition to changes in mean precipitation, studies have also reported increases in Arctic 92 

precipitation variability across different timescales (Pendergrass et al. 2017; Bintanja et al. 93 

2020). 94 

Arctic sea ice loss can influence Northern Hemisphere (NH) large-scale atmospheric 95 

circulation and even global climate through ocean-atmosphere coupling (Barnes and 96 

Screen 2015). Modeling studies have also attempted to disentangle the effects of 97 

anthropogenic climate change by separating low-latitude warming from polar sea-ice loss 98 

(McCusker et al. 2017; Hay et al. 2018; Hay et al. 2022), suggesting a tug-of-war between 99 

these influences (e.g., Deser et al. 2015). However, the response of midlatitude atmospheric 100 

circulation and surface climate to Arctic sea ice loss, particularly over the observational 101 

period, remains highly debated (Barnes and Screen 2015; Sun et al. 2016; Blackport et al. 102 

2019; Blackport and Screen 2020; Cohen et al. 2020; Dai and Song 2020). Discrepancies 103 

among climate models may stem from differences in the magnitude and spatial pattern of 104 

sea-ice loss, stratospheric representation, background state, and model physics, among 105 

other factors (Screen et al. 2018). 106 

The Polar Amplification Model Intercomparison Project (PAMIP), part of the Coupled 107 

Model Intercomparison Project Phase 6 (CMIP6), aims to improve scientific understanding 108 

of the causes and consequences of polar amplification through a set of coordinated climate 109 

model experiments (Smith et al. 2019). These simulations have provided insights into key 110 

aspects of the effects of Arctic sea-ice loss, including dynamical mechanisms and 111 

robustness (Smith et al. 2022), sensitivity to the model’s basic state and emergent 112 

constraints (Smith et al. 2022; Screen et al. 2022; Simon et al. 2022; Sigmond and Sun 113 

2024), internal variability (Peings et al. 2021; Streffing et al. 2021; Sun et al. 2022), 114 

stratospheric pathways (Sun et al. 2022; Liang et al. 2023; Sigmond and Sun 2024), and 115 
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surface climate responses (Zheng et al. 2023; Ye et al. 2024), as well as the role of ocean-116 

atmosphere coupling (e.g., Kang et al. 2023).  117 

With increasing computational power, recent generations of global climate models have 118 

been developed at progressively higher horizontal resolutions (e.g., Caldwell et al. 2019; 119 

Chang et al. 2020; Harris et al. 2020), including the creation of km-scale global storm-120 

resolving models (Satoh et al. 2008; Caldwell et al. 2019; Cheng et al. 2022; Hohenegger 121 

et al. 2023; Rackow et al. 2024; Segura et al. 2025). A key effort in this advancement is 122 

the High-Resolution Model Intercomparison Project (HighResMIP; Haarsma et al. 2016; 123 

Roberts et al. 2024), which was established to systematically assess the influence of 124 

horizontal resolution on climate simulations. Compared to low-resolution models, high-125 

resolution models can capture fine-scale climate processes more accurately, thereby 126 

potentially reducing mean biases (Lu et al. 2015; Moreno-Chamarro et al. 2022; 127 

Athanasiadis et al. 2022), improving the representation of climate variability (Smirnov et 128 

al. 2015; Larson et al. 2024; Patrizio et al. 2023; Williams et al. 2024; Wills et al. 2024; 129 

Sun et al. 2025), and enhancing both decadal climate predictions (Yeager et al. 2023) and 130 

long-term projections (Xu et al. 2024). Furthermore, high-resolution models are helping to 131 

bridge the longstanding divide between weather and climate research by enabling 132 

consistent treatment of mesoscale processes across timescales (Randall and Emanuel 2024). 133 

Global high-resolution models are typically too computationally expensive for long-134 

term climate simulations, particularly for climate processes with inherently low signal-to-135 

noise ratios. In contrast, regional refinement configurations (or global variable-resolution 136 

models) provide a more computationally efficient alternative and have been developed for 137 

various applications (e.g., Lauritzen et al. 2018; Tang et al. 2023; Lin et al. 2024). These 138 

models have been widely used to study extreme convective storms (e.g., derechos; Liu et 139 

al. 2023), tropical cyclones (Zarzycki et al. 2014), Greenland’s mass balance (Herrington 140 

et al. 2022), precipitation and snowpack (Rhoades et al. 2016; Huang et al. 2022), extreme 141 

winds (Morris et al. 2024), ocean-atmosphere interactions (Wills et al. 2024), and future 142 

Arctic extreme temperature and precipitation changes (Wijngaard et al. 2025). For instance, 143 
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Herrington et al. (2022) found that the Arctic-refined configuration of the Community 144 

Earth System Model version 2.2 (CESM2.2) produced a more realistic representation of 145 

precipitation along the storm track compared to standard low-resolution models. Similarly, 146 

Huo et al. (2024) evaluated the Department of Energy’s (DOE) Energy Exascale Earth 147 

System Model version 2.1 (E3SMv2.1) with an Arctic regionally refined mesh (25-km 148 

atmosphere and land, 10-km ocean-ice) and found reduced biases and improved 149 

simulations of Arctic precipitation and atmospheric circulation. These findings underscore 150 

the influence of horizontal resolution on Arctic precipitation and atmospheric circulation.  151 

Modeling studies have consistently demonstrated that precipitation intensity generally 152 

increases with horizontal resolution, a relationship often attributed to the sensitivity of 153 

vertical motion to grid spacing (Rauscher et al. 2016; Terai et al. 2016; O’Brien et al. 2016; 154 

Herrington and Reed 2020; Rasmussen et al. 2023). Using the Boussinesq approximation, 155 

Jeevanjee and Romps (2016) provided a theoretical physical basis for this sensitivity, 156 

suggesting that resolution-dependent vertical motion arises from scaling arguments for the 157 

acceleration of a buoyant air parcel interacting with its environment. Building on this 158 

framework, Herrington and Reed (2017, 2018) adopted the Boussinesq approach under the 159 

hydrostatic approximation and proposed a power-law scaling of vertical velocity with grid 160 

spacing, ∆𝑥𝑛 , where 𝑛  =-1. This result contrasts with the earlier scaling analysis by 161 

Rauscher et al. (2016), who applied the continuity equation to the spectral properties of 162 

horizontal wind and suggested a scaling exponent of 𝑛 = −
2

3
 for horizontal scales of ~100 163 

km or smaller. Herrington and Reed (2020) confirmed the –1 scaling through convergence 164 

experiments and further linked the sensitivity of both large-scale and convective 165 

precipitation to resolution through the increase in vertical velocity with resolution. 166 

However, to our knowledge, few studies have specifically examined how the precipitation 167 

response to changes in boundary conditions, such as sea-ice loss, varies with horizontal 168 

resolution.  169 

The influence of horizontal resolution on the large-scale atmospheric circulation 170 

response to Arctic sea-ice loss has been previously examined by Streffing et al. (2021), 171 
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who compared three 100-member PAMIP experiments using the Integrated Forecasting 172 

System (IFS) at global resolutions of 125 km, 39 km, and 16 km, and found no detectable 173 

sensitivity. This lack of resolution dependence was attributed to internal atmospheric 174 

variability, which can obscure the forced response even in large ensembles (Peings et al. 175 

2021; Sun et al. 2022). However, this single-model result does not rule out resolution-176 

dependent effects, particularly for local responses that may exhibit a higher signal-to-noise 177 

ratio (Screen et al. 2013). A more comprehensive assessment remains warranted, with a 178 

focus on Arctic precipitation and high-latitude circulation responses, as the former has yet 179 

to be explored. 180 

This study investigates the sensitivity of the atmospheric response to future Arctic sea-181 

ice loss across different horizontal resolutions and identifies the underlying mechanisms. 182 

We use a global atmospheric general circulation model with two different resolutions over 183 

the Arctic (110-km and 14-km) and conduct a set of parallel PAMIP-type experiments to 184 

assess resolution-dependent responses to Arctic sea ice loss, with a focus on Arctic 185 

precipitation and high-latitude atmospheric circulation in boreal winter (December–186 

January–February; DJF). The paper is structured as follows: Section 2 details the model 187 

experimental design; Section 3 presents results on precipitation and atmospheric 188 

circulation responses; and Section 4 provides a summary and discussion. 189 

2. Model experimental design 190 

a. Model description 191 

We use the Community Atmosphere Model Version 6.3 (CAM6.3; Craig et al. 2021; 192 

Gettelman et al. 2019), which serves as the atmospheric component of the CESM2.2 193 

(Danabasoglu et al. 2020). CESM2 ranks within the top 10% of CMIP-class models in 194 

many atmospheric circulation metrics (Simpson et al. 2020). A major update to CAM6's 195 

physical parameterization is the Cloud Layers Unified by Binormals (CLUBB) scheme 196 

(Larson et al. 2002; Bogenschutz et al. 2013), which acts jointly as a planetary boundary 197 

layer, shallow convection, and cloud macrophysics scheme. Here, we use CAM6.3 with 198 



 8 

the Spectral-Element (SE) dynamical core (Lauritzen et al. 2018), which is capable of 199 

regional refinement. 200 

We employ two model resolutions: a standard global uniform-area grid (i.e., 201 

ne30pg3_ne30pg3_mg17) with approximately 110-km resolution (hereafter Global 110-202 

km), and an Arctic-refined grid in which the resolution increases from ~110 km to ~14 km 203 

over the Arctic (i.e., ne30x8_mt12; hereafter Arctic 14-km; Fig. 1). Both configurations 204 

have the same 32 vertical levels, with a model top at 2.26 hPa (Danabasoglu et al. 2020). 205 

Our computational cost analysis on the National Center for Atmospheric Research 206 

(NCAR)’s supercomputer Cheyenne shows that the Arctic 14-km model requires 207 

approximately 38 times more core hours than the Global 110-km model, whereas 208 

increasing the global resolution to 14-km results in a much steeper increase — 209 

approximately 512 times more. This underscores that regional refinement is a far more 210 

affordable and computationally efficient approach to higher resolution if the resolution 211 

over a specific domain is the primary interest. 212 

b. PAMIP-type experimental protocol 213 

We conduct atmosphere-only time-slice experiments similar, but not identical, to the 214 

PAMIP protocols (Smith et al. 2019). In all experiments, radiative forcing is fixed at year 215 

2000 levels. Two types of sea ice experiments are conducted: a preindustrial control and a 216 

future perturbation, which resemble the PAMIP piSST-piSIC and piSST-futArcSIC 217 

experiments, respectively. In the preindustrial control, Arctic sea ice concentration and sea 218 

surface temperature (SST) are prescribed from the ensemble mean of 1850–1869 averages 219 

from the CESM2-Large Ensemble (CESM2-LE; Rodgers et al. 2021). The perturbation 220 

experiment follows the same setup but replaces the control Arctic sea ice concentration 221 

with its projected 2080–2099 average under the Shared Socioeconomic Pathway 3-7.0 222 

(SSP3-7.0) scenario, also from CESM2-LE. In the perturbation experiments, SSTs remain 223 

the same as in the control, except in regions where sea ice loss exceeds 10%. In these areas,  224 
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 225 

Figure 1: Arctic-refined CESM grids, with horizontal resolution varying from 14 km in the Arctic 226 

(dense hatching) to 110 km in the far field. The shading represents the ensemble mean change in 227 

December-February Arctic sea ice concentration (unit of %) between 1850-1869 and 2080-2099, based 228 

on the ensemble-mean of the CESM2-large ensemble dataset. 229 

SSTs are set to 2080–2099 values to account for both sea ice loss and the associated local 230 

SST warming (Smith et al. 2019). 231 

The projected change in boreal winter (DJF) sea ice concentration from 1850-1869 to 232 

2080-2099 shows ice loss throughout the Arctic marginal ice zones, with the most 233 

pronounced reductions occurring in the Chukchi Sea, Barents-Kara Seas, and Hudson Bay 234 

(Fig. 1, color shading). These regions are mostly contained within the 14-km mesh in the 235 

high-resolution configuration (Fig. 1, dense hatching). Note that the future Arctic sea ice 236 

area loss prescribed in this study is somewhat greater than that used in PAMIP (e.g., 6.5 237 

million km2 in our simulations compared to 3.5 million km2 in PAMIP). The choice of a 238 

stronger sea-ice forcing in this study is intended to maximize the signal, making it easier 239 

to detect the sensitivity to resolution.  240 

We first run a 1-year control simulation and select a mid-September day (September 18) 241 

as the initial condition for both the preindustrial control and future sea ice experiments. 242 

Each experiment runs until the end of February of the following year; outputs from 243 
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September to November are discarded as spin-up. We generate ensembles using the micro-244 

perturbation method (i.e., “pertlim”), which introduces a small random atmospheric 245 

temperature perturbation (order 10-14 K) to the initial conditions in each experiment. Due 246 

to computational constraints, we run 100 ensemble members for the Arctic 14-km 247 

configuration from a single initial condition. For the Global 110-km model, we run 600 248 

members in total: 300 members initialized on September 18 of year 1, and an additional 249 

300 members initialized on September 18 of year 2, after extending the control run by one 250 

more year.  251 

c. Model diagnostics and resolution sensitivity assessment 252 

Throughout the paper, comparisons are made between the Arctic 14-km and Global 110-253 

km ensembles. In most cases, both model outputs are regridded to a common 0.94ox1.25o 254 

latitude-longitude grid (note that the Global 110-km model uses an equal-area grid, not a 255 

latitude–longitude grid). For precipitation scaling and decomposition analyses, the native 256 

grid is preferred due to its equal-area properties, which simplify area-based calculations. 257 

To enable comparison, the Arctic 14-km output is regridded to the native global 110-km 258 

grid using the Earth System Modeling Framework (ESMF) first-order conservative 259 

remapping algorithm (Team et al. 2021). Monthly outputs are used in most analyses, except 260 

for precipitation scaling and decomposition, which use 6-hourly instantaneous outputs.  261 

The effect of Arctic sea-ice loss is isolated by computing the difference between the 262 

ensemble means of the future and preindustrial sea ice experiments for each model 263 

resolution. A two-sided Student’s t-test at the 95% confidence level is used to evaluate 264 

statistical significance.  265 

3. Results 266 

a. The role of sea ice loss for Arctic precipitation changes 267 

We first examine the role of sea-ice loss in future Arctic precipitation changes. The left 268 

panel of Figure 2 shows the boreal winter (DJF) total precipitation change from 1850–1860 269 

to 2080–2099 under the SSP3-7.0 scenario in CESM2-LE (run at global 1° resolution), 270 
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alongside the contribution from Arctic sea-ice loss, as simulated in the corresponding 271 

Global 110-km experiment conducted in this work. Over the polar cap (65–90°N), about 272 

62% of the total precipitation increase is attributed to Arctic sea ice loss, rising to 90% 273 

poleward of 75°N. When separated by precipitation type, sea ice loss alone accounts for 274 

57% of the future increase in large-scale stratiform precipitation and the entirety of the 275 

increase in parameterized convective precipitation. These results highlight the critical role 276 

of sea ice loss in driving future Arctic precipitation increases during boreal winter. 277 

 278 
 279 

Figure 2: Precipitation, evaporation and moisture convergence difference between 1850-1869 and 280 

2080-2099 in the CESM2-LE simulations and the response to corresponding Arctic sea ice loss 281 

conducted using Global 110-km resolution. Units are mm day-1. Stippling indicates regions where the 282 

ensemble mean difference is significantly different from zero at the 95% confidence level based on a 283 

two-sided student’s t-test. 284 

To better understand the mechanism behind the precipitation changes, we analyze the 285 

steady-state moisture budget equation:  286 

𝑃 = 𝐸 − ∇. 〈u𝑞〉                                                            (1) 287 

where 𝑃 is precipitation, 𝐸  is evaporation, ∇ is the nabla operator on a sphere, u is the 288 
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horizontal wind vector, 𝑞 is specific humidity, and 〈. 〉 denotes a density weighted vertical 289 

integral over the atmospheric column. As shown in the middle and right panels of Figure 290 

2, the precipitation increase over the sea ice loss region is primarily driven by enhanced 291 

evaporation, associated with increased surface latent heat flux. This increase is partially 292 

offset by changes in moisture convergence (i.e., the second term on the right-hand side of 293 

Eq. 1). The consistency in the evaporation and moisture convergence response between 294 

future project and sea ice experiments implies that this mechanism and the resulting 295 

precipitation change can be largely explained by sea ice loss. These findings support the 296 

mechanism proposed by Bintanja and Selten (2014), who suggested that future Arctic 297 

precipitation increase in boreal winter is mainly due to enhanced local evaporation 298 

associated with sea ice retreat, with poleward moisture transport from lower latitudes being 299 

less important.  300 

We also examine the energetic constraints on Arctic precipitation changes by analyzing 301 

the atmospheric energy budget. 302 

 𝐿𝑝 = 𝑅 − 𝐷𝑆𝐸𝑎𝑑𝑣 − 𝑆𝐻                                                            (2) 303 

where Lp is the latent heat release due to precipitation, R is the radiative cooling of the 304 

atmospheric column, defined as the sum of top-of-atmosphere (TOA) and surface 305 

radiative flux. DSEadv is the dry static energy due to advection, and SH is the surface 306 

sensible heat flux. Consistent with previous studies (Pithan and Jung 2021; Bonan et al. 307 

2023), we find that the increase in latent heat release from precipitation in the SSP3-7.0 308 

simulation is primarily balanced by radiative cooling, while changes in surface sensible 309 

heat flux and dry static energy largely offset each other. However, our analysis also shows 310 

that sea-ice loss accounts for the majority of future changes in all three budget terms 311 

(Supplementary material, Figure S1), highlighting the central role of sea ice boundary 312 

forcing for precipitation changes. This contrasts from Pithan and Jung (2021), who 313 

concluded that sea ice retreat and the associated surface flux changes played a second role 314 

for future Arctic precipitation increases in boreal winter. We interpret this apparent 315 

discrepancy as evidence that radiative cooling and sea ice retreat are linked processes. 316 
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Thus, the radiative cooling mechanism does not preclude a key role for sea ice retreat in 317 

shaping future Arctic precipitation changes. 318 

b. Sensitivity of Arctic precipitation response at different resolutions 319 

Next, we examine the sensitivity of Arctic precipitation to horizontal resolution. Table 320 

1 shows the polar cap (65–90°N) climatological mean precipitation and the mean 321 

precipitation response to Arctic sea ice loss in both the Global 110-km and Arctic 14-km 322 

models. Arctic precipitation is predominantly large-scale, accounting for approximately 97% 323 

of the climatological total in the Global 110-km model and 99% in the Arctic 14-km model. 324 

The increase in large-scale precipitation and decrease in convective precipitation at higher 325 

resolution align with previous findings (e.g., Terai et al. 2018; Herrington and Reed 2020). 326 

Total precipitation in the Arctic 14-km model is only slightly higher (~2.5%) than that in 327 

the Global 110-km model. In response to Arctic sea-ice loss, both large-scale and 328 

convective precipitation increase. For both precipitation types, the difference in response 329 

between the two models aligns with their climatology, where larger climatological values 330 

correspond to larger responses (Table 1 and Fig. 3 top two rows).  331 

Table 1. Arctic precipitation climatology and its mean response to sea-ice loss during boreal winter 332 

(DJF) in Global 110-km and Arctic 14-km. The Arctic is defined as 65-90oN polar cap. 333 

 Mean Precipitation Climatology 

(mm day-1) 

Mean Precipitation Response          

(mm day-1) 

 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 
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 334 

Figure 3: Mean large-scale, convective and total precipitation (unit of mm day-1) response to Arctic 335 

sea-ice loss in (a) Global 110-km, (b) Arctic 14-km, and (c) their difference. Stippling indicates regions 336 

where the difference between the two ensemble means is statistically significant at the 95% confidence 337 

level based on a two-sided student’s t-test. 338 

It is worth noting that in the Arctic 14-km model, the “large-scale” precipitation category 339 

includes a broader spectrum of resolved motions, capturing smaller-scale features that 340 

remain unresolved in the Global 110-km model. As a result, a larger proportion of 341 

precipitation is classified as large-scale in the high-resolution model. This distinction 342 

highlights the resolution dependence of process representation: what is treated as 343 

parameterized subgrid convection at coarse resolution may become partially resolved at 344 

finer resolution. Although 14-km grid spacing is generally considered too coarse to fully 345 
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resolve deep convection, models at this resolution often begin to exhibit convective 346 

behavior without relying entirely on parameterization. These partially resolved convective 347 

cores can improve precipitation skill and, in some cases, outperform a purely parameterized 348 

convection scheme. 349 

 Overall, total precipitation in the Arctic 14-km model increases by about 8.5% more 350 

than in the Global 110-km model. The spatial pattern of the mean precipitation response 351 

reveals that the largest increases occur over regions of sea ice loss in both models (Fig. 3 352 

bottom row), consistent with the local increases in evaporation shown previously. The 353 

difference between the Arctic 14-km and Global 110-km mean precipitation responses is 354 

largely uniform across the Arctic. 355 

    Previous studies have linked daily precipitation to upward moisture flux at the cloud 356 

base, following the principle that “what goes up, must come down” (Rauscher et al. 2016). 357 

This relationship is described by the approximate scaling equation: 358 

𝑃𝑡𝑜𝑡 ≈ −
1

𝑔𝜌𝑤
𝜔𝑞|𝑐𝑏                                                               (3) 359 

where 𝜔𝑞|𝑐𝑏  represents the combined product of ascending motion 𝜔  and specific 360 

humidity at the cloud base, typically approximated as 850 hPa (e.g., O’Brien et al. 2016), 361 

with 𝑔 = 9.8 m s-2 and 𝜌𝑤 is the density of rainwater (1000 kg m-3). To conduct a similar 362 

scaling analysis, we regrid the Arctic 14-km output onto the native Global 110-km grid 363 

using a conservative remapping method, which allows for direct comparison between the 364 

two resolutions. 365 

Figure 4 illustrates the scaling relationship between Arctic precipitation and the 366 

corresponding upward moisture flux for both model resolutions using 6-hourly 367 

instantaneous data. The scaling relationship remains robust, especially in the Global 110-368 

km model. The Arctic 14-km model exhibits a slightly lower slope compared to the Global 369 

110-km model, likely due to reduced saturated moisture content and/or precipitation 370 

efficiency.  However, its maximum precipitation is greater than that of the Global 110-km 371 

model. This is primarily due to stronger upward moisture flux associated with enhanced 372 
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vertical motion, even after regridding to coarse grids, a feature also noted in O’Brien et al. 373 

(2016; their figure 8). This suggests that the sensitivity of Arctic mean precipitation and its 374 

response to sea ice loss across different horizontal resolutions can be explained by 375 

variations in vertical velocity (ω) and moisture. 376 

 377 

Figure 4: Arctic precipitation rates versus upward moisture flux at the 850-hPa level during boreal 378 

winter (DJF). Solid lines represent the median precipitation rates corresponding to bins of moisture flux, 379 

while the shaded areas indicate the interquartile range for each bin. Blue curve indicates the Global 110-380 

km model and red curve indicates the Arctic 14-km output regridded to global 110-km grid. Dashed line 381 

indicates the scaling equation predicted by Rauscher et al. (2016). 382 

    Following Herrington and Reed (2020), we decompose spatially-averaged precipitation 383 

(𝑃�̅� ) over the polar cap (65o-90oN) as a double sum of the product of the time-mean 384 

magnitude (Ms) and the time-mean spatial frequency (fs) across the ω and moisture space 385 

at 850 hPa:  386 

𝑃�̅� = ∑ ∑ 𝑓𝑠(𝜔𝑖 , 𝑞𝑗)𝑀𝑠(𝜔𝑖 , 𝑞𝑗)𝑗𝑖                                              (4) 387 

where 𝜔𝑖  and 𝑞𝑗  represent the bins for 850-hPa vertical motion (every 0.1 Pa/s) and 388 

specific humidity (every 0.2 g/kg), respectively. 𝑓𝑠 measures the occurrence of a particular 389 

combination of (𝜔𝑖 , 𝑞𝑗), while Ms denotes the mean total precipitation associated with that 390 

combination of (𝜔𝑖 , 𝑞𝑗) . Thus, the product fsMs represents the contribution of each 391 

combination (𝜔𝑖 , 𝑞𝑗) to total precipitation.   392 
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Figure 5 shows the magnitude (Ms), frequency (fs) and their combined product (fsMs) for 393 

Arctic precipitation in both models. In both the Arctic 14-km and Global 110-km models, 394 

the lowest precipitation magnitude occurs when the vertical motion and specific humidity 395 

are near zero. By contrast, heavy precipitation is observed when strong upward motion 396 

coincides with high moisture, consistent with the scaling relationship between precipitation 397 

and upward moisture flux (Equation 3 and Figure 4). Notably, the distribution in the Arctic 398 

14-km model is broader horizontally than in the Global 110-km model, leading to an 399 

increase in heavy precipitation associated with extreme upward moisture flux. This 400 

highlights the sensitivity of precipitation to horizontal resolution, particularly in relation to 401 

the spectrum of upward motion.  402 

Figure 6 further illustrates this by comparing the probability density functions (PDFs) 403 

of Arctic upward motion, moisture, and precipitation at the two resolutions, using 6-hourly 404 

instantaneous data. The Arctic 14-km  model exhibits stronger upward motion and greater 405 

precipitation compared to the Global 110-km model. This is consistent with previous 406 

findings that higher-resolution models tend to produce stronger vertical motion and more 407 

intense extremes, even after their output is regridded onto a lower-resolution grid (e.g., 408 

Herrington and Reed, 2020). In contrast, the moisture PDFs are similar between the two 409 

resolutions, with the Arctic 14-km model even showing slightly lower moisture values. 410 

This suggests that differences in vertical motion, not differences in moisture, explain the 411 

sensitivity of precipitation to resolution.  412 

It is also important to note that total precipitation is determined by both the time-mean 413 

spatial frequency (fs) and magnitude (Ms). Extreme precipitation events are rare (see the 414 

nonlinear y-axis in Figure 6) and thus contribute minimally to total precipitation. Instead, 415 

total precipitation is primarily determined by the frequency distribution, which peaks when 416 

vertical motion is near zero, corresponding to low-intensity precipitation events. The Arctic  417 
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 418 

Figure 5. Decomposition of the Arctic climatological total precipitation rates into contributions from 419 

𝜔850  and 𝑞850  environmental conditions, shown for (a) Global 110-km control, (b) Arctic 14-km 420 

control, and (c) their difference. The Arctic 14-km output has been regridded to the native global 110-421 

km grid. Top panel shows the time-mean magnitude term 𝑀(𝜔𝑖 , 𝑞𝑗) and middle panel shows the space-422 

time frequency term 𝑓(𝜔𝑖 , 𝑞𝑗) . Bottom panel is the magnitude term multiplied by the space-time 423 

frequency term. Integrals over 𝑓(𝜔𝑖 , 𝑞𝑗)𝑀(𝜔𝑖 , 𝑞𝑗)  give the climatological, area-averaged total 424 

precipitation rate. Gray shading indicates areas with no bins in the combined 𝜔850-𝑞850 space. Note that 425 

the color scales for middle and bottom rows are nonlinear. 426 

14-km model exhibits a broader range of vertical motions with a more frequent occurrence 427 

of extreme upward motion than the Global 110-km model (Figure 5, middle panel). As a 428 

result, the Global 110-km model has a greater contribution from low-intensity precipitation, 429 

while the Arctic 14-km model shows a higher contribution from higher-intensity 430 

precipitation events (Figure 5, bottom panel; Figure 6). Therefore, despite similar total 431 
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precipitation rates, the precipitation distribution differs between the two models, 432 

highlighting the sensitivity of precipitation characteristics to horizontal resolution, even 433 

after regridding to a common 110-km grid. 434 

 435 

Figure 6. Probability density functions (PDFs) of the Arctic upward 𝜔850, 𝑞850 and total precipitation 436 

rate for the control simulations in the Global 110-km and Arctic 14-km models. The Arctic 14-km output 437 

has been regridded to the native global 110-km grid. 438 

Figure 7 shows the combined products (fsMs) of total precipitation response  to Arctic 439 

sea-ice loss, along with its individual contributions from changes in frequency, magnitude, 440 

and their covariance, as described by the following equation: 441 

∆𝑃�̅� = ∑ ∑ ∆(𝑓𝑠𝑀𝑠)𝑗𝑖 = ∑ ∑ ∆𝑓𝑠𝑀𝑠𝑗𝑖 + ∑ ∑ 𝑓𝑠∆𝑀𝑠 + 𝑗𝑖 ∑ ∑ ∆𝑓𝑠∆𝑀𝑠 𝑗𝑖           (5) 442 

In response to Arctic sea ice loss, the contribution to total precipitation from conditions 443 

when moisture exceeds 0.5 g/kg increases and the contribution from conditions when it 444 

falls below this threshold decreases, reflecting a thermodynamic effect linked to increased 445 

moisture availability. The change in the precipitation frequency-magnitude distribution is 446 

primarily explained by changes in frequency, with the increase partly offset by a decrease 447 

in magnitude, and to a lesser extent, by changes in the covariance between frequency and 448 

magnitude. Additionally, the stronger vertical motion in the Arctic 14-km model leads to 449 

increases in frequency across a broader range of vertical motions, explaining the overall 450 

larger precipitation increase in the Arctic 14-km model (Figure 7, right panel).  451 
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 452 

 Figure 7. As in Figure 5 bottom panel, but showing the response to Arctic sea-ice loss for the (top) 453 

magnitude multiplied by space-time frequency term (i.e., 𝑓(𝜔𝑖 , 𝑞𝑗)𝑀(𝜔𝑖 , 𝑞𝑗) ), (middle upper) 454 

magnitude multiplied by change in frequency, and (middle lower) change in magnitude multiplied by 455 

frequency, and (bottom) change in magnitude multiplied by change in frequency. Panel c displays the 456 

difference between Global 110-km and Arctic 14-km models. The Arctic 14-km output has been 457 

regridded to the native global 110-km grid. Gray shading indicates areas with no bins in the combined 458 

𝜔850-𝑞850 space. Note that the color scales are nonlinear. 459 
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Arctic sea ice loss not only increases mean precipitation but also alters daily 460 

precipitation variability. Table 2 presents the climatological daily precipitation standard 461 

deviation, computed at each location then averaged over the polar-cap, along with its 462 

response to Arctic sea-ice loss in both resolutions. The Arctic 14-km model exhibits only 463 

a slightly higher daily precipitation variability (~6%) compared to the Global 110-km 464 

model. However, in response to sea-ice loss, the increase in daily variability in the Arctic 465 

14-km model is more than twice that of the Global 110-km model, highlighting a strong 466 

sensitivity to model resolution.  467 

Table 2. As in table 1, but for the Arctic daily precipitation standard deviation and its response to Arctic 468 

sea ice loss. 469 

 Daily Precip Variability climatology 

(mm day-1) 

Daily Precip Variability Response 

(mm day-1) 

a) Global 110-km 1.34 0.08 

b) Arctic 14-km  1.42 0.19 

c) b-a 0.08 0.11 

 470 

The top row of Figure 8 shows the spatial distribution of the response in daily 471 

precipitation standard deviation for both models and their differences, indicating that 472 

regions with substantial sea-ice loss experience the largest increases in variability. Both 473 

models exhibit similar spatial patterns, with the Arctic 14-km model showing a greater 474 

magnitude of increase; the difference between the models is nearly uniform across the 475 

Arctic. In contrast, near-surface temperature variability shows no clear sensitivity to 476 

resolution, with both models exhibiting similar decreased daily temperature variability (not 477 

shown). 478 
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 479 

Figure 8. Daily standard deviation response to Arctic sea-ice loss in (a) Global 110-km, (b) Arctic 14-480 

km and (c) their difference for (top) total precipitation, (middle upper) upward moisture flux at 850 hPa, 481 

(middle lower) vertical motion, and (bottom) moisture.  482 

What causes daily precipitation variability to respond more strongly to Arctic sea-ice 483 

loss in the high-resolution model compared to the low-resolution model? Recall that Arctic 484 

precipitation can be approximated by upward moisture flux (Equation 3 and Figure 4). 485 
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Indeed, the sensitivity of daily precipitation variability can also be attributed to vertical 486 

moisture flux variability (Figure 8, second row). Notably, the response magnitude of 487 

vertical moisture flux variability in the Arctic 14-km model exceeds that of precipitation 488 

variability response, resulting in a larger difference between the models (cf. Figure 8, top 489 

and second rows). This happens because the slope of the precipitation-to-upward moisture 490 

flux relationship is less than one in the Arctic 14-km model (Figure 4), necessitating a 491 

larger increase in vertical moisture flux variability to produce the observed precipitation 492 

response. Nevertheless, the relationship between precipitation and vertical moisture flux 493 

holds for daily variability.  494 

To further investigate the sensitivity of daily precipitation variability to model resolution, 495 

we show vertical motion and moisture variability in the bottom two rows of Fig. 8. Vertical 496 

motion exhibits a similar sensitivity as vertical moisture flux, with a larger increase in 497 

variability in the high-resolution model compared to the low-resolution model. This 498 

contributes to the greater increase in precipitation variability in the Arctic 14-km model 499 

relative to the Global 110-km model. In contrast, moisture variability shows little signal 500 

over the Arctic. However, sea ice loss enhances mean moisture over the Arctic (Fig. 7), 501 

with a slightly larger magnitude in the high-resolution model. As a result, an equivalent 502 

change in vertical motion variability leads to a larger increase in vertical moisture flux 503 

variability, helping to explain part of the resolution-dependent difference in precipitation 504 

variability. 505 

c. Sensitivity of atmospheric circulation response at different resolutions 506 

We now turn to the atmospheric circulation response to Arctic sea-ice loss. Figure 9 507 

shows the boreal winter zonal-mean temperature and zonal wind responses (shading) in the 508 

Arctic 14-km and Global 110-km configurations, along with their differences, overlaid 509 

with their climatology (contours). Both models exhibit strong surface-intensified Arctic 510 

amplification in the lower troposphere in response to sea ice loss, accompanied by modest 511 

warming in the polar stratosphere. Warming in the Arctic 14-km model is slightly stronger 512 

than in the Global 110-km model throughout the troposphere, with a maximum difference 513 
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of about 1 K around 800 hPa.  Consistent with thermal wind balance, zonal-mean zonal 514 

winds show a strong deceleration centered around 60°N throughout the free troposphere 515 

and lower stratosphere in response to Arctic sea-ice loss, with a weak but statistically 516 

significant strengthening around 35°N, in both models. The magnitude of the deceleration 517 

is approximately 50% larger in the Arctic 14-km model compared to the Global 110-km 518 

model (peak values of 1.90 m s-1 compared to 1.25 m s-1 at upper levels), consistent with 519 

the greater tropospheric warming  response.  520 

 521 

Figure 9: Shading: responses of December-March zonal-mean (top) temperature (unit of oC), (bottom) 522 

zonal wind (unit of m s-1) to Arctic sea-ice loss in (a) Global 110-km, (b) Arctic 14-km, and their 523 

difference. Contours show the climatology with the interval of 10oC, 10 m s-1. Stippling indicates  524 

regions where the ensemble mean difference is statistically significant at the 95% confidence level based 525 

on two-sided student’s t-test. 526 

The spatial distributions of the temperature response at 800 hPa and the zonal wind 527 

response at 500 hPa in the two models are compared in Fig. 10.  In response to sea-ice loss, 528 

both models show a significant temperature increase throughout the Arctic, with the largest 529 

warming centered over major ice loss regions such as Hudson Bay and the Barents-Kara 530 

Seas, and a significant zonal wind decrease between 65°–80°N and increase at lower 531 
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latitudes, indicative of a southward shift of the Atlantic jet and a strengthening of the 532 

Pacific jet. These results are largely consistent with previous modeling studies (Ronalds et 533 

al. 2020; Peings et al. 2021; Yu et al. 2024). Compared to the Global 110-km model, the 534 

Arctic 14-km model shows enhanced warming over the central Arctic and slight cooling 535 

over the high latitude continents (particularly central-eastern Canada, central Europe, and 536 

eastern Russia), accompanied by a more pronounced zonal wind deceleration along the 537 

Arctic coastline, particularly in the Eurasian sector, and a small increase over eastern 538 

Canada and the Mediterranean Sea (Fig. 10c).  539 

 540 

Figure 10: As in Fig. 9, but for the responses in 800-hPa temperature (unit of oC) and 500-hPa zonal 541 

wind (unit of m s-1) to Arctic sea ice loss in (a) Global 110-km, (b) Arctic 14-km, and their difference. 542 

Contours show the climatology with the interval of 5oC, and 10 m s-1. Stippling indicates  regions where 543 

the ensemble mean difference is statistically significant at the 95% confidence level based on two-sided 544 

student’s t-test. 545 

Figure 11 shows the geopotential height response at 500 hPa and 1000 hPa, along with 546 

the differences between the two models. In response to sea ice loss, upper-level 547 

geopotential height increases over the Arctic and decreases over the Pacific and Atlantic-548 
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Europe sectors. In contrast, near-surface geopotential height exhibits a zonal wave-1 549 

pattern at high latitudes, with positive anomalies over the Eurasian continent and Greenland 550 

and negative anomalies over North America and the Pacific Ocean. These features are 551 

consistent with previous modeling results (e.g., Deser et al. 2016; Smith et al. 2022). 552 

Consistent with the stronger Arctic warming in the Arctic 14-km model, its 500-hPa 553 

geopotential height response is also more pronounced over the central Arctic, with weak 554 

negative anomalies over eastern Canada and Europe. Collectively, while these statistically 555 

significant response differences may project onto the negative phase of the North Atlantic 556 

Oscillation (NAO; Hurrell 1995) or the Northern Annular Mode (NAM; Thompson and 557 

Wallace 2000), they do not fully resemble the canonical NAO/NAM patterns, as the signals 558 

are primarily confined to the polar regions. 559 

 560 

Figure 11: As in Fig. 10, but for the geopotential height (unit: gpm) response at 500 hPa and 1000 hPa. 561 
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Previous studies have identified substantial internal variability in the effects of Arctic 562 

sea ice loss and suggested that at least 200 ensemble members are needed to robustly isolate 563 

the forced response (Labe 2020; Peings et al. 2021; Sun et al. 2022). Given that our Arctic 564 

14-km ensemble is limited to 100 members, we further examine the response uncertainty 565 

through random sampling techniques.  To do this, we follow Deser et al. (2017) and apply 566 

a bootstrapping method (Mudelsee 2010) to the polar-cap (65–90°N) temperature at 800 567 

hPa. We randomly sample 100 members from both the control and the future sea ice 568 

experiments for both resolutions with replacement and repeat this process 1000 times. 569 

Figure 12 shows the distribution of the differences in polar temperature responses in the 570 

two models based on randomly sampled 100-member averages. Depending on the 571 

members sampled, the magnitude of the response difference varies between 0.2 - 0.8 K 572 

(Fig. 12a). However, the response difference consistently shows relative warming in Arctic 573 

14-km across all 1000 iterations, indicating that the enhanced warming in the high-574 

resolution model compared to the low-resolution model is a robust feature.  575 

 576 

Figure 12: (a) Histogram showing the bootstrapped distribution of the difference in polar-averaged 577 

(65°–90°N) temperature response at 800 hPa, based on random selection of 100 members from the 578 

Global 110-km and Arctic 14-km simulations with replacement. (b) Scatter plot of the bootstrapped 579 

temperature response at 800 hPa versus the geopotential height response at 500 hPa, both averaged over 580 

the polar cap. (c) Scatter plot of the bootstrapped polar-averaged temperature response at 800 hPa versus 581 

the zonal wind response averaged over 65°–80°N at 500 hPa. Numbers in parentheses represent the 582 

correlation coefficients. 583 

Another key question is whether the distributions of the temperature and circulation 584 

responses are connected. To investigate this, we applied the same selection procedure to 585 
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the 500-hPa geopotential height and zonal wind responses and generated scatter plots of 586 

the 100-member ensemble mean response differences of these variables (Figure 12b, c). 587 

As expected, the polar-cap-averaged geopotential height and the 65–80°N zonal wind 588 

response differences are correlated with the temperature response, with correlation 589 

coefficients of 0.65 and 0.44, respectively. This indicates that variations in geopotential 590 

height and zonal wind response differences are closely linked to the magnitude of 591 

tropospheric warming. Additionally, we constructed composite response differences 592 

between the Arctic 14-km and Global 110-km models for the 5th–10th and 90th–95th 593 

percentiles of the 800-hPa temperature, 500-hPa geopotential height, and 500-hPa zonal 594 

wind. The results reveal similar spatial patterns, though the magnitudes of the dynamical 595 

responses vary (Figures S2).  596 

To further investigate the mechanism behind the temperature response differences 597 

between the Arctic 14-km and Global 110-km models, we perform a thermodynamic 598 

budget analysis for the polar-cap temperature tendency at 850–300 hPa using the model’s 599 

0.94°x1.25° hybrid-coordinate output, following the method of Wills et al. (2024). The 600 

time-mean thermodynamic equation is given by: 601 

𝑄𝑙𝑎𝑡𝑒𝑛𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅⏟  
𝑄𝐿
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𝑄𝑅
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                                                (6)                                              603 

where QL represents the latent heating term, QR denotes the sum of radiative heating and 604 

heating by the turbulence parameterization. TEy and TEp correspond to transient eddy 605 

meridional wind and vertical motion terms, respectively, due to all resolved departures 606 

from the coarse-grained time mean. Ax, Ay, and Ap represent the zonal-mean horizontal, 607 

meridional, and vertical advection terms. Assuming equilibrium, the sum of these terms is 608 

zero. The residual, due to interpolation, is smaller than any of the other terms and is not 609 

shown.  610 
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Figure 13 shows the climatology and response to Arctic sea ice loss for each term in 611 

Equation (6) averaged over the polar cap in the free troposphere (300-850 hPa). The 612 

climatology in both the Arctic 14-km and Global 110-km models is governed by a balance 613 

between radiation cooling (QR) and heating from condensation (QL), mean advection  (Ax, 614 

Ay and Ap) and transient-eddy heat fluxes (TEy and TEp) (Fig. 13a). The response to Arctic 615 

sea ice loss in both models is primarily driven by latent heat release from increased 616 

precipitation (QL), with a smaller contributions from enhanced subsidence heating (Ap) and 617 

transient-eddy vertical heat flux (TEp), and balanced by increased radiative cooling (QR) 618 

and reduced transient-eddy meridional heat flux (TEy), all of which are consistent with a 619 

warming-driven adjustment (Fig. 13b). Although the precipitation increases more in the 620 

Arctic 14-km model (Fig. 3), the increase in latent heating above 850 hPa does not exceed 621 

that in the Global 110-km model, likely because condensation occurs primarily near the 622 

surface. In comparison, the largest positive warming tendency difference between the 623 

Arctic 14-km and Global 110-km responses is found in the transient-eddy vertical heat flux 624 

term (TEp), suggesting that enhanced transient-eddy vertical heat transport may play a 625 

causal role in the larger warming response observed in the Arctic 14-km model.  626 

 627 
Figure 13: Terms of the thermodynamic equation averaged over the Arctic mid-troposphere (65-90N; 628 

300-850 hPa). (a) Climatology in Global 110-km and Arctic 14-km models. (b) Response to sea-ice loss 629 

in Global 110-km and Arctic 14-km models. See Eq. (6) for details of the individual terms. 630 
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We also repeat the budget analysis for the whole atmospheric column and find similar 631 

results, although the contribution of TEp becomes secondary to that of Ap in explaining the 632 

warming tendency difference between the two models (not shown). Nevertheless, TEp, Ap 633 

and Ay remain the primary contributors to the enhanced warming in the Arctic 14-km model. 634 

This suggests that transient vertical motions continue to play a key role in driving the 635 

temperature and associated dynamical response differences between the two resolutions.  636 

4. Summary and Discussion 637 

a. Summary 638 

In this study, we conducted PAMIP-type Arctic sea ice loss experiments using two 639 

configurations of the global CAM6 atmospheric model: one at a horizontal resolution of 640 

110-km and the other with regional refinement of 14-km over the Arctic. Previous studies 641 

have shown that simulated precipitation is highly sensitive to horizontal resolution via 642 

linkages to vertical motion (e.g., Herrington and Reed 2020). Here, we investigate how the 643 

atmospheric response to Arctic sea ice loss varies across horizontal resolutions and 644 

examine the underlying mechanisms. Our results are based on 100-member ensembles of 645 

pre-industrial (1850-1869) and future (2080-2099) Arctic sea ice conditions for the Arctic 646 

14-km model, and 600-member ensembles for the Global 110-km model. Our main 647 

findings can be summarized as follows. 648 

1) The projected increase in Arctic precipitation during boreal winter is primarily driven 649 

by sea ice loss. This increase is linked to enhanced local moisture availability due to 650 

stronger upward latent heat fluxes as the sea ice barrier between the ocean and the 651 

surface disappears. 652 

2) The increase in Arctic precipitation in response to sea ice loss is more pronounced at 653 

higher horizontal resolution. This can be understood through changes in upward 654 

moisture fluxes. In both model resolutions, higher Arctic moisture availability leads to 655 

more frequent low-intensity precipitation events, increasing total precipitation. 656 

Additionally, the stronger upward motion in the high-resolution model compared to the 657 
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low-resolution model results in more higher-intensity precipitation events and fewer 658 

lower-intensity precipitation events, further amplifying the total precipitation increase. 659 

3) Beyond the mean precipitation response, sea ice loss also enhances daily precipitation 660 

variability in the Arctic. This increase is more than twice as large in the Arctic 14-km 661 

model compared to the Global 110-km model and is closely linked to daily variability 662 

in vertical motion. 663 

4) The Arctic 14-km model exhibits greater polar cap warming throughout the troposphere 664 

(peaking near 800 hPa) compared to the Global 110-km model, accompanied by a 50% 665 

stronger deceleration of the zonal-mean zonal winds around 60°-80°N.  The enhanced 666 

response in the Arctic 14-km model compared to the Global 110-km model is not 667 

attributable to the smaller ensemble size, as shown by a bootstrapping analysis based 668 

on resampling. Thermodynamic budget analysis suggests that the additional warming 669 

in the high-resolution model is linked to vertical heat transport, particularly by transient 670 

eddies. 671 

    Collectively, these results highlight the sensitivity of Arctic precipitation and 672 

atmospheric circulation responses to sea ice loss across different horizontal resolutions. 673 

They also suggest that vertical motion plays a crucial role in driving this sensitivity. 674 

b. Discussion 675 

Our results highlight key factors related to the sensitivity of simulated precipitation and 676 

atmospheric circulation to horizontal resolution. First, precipitation sensitivity strongly 677 

depends on precipitation type and the extent to which changes in different types of 678 

precipitation offset each other. The percentage change in precipitation is more substantial 679 

when each precipitation type is considered individually, as opposed to considering total 680 

precipitation. For example, previous work found that increasing resolution enhances large-681 

scale stratiform precipitation but reduces deep convective precipitation (Terai et al. 2018; 682 

Herrington and Reed 2020). Our results align with these findings and further show that the 683 

response of precipitation to Arctic sea ice loss follows a comparable sensitivity. Although 684 

the total precipitation response increases by just 0.02 mm day-1 (8.5%) from the Global 685 
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110-km to Arctic 14-km resolution, the change for large-scale precipitation is 0.05 mm 686 

day-1, representing a 25% increase. This demonstrates that the sensitivity is even more 687 

pronounced when considering individual precipitation types separately. 688 

Secondly, our scaling and physical decomposition analyses suggest that the precipitation 689 

response to Arctic sea-ice loss is thermodynamically driven, mainly due to increased 690 

moisture availability leading to more frequent low-intensity precipitation events. In 691 

contrast, the influence of horizontal resolution on both precipitation climatology and its 692 

response to Arctic sea ice loss across resolutions is more closely linked to vertical motion. 693 

At higher resolution, stronger vertical motion leads to fewer low-intensity precipitation 694 

events and more frequent higher-intensity precipitation events, resulting in an overall 695 

increase in both precipitation climatology and response. The increase in daily precipitation 696 

variability is also found to be linked to increased vertical motion variability. Therefore, the 697 

resolution sensitivity of mean precipitation, precipitation variability, and their responses to 698 

sea ice loss, are primarily dynamically driven.  699 

Thirdly, our results reveal an amplified response of polar tropospheric warming and 700 

associated zonal wind deceleration to Arctic sea ice loss at high resolution. However, most 701 

of this sensitivity is confined to high latitudes, with minimal extension south of ~30°N; 702 

further, the circulation response is distinct from the canonical NAO/NAM pattern. This 703 

latter point suggests that the eddy feedback mechanism proposed by Smith et al. (2022) 704 

does not account for the sensitivity observed here. Indeed, we find that the eddy feedback 705 

parameter remains similar between Global 110-km and Arctic 14-km resolutions (not 706 

shown). By comparison, Wills et al. (2024) found a stronger NAO response to Gulf Stream 707 

SST anomalies in a North Atlantic-refined 14-km model resulted from stronger heat fluxes 708 

by transient vertical motions, which we also found to be important for the response to 709 

Arctic sea-ice loss. This suggests that higher resolution may be crucial for capturing the 710 

vertical fluxes important for large-scale atmospheric circulation responses to a wide range 711 

of surface anomalies.  712 
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Our results come with some limitations. First, our Global 110-km sea ice experiments 713 

use the SE dynamical core, whereas CESM2-LE uses the Finite Volume (FV) dynamical 714 

core. Therefore, differences in response between the climate change scenario and the sea 715 

ice experiment (recall Figure 2) could partly be due to the choice of dynamical cores, as 716 

shown in Jun et al. (2018). Second, the Arctic 14-km simulation appears to have a slightly 717 

weaker near-surface inversion than the Global 110-km model (not shown), although how 718 

this might impact the sensitivity to sea ice loss remains unclear. Third, our experiments are 719 

conducted with an atmosphere-only model. Previous modeling studies have shown that 720 

ocean-atmosphere coupling amplifies the atmospheric response to Arctic sea ice loss and 721 

extends it globally (e.g., Deser et al. 2015; Deser et al. 2016), although the magnitude of 722 

this effect has recently been questioned due to the experimental protocol (England et al. 723 

2022).  This suggests that the sensitivity of the atmospheric response across horizontal 724 

resolutions may be even greater when ocean coupling is enabled. Lastly, our results are 725 

based on a single model and some differences from Streffing et al. (2021) may reflect 726 

model dependence. Nonetheless, our study represents a step toward understanding 727 

resolution sensitivity and highlights its importance through physically plausible 728 

mechanisms. Conducting similar experiments with other climate models would be a 729 

valuable next step.  730 
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