'.) Check for updates

A p_J [ 2DVANCING
“\UU :::g;l sl::sl:qces

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2023JD038824

Key Points:

e Both surface roughness and stability
changes from sea ice loss drive the
sign and magnitude of projected
Arctic wind speed trends

e Changing surface roughness does not
drive significant coupled feedbacks
that impact Arctic sea ice mean state
and trends

e Decreasing surface roughness from
ice loss modestly impacts surface
momentum fluxes but turbulent heat
flux impacts are insignificant

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

A. K. DuVivier,
duvivier@ucar.edu

Citation:

DuVivier, A. K., Vavrus, S. J., Holland,
M. M., Landrum, L., Shields, C. A., &
Thaker, R. (2023). Investigating future
Arctic sea ice loss and near-surface
wind speed changes related to surface
roughness using the Community

Earth System Model. Journal of
Geophysical Research: Atmospheres,
128, 2023JD038824. https://doi.
org/10.1029/2023JD038824

Received 4 MAR 2023
Accepted 10 SEP 2023

Author Contributions:

Conceptualization: Alice K. DuVivier,
Stephen J. Vavrus, Marika M. Holland,
Laura Landrum, Christine A. Shields,
Rudradutt Thaker

Data curation: Alice K. DuVivier
Formal analysis: Alice K. DuVivier,
Stephen J. Vavrus, Marika M. Holland

Funding acquisition: Stephen J. Vavrus,

Laura Landrum

Investigation: Alice K. DuVivier
Project Administration: Stephen J.
Vavrus, Laura Landrum
Validation: Alice K. DuVivier

© 2023. The Authors.

This is an open access article under
the terms of the Creative Commons
Attribution -NoDerivs License, which
permits use and distribution in any
medium, provided the original work is
properly cited and no modifications or
adaptations are made.

Investigating Future Arctic Sea Ice Loss and Near-Surface
Wind Speed Changes Related to Surface Roughness Using the
Community Earth System Model

Alice K. DuVivier!
Christine A. Shields!

, Stephen J. Vavrus?? (2, Marika M. Holland!
, and Rudradutt Thaker?*

, Laura Landrum! ),

!Climate and Global Dynamics, National Center for Atmospheric Research, Boulder, CO, USA, *Nelson Institute Center for
Climatic Research, University of Wisconsin, Madison, W1, USA, 3Wisconsin State Climatology Office, Madison, WI, USA,
“Department of Atmospheric and Oceanic Sciences, University of Wisconsin, Madison, W1, USA

Abstract The Arctic is undergoing a pronounced and rapid transformation in response to changing
greenhouse gasses, including reduction in sea ice extent and thickness. There are also projected increases

in near-surface Arctic wind. This study addresses how the winds trends may be driven by changing surface
roughness and/or stability in different Arctic regions and seasons, something that has not yet been thoroughly
investigated. We analyze 50 experiments from the Community Earth System Model Version 2 (CESM2) Large
Ensemble and five experiments using CESM2 with an artificially decreased sea ice roughness to match that

of the open ocean. We find that with a smoother surface there are higher mean wind speeds and slower mean
ice speeds in the autumn, winter, and spring. The artificially reduced surface roughness also strongly impacts
the wind speed trends in autumn and winter, and we find that atmospheric stability changes are also important
contributors to driving wind trends in both experiments. In contrast to the clear impacts on winds, the sea ice
mean state and trends are statistically indistinguishable, suggesting that near-surface winds are not major drivers
of Arctic sea ice loss. Two major results of this work are: (a) the near-surface wind trends are driven by changes
in both surface roughness and near-surface atmospheric stability that are themselves changing from sea ice loss,
and (b) the sea ice mean state and trends are driven by the overall warming trend due to increasing greenhouse
gas emissions and not significantly impacted by coupled feedbacks with the surface winds.

Plain Language Summary This study uses coupled Earth system model experiments to investigate
how changes in near-surface winds in the Arctic may be driven by changing surface roughness and/or stability
in different regions and seasons. We find that the near-surface wind mean state and future trends are driven by
changes in both surface roughness and atmospheric stability that are changing due to sea ice loss. In contrast,
the sea ice mean state and trends are primarily driven by overall warming trends and not significantly impacted
by coupled interactions with the surface winds. Our study results are important because they show that sea

ice loss is driving future change in meteorological near-surface conditions that can impact vessel-based
transportation in the Arctic.

1. Introduction

The Arctic is undergoing dramatic changes in response to rising temperatures from increases in global green-
house gasses. Some of the most dramatic observed changes have been the decline in sea ice extent and volume
over the past several decades (Kwok, 2018; Meier et al., 2022) and the increasing Arctic wind speeds over the
historical period (Jakobson et al., 2019; Redilla et al., 2019; Stegall & Zhang, 2012). In future decades, sea ice
is projected to decrease and the Arctic will become seasonally ice free (e.g., DeRepentigny et al., 2020; Jahn
etal., 2016; Notz & Community, 2020). Models also project that near-surface wind speeds are likely to get higher
in the Arctic (e.g., Alkama et al., 2020; Knippertz et al., 2000; McInnes et al., 2011; Mioduszewski et al., 2018;
Vavrus & Alkama, 2021).

The combination of sea ice loss with increasing winds has important implications for people in the Arctic. Sea ice
loss has expanded marine access for larger vessels (Melia et al., 2016; Stevenson et al., 2019), and the combina-
tion of more open water with stronger winds has led to larger wave heights in the Arctic in the recent past due to
increased fetch without sea ice cover (Wang et al., 2015; Waseda et al., 2018). Indeed, projections using coupled
ocean-wave models indicate future increases in significant wave heights in the Arctic, though there is relatively

DUVIVIER ET AL.

1 of 23


http://Creative Commons Attribution -NoDerivs
http://Creative Commons Attribution -NoDerivs
https://orcid.org/0000-0001-6920-5926
https://orcid.org/0000-0002-7612-3109
https://orcid.org/0000-0001-5621-8939
https://orcid.org/0000-0002-6003-1146
https://orcid.org/0000-0003-4481-1377
https://doi.org/10.1029/2023JD038824
https://doi.org/10.1029/2023JD038824
https://doi.org/10.1029/2023JD038824
https://doi.org/10.1029/2023JD038824
https://doi.org/10.1029/2023JD038824
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JD038824&domain=pdf&date_stamp=2023-10-11

A7oN |

A\IV Journal of Geophysical Research: Atmospheres 10.1029/2023JD038824

ADVANCING EARTH
AND SPACE SCIENCES

Writing — original draft: Alice K.
DuVivier, Stephen J. Vavrus, Marika M.
Holland, Laura Landrum, Christine A.
Shields, Rudradutt Thaker

large variability in the wave field (Dobrynin et al., 2012; Khon et al., 2014). Larger waves will impact both large
vessels as well as smaller boats, leading, e.g., to a decreasing frequency of subsistence whale hunting activities
(Ashjian et al., 2010). Additionally, larger waves, especially during cyclones, contribute to severe coastal erosion
that threatens human settlements (Barnhart et al., 2014). Therefore, it is particularly important to fully understand
the relationships between sea ice loss and near-surface winds due to the large human and physical system impacts.

Multiple studies of coupled model projections using different model configurations and forcing scenarios indicate
that in the Arctic near-surface wind speeds are likely to get higher particularly in autumn and winter (e.g., Alkama
etal., 2020; Knippertz et al., 2000; MclInnes et al., 2011; Mioduszewski et al., 2018; Schneider et al., 2022; Vavrus
& Alkama, 2021; Yu et al., 2020). Early global studies did not focus on causes for the Arctic change (Dobrynin
et al., 2012; Mclnnes et al., 2011), and some early Arctic-focused studies identified a likely relationship between
sea ice loss and winds but did not investigate the mechanisms further (Aksenov et al., 2016; Khon et al., 2014).
Winds are caused by large scale atmospheric pressure gradients that drive geostrophic winds, which are modified
by turbulent transfer of momentum. Thus, there are three possible drivers of increasing Arctic near-surface winds.
First, tightening of atmospheric pressure gradients due to changes in circulation could increase geostrophic wind
speeds. Recent studies show that across a variety of coupled models pressure gradients and the resulting impact
on geostrophic wind speed are largely insignificant and therefore not a primary driver of near-surface wind
change (Mioduszewski et al., 2018; Ruosteenoja et al., 2019; Vavrus & Alkama, 2021). Second, reduced atmos-
pheric stability due to enhanced surface warming as sea ice melts (Kay et al., 2011) could lead to enhanced turbu-
lent transport from the free troposphere downward (Jakobson et al., 2019; Knippertz et al., 2000; Ruosteenoja
et al., 2019; Seo & Yang, 2013). Third, reduction in surface roughness due to the transition from sea ice cover
to open ocean could lead to an acceleration of near-surface winds (Knippertz et al., 2000; Martin et al., 2014).

The relative contribution of the stability and surface roughness to the wind speed increases is still unclear. Addi-
tionally, the relationships between changing winds and sea ice as both drivers of and responders to regional
climate change are not well understood. Strengthening of the poleward near-surface wind component has been
found to enhance the poleward moisture and heat flux that may boost sea ice loss (Alkama et al., 2020). Addition-
ally, increasing near-surface wind speeds could initiate feedbacks related to ocean mixing and/or ice transport that
could impact sea ice loss. Therefore, this manuscript aims to answer the following two questions:

1. What are the relative contributions of changing surface roughness and boundary layer stability to the projected
increasing wind speeds?

2. Does changing surface roughness have any coupled impacts that contribute to Arctic sea ice loss or affect
turbulent fluxes?

To answer these questions, we modify the sea ice roughness in an earth system model to artificially reduce sea ice
roughness so it is comparable to ocean values, and thereby remove the trend in surface roughness over the 21st
century that would normally accompany sea ice loss. We compare these perturbed experiments to a large initial
condition ensemble as a control. While our results rely on only one model, we are able to quantify the impact of
the changing surface roughness on Arctic wind speed mean state and trends and coupled processes.

2. Data and Methods
2.1. Model Experiments

This study uses the Community Earth System Model Version 2 (CESM2) (Danabasoglu et al., 2020). As control
experiments, we analyze 50 members of the CESM2 Large Ensemble (CESM2-LE) that use standard Coupled
Model Intercomparison Project Phase 6 (CMIP6) historical forcing (1850-2014) and SSP3-7.0 forcing for future
experiments (2015-2100) (Rodgers et al., 2021). All model experiments use the same standard model config-
uration that is described in detail in Danabasoglu et al. (2020) and Rodgers et al. (2021). All components are
at nominal 1° resolution, and the ice and ocean models share a model grid that has uniform zonal spacing but
varying meridional spacing. The CESM2 atmospheric component is Community Atmosphere Model version 6
(CAMO6), which has 32 vertical levels, and the ocean component is the Parallel Ocean Program version 2 (POP2),
which has 60 vertical levels. CESM2 uses the CICE version 5 (CICES) thermodynamic-dynamic sea ice model
(Hunke et al., 2015). The surface fluxes are calculated in the surface model (CICES or POP2 for ocean points)
and passed through a coupler to the atmosphere model (CAM6). In CESM2, CICES has an ice thickness distri-
bution (five categories), prognostic sea ice salinity, and salinity dependent freezing temperature (Assur, 1958).
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The parameterization of roughness in CESM2 is simple and set to a constant (see Section 2.2), and ice keel and
sail heights are not explicitly modeled. Arctic sea ice in CESM2 has been validated by multiple studies in terms
of ice extent and area, and seasonal cycle (e.g., DeRepentigny et al., 2020; A. K. DuVivier et al., 2020; Webster
et al., 2021).

To test the degree to which changing surface aerodynamic roughness and therefore the air-ice drag coefficient
influences near-surface wind trends, we performed fully coupled experiments with the same model configuration
and forcing as the CESM2-LE but artificially reduced, for the most typical range of wind speeds, the Arctic sea
ice roughness such that it is comparable to ocean values. We refer to these experiments as SMOOTH in this manu-
script and describe the modified equations in Section 2.2. These experiments utilize the CESM model as a virtual
laboratory to better understand feedbacks and processes if surface roughness conditions do not vary in time. The
SMOOTH experiments were performed as follows. A single SMOOTH ensemble member with the code change
described below was branched from the CESM2-LE control experiment on 1 January 1940 and allowed to freely
evolve until 31 December 2014 when CMIP6 historical forcing ends. By completing a 65 year historical model
integration, we allow mean state changes originating from the smoothing over sea ice to equilibrate. Then on 1
January 2015 we branched five SMOOTH ensemble members from the historical SMOOTH experiment. All five
members use the same model code and external forcing, but we provided a random microperturbation (10~14) to
initial atmospheric temperatures. After applying this round-off level perturbation, each ensemble member evolves
freely under the same SSP3-7.0 forcing as the CESM2-LE until 2100. All analysis presented in this manuscript
uses data from the five ensembles from 2015 to 2100, the period after the historical spin-up was completed.
Applying surface smoothing over sea ice results in neutral drag coefficients roughly 50%—60% lower than would
otherwise be found over sea ice for wind speeds below 20 m s~! (Figure 1). We perform our analysis in this study
over the future period (2020-2100) where we have multiple ensemble members available. Due to the difference
in ensemble sizes (CESM2-LE—n = 50; SMOOTH—n = 5) there is more variability expected in the ensemble
mean from SMOOTH as compared to CESM2-LE. Thus, when comparing area mean time series we use boot-
strapping, or random resampling to generate statistics as described in Kay et al. (2022), to statistically assess
when the SMOOTH ensemble members are different from CESM2-LE. For this study, we focus on the central
Arctic (blue shaded region in Figure 1d) and we define seasons based on the sea ice annual cycle. The sea ice
growth season is autumn (October, November, December) and winter (January, February, March) while the sea
ice melt season is spring (April, May, June), and summer (July, August, September).

2.2. CESM2 Code Modification

Here, we detail the modification we make to the CESM2 model code to artificially smooth the Arctic sea ice. We
applied the smoothing only to the Arctic to ensure minimal impacts elsewhere around the globe. Surface rough-
ness is not directly passed to the atmosphere model in CESM2, but it is used to calculate turbulent fluxes that
are passed to the atmosphere model through a coupler. To fully understand how the changes in surface roughness
would impact coupled surface exchanges, we also describe the turbulent momentum and heat flux calculations
in CICE. It is important to note that the treatment of turbulent transfer in CESM2, as well as other Earth system
models, is much simpler than in reality. However, because these simple formulations are so widely used in models
used for climate projections they are worth investigating.

We modify only the neutral drag coefficient between the ice and atmosphere in the atmospheric boundary layer
routine in CICE. The default neutral drag coefficient over sea ice is a constant and calculated as follows:

2

Cdhyee = | —— (1

()
20

where k = 0.4 is the von Karman constant, z,_efis the reference height above the surface (10 m), and z,is a constant
ice roughness length (0.0005 m). In contrast, the neutral drag coefficient over open ocean uses the empirically

derived wind speed dependent equation from Large and Yeager (2009)

0.0027

atm

CdNpen = +0.000142 + (0.0000764 5 Upn) @)
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a) CESM2-LE b) SMOOTH
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Figure 1. March 2015-2019 mean sea ice-air drag coefficient (unitless) in the central Arctic over areas with sea ice concentrations above 15% for (a) CESM2-LE and
(b) SMOOTH, and (c) percent difference of SMOOTH from CESM2-LE. Panel (d) shows the central Arctic region used for this study shaded in blue.

where U,

for ice and ocean are shown in Figure 2. In the SMOOTH experiments instead of using the constant neutral drag

is the near-surface wind speed from the atmosphere model. The resulting neutral drag coefficients

coefficient (Equation 1), we use the equation for the neutral drag coefficient over ocean (Equation 2). Moditying
this single equation is the only change we make to the CICE model code for the SMOOTH experiments.

The purpose of the SMOOTH experiments is to better understand the sensitivity of the change in roughness that
occurs with the transition from ice-covered to open ocean conditions. Thus, we are not applying the open ocean
equation because it is physically realistic, but we use it to implement conditions in which there is no trend in surface
roughness as the surface conditions change due to changing sea ice fraction. For the CESM2-LE experiments,
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30 Theoretical Drag Coefficients generally speaking, we expect a negative trend in surface roughness over the
21st century as the sea ice retreats and the surface is more frequently open
23 ocean. In the SMOOTH experiments, using Equation 2 removes the connec-
2.0 tion between the changing sea ice surface conditions since all ocean points,

even those with any level of sea ice coverage, will use the same formulation

1000*Cdn
[
5}

N

g
=)

o
&)

to calculate the neutral drag coefficient throughout the entirety of the simu-
lation. It is important to note that the neutral drag coefficient over water is

only smaller than the constant value over ice for wind speeds between ~2 and
—— Cdn_ice - Eq.1

1. : :
— Edn_ocn - Eq2 17.5 m s~'; however, as we can see from Figure 1, the overall effect in the

0.0

o 15 %0 35 SMOOTH experiments is to reduce the surface drag.

ind d (m/!
wind speed (mfs) In CICE, the drag coefficient (Cd) used for turbulent fluxes is calculated as

Figure 2. Drag coefficient over ocean (black) and sea ice (blue) for wind Cdn

speeds between 0 and 25 m s~! from Equations 1 and 2. Cd =

e (2 )]

where Cdn is the neutral drag coefficient (Equations 1 or 2), rdn is the square root of the neutral drag coefficient,
K is the von Karman constant, and y is a function that corrects for atmospheric stability. Multiple parameteri-
zations of y are available, but we use the default option within CICE5 (Hunke et al., 2015), and in the CICE
scheme, changing the surface drag coefficient does not directly affect calculation of y. However, decreasing
surface roughness will indirectly impact y since the roughness length will impact fluxes, which then impacts the
Obukhov length, which impacts . It is important to note that heterogeneity in surface sea ice conditions from
melt ponds are considered only for the radiation calculations in CICE and do not impact the surface roughness.
This is consistent with other CMIP6 models (e.g., Keen et al., 2021; Lecomte et al., 2015; Rousset et al., 2015).

The drag coefficient (Equation 3) is used to calculate turbulent fluxes that are passed to the atmosphere model.
In CICE surface stress is calculated as

T = Pam * Cd (Uatm - Uxfc)z (4)

where p,,, is the air density, Cd is calculated using Equation 3, U, is the scalar wind speed, and U, is the
surface ice speed. We can assume that the air density remains approximately constant and that the atmospheric
wind speeds are much larger than surface ice drift speeds. Therefore, changes in wind stress primarily depend
on changes in the surface drag or changes in the wind speed. For the same wind speed and atmospheric stability,
a smoother surface leads to smaller drag coefficient and lower surface stress than would occur over a rougher
surface. We analyze the total turbulent surface heat flux, which is the sum of the latent and sensible heat fluxes.
The sensible heat flux can be written as

Fsens = Patm * Cp * CH * Uarm * (Tsfc - Tair) (5)
and the latent heat flux (evaporation) can be written as
Fa = Patm * Ly % Cg % Ugm * ((Isfc - qm’r) (6)

where p,,, is the air density, C, is the specific heat of air, L  is the latent heat of vaporization, U, is the
near-surface scalar wind speed from the atmosphere model, (T, — T,,) is the temperature gradient between the
surface and atmosphere, (q,, — ¢,;,) is the moisture gradient between the surface and atmosphere, and Cj, and
C,. are stability dependent transfer coefficients that incorporate the neutral drag coefficient calculated using
Equation 3. Both these surface fluxes are proportional to the surface drag and the near-surface scalar wind speed.
Therefore, all else being identical, differences in roughness or wind speed between CESM2-LE and SMOOTH

would be expected to drive differences in these surface turbulent heat fluxes.

3. Results
3.1. Atmospheric Response

Over the central Arctic, the ensemble mean near-surface wind speed in SMOOTH is significantly higher than
CESM2-LE by about 0.5 m s~! during all seasons except summer, and the SMOOTH ensemble mean wind
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Figure 3. CESM2-LE and SMOOTH time series of central Arctic average 10-m wind speed (m s~!) for (a) autumn, (b) winter, (c) spring, and (d) summer. Blue
solid lines indicate SMOOTH ensemble mean (n = 5), black solid lines indicate CESM2-LE ensemble mean (n = 50), and gray solid lines indicate 1,000 CESM2-LE
bootstrapped ensemble means (n = 5). The blue and black solid lines are thick for years in which the differences are significant at the 95% confidence level. Linear
regressions for the ensemble means from 2020 to 2100 are shown as blue and black dashed lines.

speeds are on the high end of the distribution of bootstrapped CESM2-LE means (Figure 3). In summer, the
lack of significant wind speed differences between the CESM2-LE and SMOOTH experiments is likely because
extensive sea ice melt results in CESM2-LE having comparable surface roughness to SMOOTH (Figure 3d).
Previous studies have shown CESM2 simulations have the first ice-free September in the 2020s or 2030s
(DeRepentigny et al., 2020), which indicates near-total summertime melt in the central Arctic through the entire
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study period, so the surface roughness would be that of open ocean. Autumn is the only season where the mean
state differences change systematically during the 21st century from being significantly different in the first
half of the 21st century to shrinking in the second half of the 21st century (Figure 3a). The shift in mean wind
differences is likely related to the changing sea ice state as the Arctic becomes seasonally ice free and freeze
up starts later in autumn. In the early 21st century when there is extensive ice coverage in both experiments,
SMOOTH will have roughness of open ocean where CESM2-LE will have a rougher surface. However, later in
the century as the open water season increases, the CESM2-LE will have open ocean and a smoother surface, so
the SMOOTH mean wind speeds are more similar. In contrast, during winter and spring when there is extensive
ice coverage the mean wind differences persist because the roughness differences with ice coverage persist.

Despite the difference in near-surface wind mean state related to a smoother surface, a clear positive trend in wind
speeds is evident in both CESM2-LE and SMOOTH during the ice growth seasons, while the trends are much
smaller or even slightly negative in the ice melt seasons (Figure 3). The 2020-2100 wind speed trends are posi-
tive for both experiments in the ice growth season, but in autumn trend is 38.7% smaller for SMOOTH than the
CESM2-LE while in winter the SMOOTH trend is 12.9% smaller than for CESM2-LE (Table 1). In the ice melt
season, the SMOOTH wind trends are negative, indicating slowing wind speeds, while the CESM2-LE trends
remain positive, though lower magnitude than in the ice growth season. These seasonal differences in wind speed
trends suggest that the change in sea ice roughness as ice melts plays a major role in determining the magnitude
and sign of the wind trend, although other factors also contribute to drive strengthening winds since SMOOTH
has a positive trend in wind speed despite having essentially fixed surface roughness.

The previous analysis used central Arctic mean winds, so to better understand any regional differences we look at
spatial maps in ensemble mean wind trends over the central Arctic. During the ice growth seasons, the wind speed
trends are positive and significant nearly everywhere for both CESM2-LE and SMOOTH, but the trends are gener-
ally 30%—-60% smaller in SMOOTH (Figure 4, top and second rows). It is worth noting that SMOOTH has larger
trends in the Laptev Sea and north of the Barents Sea, but these are regions where the wind trends are relatively
small for both CESM2-LE and SMOOTH so small absolute differences between the simulations appear sizable
because of the percent difference calculation. In the ice melt seasons, the wind speed trends for both CESM2-LE and
SMOOTH are not significant over large portions of the Arctic, and where the trends are significant the magnitude is
much smaller and sometimes opposite sign compared to the ice growth seasons (Figure 4, third and bottom rows).
The distribution of significant trends across the central Arctic for both the ensemble means and all individual ensem-
ble members is consistent with these ensemble mean results (Figure S1 in Supporting Information S1). Overall, we
find increasing near-surface wind speed trends in both CESM2-LE and SMOOTH during the ice growth season.

Since atmospheric pressure gradients could change geostrophic wind speeds, we investigate whether there
are significant differences in the Arctic circulation in CESM2-LE and SMOOTH that could drive the higher
near-surface wind speeds in each experiment. In all decades from 2020 to 2100, seasonal differences in the
925 hPa geostrophic wind speed are usually small (<10%), statistically insignificant at the 95% confidence level,
and not spatially consistent between decades (Figure 5 and Figure S2 in Supporting Information S1). The sea
level pressure contours are also very similar between the two experiments in all seasons. Our results showing
minor differences in atmospheric circulation and geostrophic winds are consistent with others who have found
that geostrophic wind changes are not the primary driver of near-surface wind changes (Jakobson et al., 2019;
Mioduszewski et al., 2018; Ruosteenoja et al., 2019; Vavrus & Alkama, 2021). Thus, geostrophic wind speed
differences are not likely to be responsible for the near-surface wind speed mean differences or increasing trends
in either CESM2-LE or SMOOTH. Instead, the surface roughness and stability are the major drivers in the mean
wind speed and trends, and atmospheric stability will be discussed in more detail in Section 3.4.

3.2. Sea Ice Response

The central Arctic sea ice mean state is very similar in CESM2-LE and SMOOTH. The mean ice area and ice
volume and loss trends over the central Arctic are not consistently or significantly different between simulations
in any seasons (Figure 6, Figures S3 and S4 in Supporting Information S1). To further assess how changes in
feedbacks or processes in SMOOTH might affect the sea ice, we calculate the ice season, or total days per year
with sea ice cover, at each grid point in the central Arctic by summing the number of days that there is an ice
concentration above 15%. We analyze the distribution of ice season length by decade for both the ensemble
means and for the individual ensemble members; by analyzing decades we are better able to evaluate a range of
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Figure 4. Ensemble mean 2020-2100 10 m wind speed linear trends ((m s~!) decade™") for autumn (top row), winter (second row), spring (third row), and summer
(bottom row) for CESM2-LE (left column), SMOOTH (middle column), and percent difference (right column) in SMOOTH from CESM2-LE. For CESM2-LE and
SMOOTH, trends that are significant at the 95% level do not have hatching, and the percent differences are only shown for locations where both trends are statistically
significant—note that very large percent differences are primarily due to small CESM2-LE trend values in the difference calculation.

DUVIVIER ET AL. 9 of 23

ASUAOIT suowwo)) daAnear) ajqeaidde ay) £q pauioaod are sa[onIe YO fosn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeiqi[aul[uo//:sdny) suonIpuo)) pue swd | oy 39S ‘[$707/10/0€] uo Areiqiy aurjuQ Lo[IA ‘bZ88E0ALET0T/6T01°01/10p/wod Kaim’ Areiqiaurjuo sqndnSe;/:sdyy woiy papeojumod ‘07 ‘€20T ‘96686917



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD038824

AN SRS \

P S\\‘
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Figure 5. Autumn (OND) mean geostrophic wind speed differences (%) and sea level pressure (hPa) over decades 2020-2090. Percent differences in geostrophic wind
speed at 925 hPa for SMOOTH from CESM2-LE for each decade are shown in colors and the sea level pressure for CESM2-LE (solid black) and SMOOTH (dotted
black) are overlain. Differences in 925 hPa geostrophic wind speed that are significant at the 95% level do not have hatching. Decadal means are averaged over all years
and all ensemble members in the given decade (n = 500 for CESM2-LE; n = 50 for SMOOTH).

possible ice conditions due to internal climate variability. The distribution of median and lower and upper quar-
tile ice season by decade for both the ensemble means and the individual ensemble members is nearly identical
(Figure 7) and there are not any consistent spatial differences across the central Arctic (Figure S5 in Supporting
Information S1). Thus, changing surface roughness does not alter feedbacks or processes in any way that drives
significant impacts on the sea ice area and volume mean state or trends in any season or any region of the
Arctic. These results showing no statistically significant changes in the sea ice extent and volume with smoother
ice differ from Rae et al. (2014), which found that in the HadGEM3 model the sea ice state was significantly
impacted with increases in surface ice roughness.

However, the surface smoothing does have a significant impact on the ice motion. In order to average ice speeds
over the same ice-covered area each decade we show ice motion in March since the total ice area does not change
significantly over the 21st century in this month (Figure S4a in Supporting Information S1). We find that the sea
ice circulation patterns are similar in CESM2-LE and SMOOTH, and they both have the anticyclonic Beaufort
Gyre and the Transpolar Drift from the Siberian Coast through the Fram Strait (Figures 8a and 8b, Figure S6
in Supporting Information S1). The mean ice speeds are lower by >10% in SMOOTH compared to CESM2-LE
over much of the central Arctic (Figure 8c and Figure S6 in Supporting Information S1). Since the atmospheric
circulation is so similar between CESM2-LE and SMOOTH in all seasons (Figure 5 and Figure S2 in Support-
ing Information S1), we do not believe that differences in the ice motion in SMOOTH are related to changes in
atmospheric circulation or cyclone activity. Instead, it appears the ice circulation patterns are simply slower in
SMOOTH than CESM2-LE but the circulation pattern itself is not significantly different. Over the central Arctic,
the mean ice speeds in SMOOTH are about 1 ¢cm s~! lower than in CESM2-LE, though there is an increasing
ice speed trend of similar magnitude in both CESM2-LE (0.25 (cm s~!)/decade) and SMOOTH (0.23 (cm s~1)/
decade) (Figure 8d). While the ice speeds are different, the ice mass fluxes from the central Arctic are not signif-
icantly different in CESM2-LE and SMOOTH (Figure S7 in Supporting Information S1) and therefore changes
in sea ice dynamics do not drive mean state differences.
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Figure 6. CESM2-LE and SMOOTH central Arctic average total sea ice area (km?) time series for (a) autumn, (b) winter, (c) spring, (d) summer. Blue solid lines
indicate SMOOTH ensemble mean (n = 5), black solid lines indicate CESM2-LE ensemble mean (n = 50), and gray solid lines indicate 1000 CESM2-LE bootstrapped
ensemble means (n = 5). The blue and black solid lines are thick for years in which the differences are significant at the 95% confidence level.

3.3. Surface Fluxes

We have identified that there is an impact of the changing surface roughness on wind speed and ice speed, but
not on sea ice state. Because near-surface winds are an essential component to coupled surface momentum and
heat flux exchanges, we now examine surface fluxes in CESM2-LE and SMOOTH. The mean surface wind
stress is slightly lower, particularly in the winter and spring seasons, for SMOOTH than CESM2-LE, and there
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Figure 7. CESM2-LE and SMOOTH central Arctic distribution of number of ice season days by decade. Ice season distributions are calculated for all years within
a decade and at all spatial points in the central Arctic for the CESM2-LE and SMOOTH ensemble means (black and dark blue, respectively) and for all ensemble
members (gray and light blue, respectively). For the ensemble means, both CESM2-LE and SMOOTH have the same sample size (n = 10), while for the individual
ensemble members the sample sizes differ between CESM2-LE (n = 500) and SMOOTH (n = 50).

are not significant linear trends in any season (Figure 9 and Table 1). It is important to note that while the winter
and spring surface stress are consistently lower in SMOOTH, they are not statistically different from CESM2-LE
in most years. This result is surprising because we found significantly faster wind speeds and slower ice speeds
in SMOOTH compared to CESM2-LE, which are both consistent with a decrease in momentum flux from the
atmosphere to the ice. We propose that the lack of significance in the surface stress differences may be due to
two factors. First, if the surface stress is more variable than wind or ice speeds, then the smaller ensemble size
for SMOOTH makes it more difficult to determine significant differences in surface stress. Second, there may be
compensation between decreased surface roughness and increased wind strength (Equation 4) in SMOOTH that
leads to a muted surface stress response. Nonetheless, the lower surface wind stress in SMOOTH is consistent
with both the higher mean wind speeds (Figure 3) and lower mean ice speeds (Figure 8), and it implies that with
the artificially smooth surface there is less momentum is being transferred from the atmosphere to the sea ice.

In all seasons, the total turbulent heat flux is positive indicating that the atmosphere is gaining energy from the
surface. In most seasons, the turbulent heat fluxes are very similar in both CESM2-LE and SMOOTH (Figure 9).
The exception is spring, when SMOOTH has consistently lower latent heat flux over the central Arctic, though
the differences are not statistically significant in most years. We propose that, as for surface stress, there may be
compensation between higher wind speeds and decreased transfer coefficients due to the decreased roughness.
The result is that artificially smoothing the ice surface in SMOOTH does not have a significant impact on surface
heat fluxes.

3.4. Stability

As discussed in Section 1, a third factor that could drive near-surface wind speed increases in the Arctic is
decreasing stability that could result in more momentum mixed downward to the surface from the free trop-
osphere. We investigate whether near-surface stability differs in the experiments due to the imposed surface
roughness differences. We use the atmospheric temperature gradient between 925 hPa and the surface as a proxy
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Figure 8. March sea ice circulation and speed (cm s~!) for (a) CESM2-LE, (b) SMOOTH, and (c) percent difference SMOOTH from CESM2-LE in the 2020s, and
(d) time series of mean scalar ice speed over the central Arctic. In panels (a)—(c), the colors indicate scalar ice speeds and vectors indicate direction. In panel d, blue
solid lines indicate SMOOTH ensemble mean (n = 5), black solid lines indicate CESM2-LE ensemble mean (n = 50), and gray solid lines indicate 1000 CESM2-LE
bootstrapped ensemble means (n = 5). The blue and black solid lines are thick for years in which the differences are significant at the 95% confidence level. Linear
regressions for the ensemble means from 2020 to 2100 are shown as blue and black dashed lines.

for near-surface stability. Other Arctic atmospheric stability studies have often used the 850 hPa pressure level
(e.g., de Boer et al., 2012; Medeiros et al., 2011; Schweiger et al., 2008), but we wanted to focus as near the
surface as possible so use a lower pressure level. We also examined the temperature gradient between 850 hPa
and the surface and the results were similar to what we found at 925 hPa and are not shown here. A negative
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Figure 9. CESM2-LE and SMOOTH central Arctic surface flux time series for surface stress (N m~2; top row), total turbulent heat flux (W m~2; second row), sensible
heat flux (W m~2; third row), and latent heat flux (W m~2; bottom row) for autumn (left column), winter (second column), spring (third column), and summer (right
column). Blue solid lines indicate SMOOTH ensemble mean (n = 5) and black solid lines indicate CESM2-LE ensemble mean (n = 50). The blue and black solid lines
are thick for years in which the differences are significant at the 95% confidence level.

temperature gradient indicates unstable atmospheric conditions, and a negative trend in temperature gradient
indicates the atmosphere is becoming more unstable over time. We find that across the central Arctic the trends in
near-surface temperature gradients are strongly negative, indicating increasingly unstable conditions, in autumn

DUVIVIER ET AL. 14 of 23

ASUAOIT suowwo)) daAnear) ajqeaidde ay) £q pauioaod are sa[onIe YO fosn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeiqi[aul[uo//:sdny) suonIpuo)) pue swd | oy 39S ‘[$707/10/0€] uo Areiqiy aurjuQ Lo[IA ‘bZ88E0ALET0T/6T01°01/10p/wod Kaim’ Areiqiaurjuo sqndnSe;/:sdyy woiy papeojumod ‘07 ‘€20T ‘96686917



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD038824

and winter, though differences between CESM2-LE and SMOOTH are <10% over most the region (Figure 10).
The increasingly unstable conditions in autumn and winter would contribute constructively to the impact of
changing surface roughness, and act to increase mixing of momentum downward from the free troposphere such
that the near-surface winds would increase. In contrast, in spring and summer, the temperature gradient trends
are positive, though small in magnitude, indicating that the atmosphere is becoming slightly more stable in these
seasons and increasing wind speeds are likely not due to changing stability as the stability trends would inhibit
downward transfer of momentum from the free troposphere.

The signs and magnitudes of the temperature gradient trends are very similar in CESM2-LE and SMOOTH,
which indicates that imposed surface roughness differences do not strongly affect the stability contribution to
wind speed trends. As can be seen in Figure 11, in all seasons, the central Arctic mean temperature gradient
and temperatures at the surface and aloft are not significantly different between experiments. The increasing
instability during ice growth seasons is driven by surface temperature increases rather than temperature changes
at 925 hPa, while in the ice melt seasons, the atmosphere becomes more stable because the rate of temperature
increase is higher aloft than at the surface (Figure 11 and Table 1). Indeed, the linear trends in temperature at
925 hPa remain relatively constant through the year, but the surface trends differ more through the year because
they are directly related to the changing surface and sea ice loss. Our findings are consistent with others who have
found that the changing sea ice surface is the primary driver for stability changes in the Arctic (Taylor et al., 2015;
Watkins, 2022).

4. Discussion

In SMOOTH, with an artificially imposed smooth surface and no decrease in surface roughness over the 21st
century, the mean wind speeds are higher and the increasing wind speed trends are 30%—60% lower in autumn and
winter compared to the CESM2-LE. Previous studies have shown a strong connection between near-surface wind
trends and sea ice loss over the historical period (e.g., Jakobson et al., 2019). For future climates, near-surface
winds are strongly negatively correlated with the sea ice concentration (CESM2-LE), but removing the impact of
decreasing surface roughness that would occur with ice loss (SMOOTH) the negative correlations become signif-
icantly weaker (Figure 12). The strong relationship between the sea ice and the winds seen in the CESM2-LE
correlations is driven substantially, though not entirely, by the surface roughness contribution of sea ice to the
changing winds because removing the roughness contribution weakens the relationship. Thus, because surface
roughness impacts projected Arctic wind trends, it is important to better understand how surface roughness may
change in the future. Observed sea ice roughness varies due to ice conditions including concentration, thick-
ness, ridge fraction, pond fraction, etc. (e.g., Liipkes et al., 2013), yet models, including CESM2, often use a
single constant that can vary across models by an order of magnitude or more (Jakobson et al., 2019; Valkonen
et al., 2021). While sea ice generally has a rougher surface than open water (Martin et al., 2014), at least one
CMIP model even has increasing surface roughness with ice loss (Vavrus & Alkama, 2021). Experiments with
variable ice roughness have found that there is a decline in sea ice roughness purely associated with the transi-
tion from multiyear ice to first year ice and the associated surface conditions (Martin et al., 2016). The impact
of the transition to more first year ice on surface roughness is not something we are able to consider in this
study because of the simple parameterization in CICE, but this effect may be important. It is possible that a
more realistic surface roughness scheme might result in a larger influence on surface winds because in addition
to the ice and ocean roughness contrast there would be a change in the ice roughness itself due to the changing
ice state. An interesting question is whether it is realistic to expect decreasing roughness length in reality over
sea ice as the concentration decreases. Indeed, observations over the marginal ice zone indicate that the surface
roughness reaches a maximum at concentrations between 0.6 and 0.8 (Elvidge et al., 2016; Liipkes et al., 2012),
so uniformly smoother ice, as we test in this study, may not be realistic until much lower ice concentrations exist
in the Arctic. There have been a number of recent efforts to observe sea ice roughness (e.g., Elvidge et al., 2016,
2021), particularly over the marginal ice zone, using a variety of methods (Gupta et al., 2014; Petty et al., 2017,
Srivastava et al., 2022), and there has been progress in developing new parameterizations of surface roughness
(Elvidge et al., 2016, 2021; Liipkes et al., 2012; Tsamados et al., 2014). Indeed, several studies with coupled
forecast models and more complex surface roughness treatments have shown improvements in near-surface wind
speeds (Elvidge et al., 2023; Renfrew et al., 2019; Schneider et al., 2022; Thomas et al., 2021). Other studies have
highlighted the importance of improving parameterizations including form drag for improving forecasting in the
Arctic (Ortega et al., 2022; Ponsoni et al., 2021). Therefore, employing more sophisticated surface roughness
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Figure 10. Ensemble mean 2020-2100 vertical temperature gradient linear trends (°C decade™") for autumn (top row), winter (second row), spring (third row), and
summer (bottom row) for CESM2-LE (left column), SMOOTH (middle column), and percent difference (right column) in SMOOTH from CESM2-LE. The vertical
temperature gradient is defined as the temperature difference at the 925 hPa atmospheric pressure level minus the surface temperature (7,5 ,p, — T3;.). For CESM2-LE
and SMOOTH, trends that are significant at the 95% level do not have hatching, and the percent differences are only shown for locations where both trends are
statistically significant.
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Figure 11. CESM2-LE and SMOOTH central Arctic: temperature gradient (top row; °C) and temperature at the surface and 925 hPa (bottom row; °C) time series
for autumn (left column), winter (second column), spring (third column), summer (right column). Temperature gradient is defined as the temperature difference at the

925 hPa atmospheric pressure level minus the surface temperature (7,5 ,p, —

Y;fc). Solid lines indicate SMOOTH ensemble mean (n = 5) and CESM2-LE ensemble

mean (n = 50) for: temperature gradient (purple, left column), surface temperature (green, right column), and 925 hPa temperature (gold, right column) where the
darker shade of each color indicates CESM2-LE and the lighter shade indicates SMOOTH. The lines are thick for years in which the differences are significant at the
95% confidence level. Linear regressions for the ensemble means from 2020 to 2100 are shown as dashed lines.

parameterizations in state-of-the-art coupled earth system models that run for 10-100 s of years in different ice
and ocean conditions could impact climate projections of near-surface winds.

Interestingly, it seems the combination of changing roughness and atmospheric stability trends determine the sign
of the near-surface wind trends. We find that CESM2-LE and SMOQOTH have nearly identical temperature gradient
trends and that in the ice growth season the atmosphere becomes more unstable due to a rapid increase in surface
temperatures as initiation of freeze up occurs later in the year. In contrast, in the ice melt season, the atmosphere
becomes slightly more stable, and this is due to faster rates of increasing temperatures aloft than at the surface.
The less stable atmosphere in the ice growth season would enhance wind speeds, but in the ice melt season the
more stable atmosphere should suppress wind speeds. In all seasons, CESM2-LE has predominantly increasing
near-surface wind speeds, consistent with other studies (Mioduszewski et al., 2018; Vavrus & Alkama, 2021). In
contrast, during the ice melt season, when the atmosphere is becoming more stable, SMOOTH has a negative
near-surface wind trend. Because CESM2-LE does not have a negative winds speed trend in the ice melt season, it
is likely that the decreasing surface roughness is especially important for setting the sign of the wind speed increase
in these months.

While there is a clear response of the mean wind speed and trends to the surface conditions, the changing surface
condition appears to drive little difference in the sea ice. The sea ice mean state and trends for ice area, ice volume,
and ice season length are very similar for both SMOOTH and CESM2-LE. There is a strong relationship between
global average CO, and total sea ice area for both autumn and spring that is nearly identical in both the CESM2-LE
and SMOOTH (Figure 13). This strong relationship between greenhouse gas emissions is consistent with observa-
tional studies (Notz & Stroeve, 2016). The similar relationship between CO, and sea ice area in both experiments
indicates that there are not significant feedbacks between the surface conditions that impact the sea ice state, but
instead the sea ice is driven primarily from the large-scale Arctic warming due to increasing greenhouse gasses.
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Figure 12. Correlation coefficient between ensemble mean 2020-2100 10-m wind speed and sea ice concentration for autumn (top row), winter (second row), spring

(third row), and summer (bottom row) for CESM2-LE (left column), SMOOTH (middle column), and difference (right column; SMOOTH-CESM2-LE).
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Figure 13. Global mean CO, concentration and total seasonal Arctic sea ice area for (a) autumn and (b) spring. CO, values
are annual means for the period 2015-2100. Values for all CESM2-LE (50) and SMOOTH (5) ensemble members are shown.

The only major difference from roughness that we found for sea ice was related to the sea ice speeds. Compared
to CESM2-LE, SMOOTH has faster mean near-surface wind speeds and slower ice speeds, particularly in winter.
All other inputs remaining the same, a faster wind speed would be expected to drive a larger momentum flux
(Equation 4). So, the decrease in surface stress in SMOOTH despite the faster wind speeds indicates there is
likely compensation between lower surface roughness and the faster winds. Lower surface stress results in less
momentum being transferred from the atmosphere to the surface, so the wind speeds are higher and ice speeds
lower. It is important to note that the differences in surface wind stress are not statistically significant over much
of the 21st century (Figure 9), and this may be related to the compensation between roughness and wind speed
or the larger variability in SMOOTH due to the small ensemble size. Future work with a larger ensemble could
clarify the magnitude of the roughness impact on surface momentum flux.

Differences in surface momentum flux have been proposed drivers of feedbacks with ocean mixing and ice trans-
port that could impact the sea ice mean state. Observational studies have shown that ocean mixing from strong
winds can lead to sea ice loss (J. Zhang et al., 2013), yet in our study there is not a difference in ice loss despite the
difference in mean wind speeds between experiments. Another possible feedback from the reduced momentum
flux would be through impacts on ice transport. We do find that there are lower ice speeds in SMOOTH, but
the overall ice mass fluxes are not significantly different between the experiments. This may be due to the shift
toward a seasonal ice cover in the Arctic, so dynamic drivers of ice state become less relevant than thermody-
namic drivers when there is more first year ice that melts the following summer (Krumpen et al., 2019). Addi-
tionally, there is not a significant trend in surface wind stress over the 21st century, while both the wind and ice
speed trends are positive over time. The projected positive ice speed trend is consistent with observations of faster
ice motion in recent years (Rampal et al., 2009; Spreen et al., 2011; F. Zhang et al., 2021). Faster ice speeds have
often been attributed to thinner ice that has reduced ice strength, but ice motion may also be increasing due to
increasing wind speed. However, in this study, we cannot disentangle the impacts of changing ice strength and
wind speeds on sea ice speed trends.

There are not significant differences in surface heat fluxes in the two experiments other than in spring for latent
heat flux, which we will discuss shortly. A possible explanation for the negligible differences in surface heat
fluxes is that in SMOOTH there is a compensating relationship between the increased winds due to the decreased
momentum flux and a lower exchange coefficient due to decreased surface roughness. The temperature condi-
tions are not significantly different (Figure 11), which implies that the wind and exchange coefficient impacts
must roughly compensate leading to statistically indistinguishable surface heat in CESM2-LE and SMOOTH. In
spring, the latent heat flux is smaller over the entire central Arctic in SMOOTH than CESM2-LE despite similar
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ice areal extent and ice volume. Even though there are faster winds in SMOOTH during this season that could
drive higher latent heat flux, it is not immediately apparent why there is not compensation with the exchange
coefficient in this season only. Other studies have found that there is active coupling between sea ice and the
atmosphere in spring (Huang et al., 2019). Thus, the differences in evaporation due to changed surface roughness
could, theoretically, lead to a feedback response with longwave radiation reaching the ice surface. Yet we do not
see indications that there are differences in ice extent or thickness in winter or spring (Figure 6, Figures S3, and
S4 in Supporting Information S1), so this wind-evaporation-radiation feedback does not appear to significantly
impact ice state in our experiment. Indeed, the surface heat fluxes reflect how similarly the sea ice evolves
because starting in the 2070s in winter there is sharp, nonlinear increase in the surface turbulent fluxes for both
experiments (Figure 9), and this is likely due to a thinning of the sea ice in both CESM2-LE and SMOOTH to
such a degree that there are larger wintertime fluxes of heat from the ocean to atmosphere through the sea ice
(Landrum & Holland, 2021).

5. Conclusions

The goal of this study was to address how changing surface roughness due to sea ice loss impact the Arctic
climate using coupled Earth system model experiments, and below we summarize answers to the questions posed
in the introduction:

e What are the relative contributions of changing surface roughness and boundary layer stability to the projected
increasing wind speeds? Without a general decrease in roughness over the 21st century associated with sea ice
loss, the wind speed trends are 30%—60% smaller in autumn and winter than in the experiments where surface
roughness evolves over time with changing sea ice cover. Changes in stability are likely responsible for the
rest of the wind speed trends. Therefore, during the two seasons in which positive Arctic wind speed trends
are strongest, our results suggest that stability is primarily responsible for the strengthening surface winds, but
reduced surface roughness also plays a significant role and can be comparable in importance in some seasons
and regions. Additionally, we find that without a decrease in surface roughness the signs of the small wind
trends in spring and summer differ from the experiments where surface conditions affect roughness. Thus, the
combination of roughness and stability changes due to changing sea ice state over the 21st century are both
essential for driving the sign and magnitude of the projected wind speed trends. Thus, it might be important
to adjust the stability correction functions to observations over sea ice as the ones proposed by Grachev
et al. (2007) or Gryanik et al. (2020).

e Does changing surface roughness have any coupled impacts that contribute to Arctic sea ice loss or affect
turbulent fluxes? Sea ice state and trends are driven by warming temperature and surface roughness changes
and their coupled impacts do not impact sea ice state. Surface roughness has modest impacts the surface
momentum flux, but impacts on turbulent heat fluxes are insignificant.

In short, the near-surface wind trends are the result of how sea ice loss drives changes in both surface roughness
and near-surface atmospheric stability, yet the sea ice mean state and trends are not driven by coupled impacts
from surface roughness on near-surface winds or fluxes but from the overall warming trend due to increasing
greenhouse gas emissions. Because the Arctic wind trends do depend on surface roughness, it is important to
better understand how surface roughness may change in the future by using more sophisticated and realistic
representations of surface roughness in coupled models.

Data Availability Statement

The CESM2-LE data used in this study are freely available, as described in Rodgers et al. (2021). The SMOOTH
model experiments were run using the CESM Polar Climate Working Group allocation, and data are freely avail-
able online (A. DuVivier et al., 2023). The computational notebooks and other data processing tools used for this
publication are freely available online (A. DuVivier, 2023).
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