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S1 One-Dimensional Coupled Sea Ice-Ocean Model Equations

S1.1 Ocean Module

The ocean module governs the evolution of potential temperature T and salinity S in the water column:

oT _ 0 aT Qsw

= (K g) tvr pey (S1)
as @ as
= 2, (Ks g) + ¥s (52)

where, p is seawater density (kg/m?); c,, is specific heat capacity of seawater (J/ (kg °C)); Kr = Ky +
Kippr and Ks = Kp 5 + Ky s (m?/s) are the total vertical diffusion coefficient for temperature and
salinity, respectively. Qg (W/m?) is the heat source from absorbed shortwave radiation. K, is the
background vertical diffusivity. Kyp, r and Kyp, s are the turbulent mixing within the boundary layer

calculated by the KPP scheme (Large et al., 1994).

Kr = Kpg + Kippr (S3)

Ks = Kpg + Kipps (54)

Kippx(0) =h-wy(0) - G(o) (x=T,9) (S5)

where, 0 = d/h (d < h) is the non-dimensional depth; d = —z is the distance from the sea surface; h is

the boundary layer depth; w, (o) is the turbulent velocity scale; G(o) is the shape function, with
coefficients determined by matching surface similarity theory and interior diffusivity at the base of the
boundary layer (see Large et al. 1994 for more details). y (°C/s) and ys (psu/s) are non-local transport
terms for temperature and salinity, respectively. The non-local transport term is activated only under

unstable convective conditions:

WO

Ve = Coomon (S6)
where, wy is the Surface kinematic flux; C, is a constant. The boundary layer depth h is determined by
the depth where the bulk Richardson number, and the boundary layer depth h is equated to the smallest
value of d at which this Richardsonnumber equals a critical value Ri, (= 0.3). The bulk Richardson
number is:

(By—B(d))-d
V=V (d)[2+VE(d)

Riy(d) = (87)
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where, B = g(aT — BS) (m/s?) is the Seawater buoyancy; g (m/s?) is the Gravitational acceleration; a
and 8 are the Thermal expansion coefficient and haline contraction coefficient, respectively; B, and ;.
are the Buoyancy and horizontal velocity in the near-surface reference layer, respectively; B(d) and V (d)
are the Buoyancy and velocity at depth d, respectively; V,(d) is the Turbulent velocity shear term at
depth d.

The ocean surface (at z = 0 m) boundary conditions are:

08 _ Qnet 98 _ Fs
89z PCp ! KS 9z p (58)
where Q,,.; (W/m?) is net heat flux into the ocean; Fg (psu-m/s) is surface salinity flux caused by the ice
melting/freezing and other freshwater flux.

The ocean bottom (at z = 700 m) is closed boundary with no flux:

P=0, =0 (S9)

S1.2 Sea Ice Module

The sea ice module is a two-layer thermodynamic model based on Winton, (2000) and the LANL
CICE model (Bitz and Lipscomb, 1999). It considers two equally thick ice layers with the upper layer
having variable specific heat due to brine pockets, and the lower layer is treated as pure ice with fixed
heat capacity. A snow layer with zero heat capacity lies above the ice. The sea ice module can calculate
the energy flux at the surface available for melting (if T; = 0) and the energy at the ocean-ice interface

for either melting or freezing.
Erop = (Qnet,ice = Kuy2(Ts — Ty) ) At (510)
Epor = (Fep — Fo)At (511)

4K K

where, Qe ice 1S the heat flux at the ice/snow surface; K; /2 = e mrakne
shti ills

K; and K are constant thermal

conductivities of sea ice and snow; Ty is the skin temperature; T; and T, are the two layers of ice
temperatures; T is the sea surface temperature which set to freezing point; F, is the heat flux conducted
through ice to bottom surface; F,; is the heat flux at the ice bottom due to the sea surface temperature

variations from freezing point:
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_ 4Ki(T2—Tf)

F.p = % (512)

Foi = CSWPSWY(TSST - Tf)u*' (TSST > Tf) (813)
A

Foi = (T; — TSST)CfpfA_i » (Tssr <Tf) (S14)

where, cg,, and py,, are the heat capacity and density of the seawater, respectively. y (= 0.006) is the

heat transfer coefficient. ¢, (= 4180 J/(kg °C)) and p; (= 1000 kg/m?) are the specific heat capacity

and density of liquid freshwater, respectively. The friction velocity u* = m is the frictional
velocity between ice and water, with minimum value of u* (= 0.005), where 1, is the ice-ocean stress.
If Etop > 0 the module melts snow from the surface, if all the snow is melted and there is energy left,
the module melts the ice. If the ice is all gone and there is still energy left, the module applies the left-
over energy to heating the ocean model upper layer (Winton, 2000). Similarly, if Ep,; > 0, the module
melts ice from the bottom. If all the ice is melted, the snow is melted (with energy from the ocean model

upper layer if necessary). If E},; < 0 we grow ice at the bottom

_ —Epot
Ahi = G oeod (515)

where qp,; is the enthalpy of the new ice; p; (= 900 kg/m?) is the ice density. If there is an ice layer

and the overlying air temperature is below 0°C then any precipitation, P joins the snow layer:

Ahg = —P Z—fAt (S16)

where, p; (= 330 kg/m3) is the fresh water and snow densities.

S1.3 Albedo Parameterization

The ice albedo varies with ice thickness:

_ hi
Aice = aice,max + (aice,min - aice,max)exp (_ Ralbi ) (817)
albice

where, @jce min (= 0.2) and e max (= 0.66) are ice albedos for thin and thick bare ice respectively. h;
is the ice thickness and h,;i.. (= 0.8) is the scale of ice albedo decay.

Snow albedo depends on surface temperature and snow age:

Asnow = Xotdsnow T (anewsnow - aoldsnow)exp(_o-z ’ Sdays) (818)
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where, &g 1gsnow (= 0.55) is the old snow albedo. Syqy5 is the Snow age. dpew snow 1S the Fresh snow

albedo:

. T,
Anewsnow = Xcoldsnow T (awarmsnow - acoldsnow)max (0' mn <1 - —s' 1)) (819)
snow,alb
where, co1asnow (= 0.85) and @yqrmsnow (= 0.7) are snow albedos for cold and warm snow
respectively. Tsuow aip (= 10°C) is a temperature threshold parameter.

Snow and ice albedo are combined with snow thickness attenuation:

X = Aspow + (aice - asnow)exp (_ s ) (SZO)

haibsnow

where, hgpsnow (= 0.3) is a scale height for snow albedo. hg is the snow thickness.

S1.4 Shortwave Radiation Penetration Parameterization

Shortwave radiation entering the ocean is partitioned based on surface state (open ocean or ice-
covered). The net shortwave flux entering the ocean Qg,, oc, 1S @ Weighted average based on sea ice
concentration A;., (0 — 1):

Qsw,ocn = (1 = Ajce) Qsw,ocnopen T AiceQsw,ocn,ice (821)
where, Qgw ocn,open 18 the shortwave radiation entering the ocean from open-ocean; Qs ocnice 1S the
shortwave radiation entering the ocean from ice-covered area:

Qsw,ocnopen = (1 = Aoce) Fsw (522)

Qsw,ocnice = Qswpen - €XP(—KsotarNice) (523)

where, a,.. (= 0.08) is the sea surface albedo; Fgy, is the downward shortwave radiation forcing;

ksorar (= 1.5m™1) is the sea ice volume extinction coefficient; h;., is the sea ice thickness (m);

Qsw pen 1s the radiation penetrating the ice surface:

Qawpen = (1 = ais)Fsy - (1 — f,)i0swFrac (524)

where, f; (0 — 1) is the fractional snow cover; iOswFrac (= 0.3) is the fraction of radiation penetrating
the ice surface (dimensionless parameter); @, is the ice/snow albedo.

Shortwave radiation decays exponentially with depth z using a two-band model (Paulson and

Simpson, 1977):
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where, Q,,(2) is the shortwave radiation at depth z; r is the fraction of radiation in the first (rapidly

attenuating) band; 4, (= 0.6 m) and 1, (= 20 m) are the attenuation length scale for the first and second

Qsw(2) = Qsw,ocn [rexp (— i) + (1 —r)exp (— i)]

band. Below 200 m depth, the penetration fraction is set to zero.

S2 Model Validation
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Figure S1. Percent differences in (a)—(b) sea ice thickness and (c)—(d) mixed layer depth and (e)-(f) upper 500 m buoyancy frequency
between summer and winter averages derived using different background mixing coefficients (K; = 107" m?s™1; K, =
5.44 x 1077 m?s~1; K; = 107% m?s~1). On the horizontal axis, Sctrl and SnoMW denote results from the summer control and no-

meltwater experiments, respectively, while Wctrl and WnoMW represent those from the winter control and no-meltwater
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Figure S2. Same as Figure S1, but for the results of experiments with initial SIT of 2 m.
S2.2 Validation of boundary conditions at the bottom
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Figure S3. Percent differences in (a) sea ice thickness and (b) mixed layer depth and (c) upper 500 m buoyancy frequency between

summer and winter averages derived using different bottom boundary conditions (noAWr: closed boundary condition; AWr: one-

day recovery boundary condition). On the horizontal axis, Sc1 and Spomw denote results from the summer control and no-meltwater
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experiments, respectively, while Wcrri and Wyemw represent those from the winter control and no-meltwater experiments. All

points are the results of experiments with initial SIT of 1.5 m.
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Figure S4. Same as Figure S3, but for the results of experiments with initial SIT of 2 m.

S2.3 External freshwater forcing

In order to verify the external freshwater forcing values of 1200 km?/yr is reasonable, we
conducted experiments using external freshwater forcing values of 6400 km?/yr (Runoff plus P-E, as
described by Haine et al., 2015), 1200 km?*/yr (sum of Runoff, P-E, and the net flow through arctic straits),
as well as zero external freshwater forcing. The results show that a forcing value of 6400 km3 causes
excessive freshwater accumulation at the surface, resulting in a maximum mixed layer depth (MLD) of
only ~ 25 m in winter across all regions (Figure. S5, blue lines). This is clearly unreasonable compared
to observed values, which shows the MLD in the Canadian Basin is approximately 30 m, and in the
Eurasian Basin, it ranges from about 70 to over 100 m during winter (Peralta-Ferriz and Woodgate, 2015).
In contrast, the experimental results using a freshwater forcing of 1200 km?/yr are much more reasonable
and closer to the observations. (Figure. S5, black lines). The experimental results using zero freshwater
forcing are also close to the observations but deeper than 1200 km?/y (Figure. S5, red lines) but also agree
with the observations. We also examined the meltwater feedback values under different external
freshwater forcing scenarios. The results show that neglecting external freshwater forcing slightly
exaggerates the strength of the meltwater feedback compared to including a forcing of 1200 km?*/yr, with

the feedback value increasing in magnitude from -0.19 to -0.2 (Figure. S6). In contrast, when a forcing of
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S2.4 Comparison with observations

In the CTRL run, the simulated average minimum summer sea ice thickness across all 20 stations is
0.91 £ 0.04 m, which closely matching the observed value of 0.82 + 0.11 m in the Arctic Ocean at the
end of the melting season during 2011-2020 (Landy et al., 2022). This indicates that the sea ice results
from our 1D model align well with actual Arctic sea ice conditions. The summer ice melt is approximately
1.1 m (as shown in Figure 4a in the main text), which is equivalent to 1 m of freshwater released to the
ocean. This is close to the value of about 1.2 m sea ice meltwater reported by Haine et al., (2015). While
our estimate is slightly lower, it is reasonable considering that melt rates in the coastal marginal ice zone
are generally higher than those in the central deep basin. As for albedo values, recent studies based on
MOSAIC data indicate that the observed albedo ranges from approximately 0.55 to 0.64 across thin ice
(less than 0.5 m) to thick ice (greater than 1 m), with relatively stable values for ice thicker than 1 m
(Light et al., 2022). In our simulations, summer sea ice thins from 2.0 m to 0.9 m, accompanied by a
decrease in albedo from 0.63 to 0.58. These results suggest that our simulated albedo values are in the
range of observations.

The 1D model used in this study also reproduces the seasonal changes in the vertical structure of the
Arctic Ocean well. Statistical analysis of various hydrographic profile observations shows that the MLDs
during July and August are 8.7 = 3.6 m in the Canadian Basin and 22 + 13 m in the Eurasian Basin
(Peralta-Ferriz and Woodgate, 2015). The model results show similar summer mixed layer depth (MLD)
values across stations under the same threshold criterion and month time, with an average summer MLD
of ~7.6 m in the CTRL runs, which means the simulated values in the Canadian Basin closely match the
observations, while those in the Eurasian Basin are relatively shallow.

In the Eurasian Basin, the inflow of highly saline Atlantic water drives interactions between the
seasonal mixed layer and the ocean interior (Polyakov et al., 2017). Because this 1D model simulations
exclude advection flux processes and the Eurasian Basin is more saline, the surface layer is more
susceptible to a larger salinity gradient due to the lack of advection-replenished saline water and the
continuous release of freshwater from ice melting, which may contribute to the modelled shallower
summer MLD. In winter, the observed April MLDs are approximately 33 + 8 m in the Canadian Basin

and ~70 to 100+ m in the Eurasian Basin. Our simulations show that the average MLD in April is ~35 m
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for all CTRL runs in the Canadian Basin and ~70 m in the Eurasian Basin. In particular, the MLD can
exceed 100 m in April at stations NS2 and NS4. Our model also accurately reproduces the appearance
and changes of the NSTM (such as Figure. 5a in the main text), which is the remnant solar heat trapped
beneath the ML and a notable feature in the Canadian Basin, caused by penetrative shortwave solar
heating principally through leads (Jackson et al., 2010; Maykut and McPhee, 1995; Steele et al., 2011).

In addition, the ITP41 captured NSTM changes very well and had short spatial drift between May
2011 and April 2012. We further validated the model by simulating the ITP41 case with its corresponding
atmospheric forcing field and initial conditions, and the results show the model’s capability to replicate
the observed seasonal thermohaline variations (Figure. S7). Based on the observations, the ocean-to-ice
heat flux (F,;) has a significant seasonal cycle with maximum values reaching 40-60 W/m? in summer
(Maykut and McPhee, 1995) and close to zero during winter in many instances (Krishfield and Perovich,
2005; McPhee et al., 2003; Zhong et al., 2022). The model results of the CTRL agree with the observed
values well (Figure 8a and b in main text).

In conclusion, our 1D model simulated summer ice condition and seasonal variations in the vertical
structure of the Arctic Ocean in qualitative agreement with observations. While the CTRL run does not
aim to precisely replicate observed values, it provides a baseline of reasonable accuracy for comparing

differences between CTRL and sensitivity experiments.

10
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(a) ITP-41 trajectory (From 2011-05-01 to 2012-04-30)
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Figure S7. (a) Trajectory of ITP 41 from May 2011 to April 2012 shown in green. In this case simulation, the atmospheric forcing
field is derived from NCEP-DOE (https://psl.noaa.gov) and averaged over the region outlined by the black line, covering the same
time as ITP 41. Initial ice and snow thicknesses are taken from NSIDC (https://nsidc.org/data/nsidc-0773/versions/1) regional

averages for May 2011. (b)—(e): Time series of temperature (left column) and salinity (right column) in the upper 50 m, derived from
(b, ¢) ITP 41 observations and (d, e) simulation results.
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S3 Model results for experiments with initial SIT of 1.5 m

(a) Melting Season (b) Freezing Season
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Figure S8. Box plots illustrating the (a) ice thickness changes during the melting season and (b) freezing season across different
Stations in different types of experiments. Each box plot shows the median, interquartile range, and potential outliers (points marked
with red plus sign). All points are the results of experiments with initial SIT of 1.5 m. The blue star and red star represent stations
BS5 and NS2, respectively.
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Figure S9. Box plots illustrating the mean (a) MLD in summer and (b) winter across different Stations in different types of
experiments. Each box plot shows the median, interquartile range, and potential outliers (points marked with red plus sign). All

points are the results of experiments with initial SIT of 1.5 m. The blue star and red star represent stations BS5 and NS2, respectively.
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Figure S11. (a) Five sub-regions in the Arctic Ocean simulated using WOA2023 climatological data as the initial condition. BS:
Beaufort Sea; NA: North of the Amerasian Basin; AM: Amundsen Basin; ENS: Eastern Nansen Basin; WNS: Western Nansen Basin.
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Figure S12. Modeled time series of ocean (a)-(b) salinity and (c)-(d) temperature differences in the WNS (noMW mins CTRL), using
the WOA climatological data as the initial conditions. Left column: experiments with initial SIT of 1.5 m. Right column: experiments
with initial SIT of 2 m. Colored dots indicate the MLD.
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Figure S13. Modeled time development of SIT (left column) and SIC (right column) in all sub-regions, using WOA climatological

data as the initial condition for experiments with initial SIT of 1.5 m.
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Figure S14. Same as Figure S17 but for the experiments with initial SIT of 2 m.
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