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Abstract. We use synthetic sea ice velocity fields to assess the robustness and physical interpretation of first-order scaling
diagnostics, commonly associated with spatial localization in the sea ice modeling community. The synthetic fields are con-
structed to reproduce a wide range of RADARSAT Geophysical Processor System (RGPS)-derived deformation statistics while
providing full control over signal-to-noise ratio, divergence-to-shear ratio, lead density, orientation and spatial localization. Re-
sults show that spatial scaling arises from the cancellation of signed velocity gradients in the coarse-graining procedure rather
than from localization. For instance, dirac-delta deformation field mimicking idealized fracture lines does not show scaling
in the absence of signed-gradient cancellation, and smoothly varying (non-localized) deformation fields yield scaling expo-
nents comparable to observations when they contain both positive and negative velocity gradients. We further demonstrate that
the standard fractal diagnostic is not invariant under rotation: a pure shear (non-divergent) deformation field exhibits differ-
ent scale dependence when expressed in a rotated frame. These conclusions derived from synthetic deformation fields when
applied to real sea ice deformation from RGPS and sea ice models from the Sea Ice Rheology Experiment (SIREx) show
that observed scaling is similarly dominated by cancellation between positive and negative strain rates rather than geometric
localization, and therefore are largely determined by PDFs of deformations. These findings reveal key limitations in current

scale-invariance-derived diagnostics and call for physically interpretable and robust metrics.

1 Introduction

Early sea ice model evaluation focused on large-scale diagnostics such as sea ice drift, extent, and thickness, and comparison
with in-situ buoy-derived drifts, submarine-derived ice thickness, and passive microwave remote sensing (e.g., Hibler 1979;
Shy et al. 2000; Kreyscher et al. 2000; Ip et al. 1991; Zhang and Rothrock 2005). Any model that incorporated both shear and
compressive strength however reproduced these observed bulk properties (Ungermann et al., 2017; Notz et al., 2016). More
recently, high-resolution active radar remote sensing data (e.g., RADARSAT, RCM, Sentinel) have permitted the study of sea
ice deformations localized along narrow, intermittent linear bands known as Linear Kinematic Features (LKFs; Kwok 2001).
Since both shear and divergence are present along LKFs, they are tightly linked to thermodynamic and dynamic processes,
and thus to sea ice mass balance and ocean-ice-atmosphere exchanges of heat, moisture, and salt, with important implications
for climate and seasonal forecasting (McPhee et al., 2005; Bourgault et al., 2020; Tian et al., 2025). Deformation rates derived

from high-resolution RADARSAT imagery show that these features exhibit self-affine, fractal-like structures (Stern et al., 1995;
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Coon et al., 1998); i.e., the deformation patterns repeat across a wide range of scales with a preferred direction (Mandelbrot
and Wheeler, 1983; Mandelbrot, 1985). This organization is mathematically characterized by power-law scaling relationships
(Feder, 1988; Halley et al., 2004; Hamburger et al., 1996). Evidence of scale invariance in sea ice deformation, fracture, and
fragmentation emerges through multiple avenues, including power-law distributions of floe size and deformation, box-counting
analyses of SAR backscatter, power spectra of buoy dispersion, and structure functions of mean total strain rates (e.g., Rothrock
and Thorndike 1984; Martin and Thorndike 1985; Weiss 2001a, b; Weiss and Marsan 2004; Marsan et al. 2004; Hutchings et al.
2011).

The most widely used fractal method in the field of sea ice kinematics involves computing first-order structure functions on
strain rate fields obtained via coarse-graining of velocity gradients (Marsan et al., 2004). The resulting spatial scaling exponent
[ was initially interpreted as a measure of self-organization, or correlation between mean total deformation rates and scales
(Weiss and Marsan, 2004; Marsan et al., 2004; Stern and Lindsay, 2009). Later, this same scaling exponent was re-interpreted as
a proxy for localization of deformation, where 3 ~ 0 implies homogeneous deformation and 3 ~ 2 implies strong localization
(e.g., Rampal et al. 2008; Marsan and Weiss 2010; Rampal et al. 2019; Bouchat and Tremblay 2017; Bouchat et al. 2022b).
Observed values of 3 typically range between ~0.1 and ~0.8 (Marsan et al., 2004; Rampal et al., 2008; Stern and Lindsay,
2009; Girard et al., 2009; Spreen et al., 2017; Oikkonen et al., 2017; Hutchings et al., 2011; Hutter et al., 2018; Lei et al.,
2021; Uusinoka et al., 2025a). The scaling exponent 3 varies temporally with ice strength (weaker and/or younger ice results
in larger scaling exponents; Stern and Lindsay 2009; Hutter et al. 2018; Lei et al. 2021), is sensitive not only to signal-to-noise
ratio in the RADARSAT-derived velocity gradients, but also to seemingly minor methodological differences in deformation
and scaling exponent retrieval that are regarded as inconsequential, yet significantly affect the scaling exponent (Bouillon
and Rampal, 2015b; Bouchat and Tremblay, 2020). Finally, studies using higher-resolution deformation rates from buoys and
marine radar show that power-law scaling breaks down at both small and large scales (Hutchings et al., 2024; Uusinoka et al.,
2025b, a).

While these scaling exponents have become a standard diagnostic for evaluating the rheological component of sea ice models
(Bouillon and Rampal, 2015a; Dansereau et al., 2016; Rampal et al., 2019; Hutter et al., 2018; Bouchat and Tremblay, 2017;
Bouchat et al., 2022b; Savard and Tremblay, 2024; Lemieux et al., 2025), their interpretation is not always straightforward. To
the best of our knowledge, there is no consensus on their physical interpretation (scale invariant vs. localization). All models,
regardless of the underlying physics, can reproduce observed scaling if their spatial resolution is sufficiently high (Bouchat
et al., 2022b). For instance, Bouchat and Tremblay (2017) showed that increasing shear strength or reducing compressive
strength in low-resolution viscous plastic models increases localization and yields scaling exponents within the observed range,
despite the model underestimating LKF density, highlighting the limits of scaling for rheology discrimination. Other studies
report on strong sensitivity of scaling exponents to signal-to-noise ratio, with efforts to up-weight large deformation that
increases scaling (Bouillon and Rampal, 2015b; Bouchat and Tremblay, 2020). Finally, models with the correct scaling still
do not capture key geometric features, such as observed LKF intersection angles and density (Hutter and Losch, 2020; Hutter

et al., 2022), prompting a reassessment of the physical meaning of scaling.
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The above studies echo critiques from the fields of geophysics and turbulence, where the sensitivity of scaling metrics to
resolution, finite domain-size effects (truncation), and noise have long been recognized (Halley et al., 2004; Falconer, 1988).
While such limitations have been acknowledged in the sea ice modeling community (e.g., Weiss 2001b; Bouillon and Rampal
2015b; Bouchat and Tremblay 2020), they have not been systematically addressed. In the application of scaling metrics to
sea ice deformation, a further and largely overlooked source of complexity arises from the coarse-graining procedure itself.
Although the diagnostic targets positive-definite strain rates, the coarse-graining is performed on signed velocity gradient
components. As a result, positive and negative gradients (e.g., divergence and convergence, or opposing shear orientations)
can partially cancel within coarse-graining boxes. Studies on signed measures have shown that such cancellation effects can
influence apparent scaling independently of spatial organization in the underlying field (Ott et al., 1992; Bertozzi and Chhabra,
1994; Sorriso-Valvo et al., 2002). While it is recognized that scaling analysis of strain rates (scalar fields) ignores the directional
or tensorial information of the field (Weiss and Marsan, 2004), the interaction between different modes of deformation, such
as divergence, convergence, and positive/negative shear, remains unexplored in the sea ice literature.

In this study, we focus on spatial scaling and extend the conclusions to temporal scaling, as the two diagnostics rely on
equivalent coarse-graining procedures. Our central question is: what mechanisms primarily control the scaling exponent? To
address this, we construct synthetic deformation fields in controlled experiments where the underlying structure, sign, orienta-
tion, and noise characteristics are explicitly prescribed. This approach allows us to quantify the influence of each mechanism
on first-order scaling. We then test these conclusions on deformation fields derived from high-resolution satellite observations
(RGPS; Kwok et al., 1998) and on model outputs from the Sea Ice Rheology Experiment (SIREx; Bouchat et al., 2022a).

We find that coarse-graining introduces partial cancellation between positive and negative velocity gradients, which gives
rise to scale-dependence in sea ice deformation. As a consequence, the scaling exponent is not strictly invariant under rotation,
as physically equivalent strain fields can result in different scale-dependence when expressed in a different reference frame
— a necessary condition for a statistically meaningful model evaluation diagnostic (Dukhovskoy et al., 2015). This highlights
fundamental limitations in the use of scaling exponents as model evaluation metrics.

The paper is organized as follows. Section 2 introduces the data (synthetic, radarsat-derived observations and models), the
scaling analysis method, and the experimental setup. Section 3 presents results from coarse-graining experiments applied to

synthetic data and examines the implications for model evaluation. Conclusions are summarized in Section 4.
2 Data and Method

2.1 Data

We use deformation estimates from the RADARSAT Geophysical Processor System (RGPS) Lagrangian motion dataset
(Bouchat and Hutter, 2022). We analyze the RGPS velocity gradient product, which provides deformation at a nominal spatial
resolution of 10 km and a temporal resolution of three days. The sampling is inherently non-uniform because individual ice

parcels are not always updated on the same dates, and some SAR image pairs cannot be tracked. Data are available for the
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months of January to March from 1997 to 2008, corresponding to the period (winter) during which RGPS has been most widely
used for deformation scaling studies (e.g. Bouchat et al. 2022b; Bouillon and Rampal 2015b; Hutter et al. 2018).

We also use simulated deformation estimates from the Sea Ice Rheology Experiment (SIREx) models (Bouchat et al., 2022a),
covering a wide range of spatial resolutions (therefore LKF density and spatial localization) and model physics (EVP, VP,
EAP, MEB). The velocity derivatives all have a temporal and spatial resolution of 3-days and 10-km (as the RGPS composite),
regardless of the original resolution of the model output. The model’s velocity gradient domains are masked according to the
same 3-day data availability from the corresponding RGPS frames. More details about the models can be found in Bouchat

et al. (2022b) and Hutter et al. (2022). We use data from the months of January to March 1997 and 2008, as available.
2.2 Spatio-Temporal Scaling

Power-law scaling of an observable M (z) is defined mathematically as M (Az) = A=% M (z), where ) is a scaling factor, and
B is a scaling exponent (Mandelbrot, 1977). In the case of scaling sea ice deformation, it describes how the domain averaged
deformations (€,¢),» change with scale L™, where L™ = 2" Ax forn =0,1,2,...,10, i.e.,

<&"75.0t>L7L+1 - L_ﬂ
<5tot>L"

) )]

for all n.

Following Marsan et al. (2004) and current practice in the sea ice deformation community, we calculate the spatial mean
total deformation at the native grid scale Az = 10 km from the velocity derivatives over the full domain. At larger scales, a
coarse-graining approach is used, where velocity gradients are averaged within boxes of increasing size L™ x L™ (see Figure
1). This corresponds to scales ranging from L° = 1Az (=10 km) to L'° = 1024Ax (=10 240 km). Each subsequent box at
the next larger scale L™ is centered on the grid node of the previous scale and overlaps adjacent boxes by L™ /2 to ensure
sufficient statistical over sampling. To minimize biases, only boxes with at least 50% of non-masked grid cells are retained for

analysis.

The divergence (£7) and maximum shear strain rate (¢7;) are defined as the first (trace) and second (determinant) invariants

of the 2D sea ice deformation tensor (L), which can be written as (ignoring the rotational component)
u 1 ([ ou v
L~ s 5 (3 +3)
T (ou g ov o ’
2 \ 9y ox Oy

where the diagonal terms are the axial strain rates and the off-diagonal terms are the shear strain rates. Finally, the first and

2

second strain rate invariants and the total strain rates are calculated from the coarse-grained (averaged) velocity gradients as
— Ou v

gl:%_kaiy’ 3)
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where é,,; is the weighted average of non-masked grid cells within each box (hereafter referred to as é;;). This correction
ensures consistent characterization of deformation across scales, regardless of data coverage. Note that if the field contains
only one strain rate invariant (e.g., £7), then ;,; = |¢7|. The scaling exponent (3 is calculated by fitting a power-law to the
mean total deformation rate (€;.¢), at each scale L in log-log space. Note that we use scale dependence to describe variations
in (é40¢) 1, with L. Theoretically, when this relationship is log-linear over at least two orders of magnitude, it is referred to as
scaling and characterized by the scaling exponent 3. Because this criterion is rarely strictly satisfied for sea ice strain rates,
we refer to approximately log-linear relationships spanning more than one order of magnitude as scaling, following common
practice in the field. Accordingly, the power-law fit of sea ice deformation is restricted to scales between 10 and 640 km (e.g.,
Marsan et al. 2004; Rampal et al. 2019; Bouchat et al. 2022b).

We retain the coarse-graining procedure introduced by Marsan et al. (2004) and do not apply the data-quality weighting
proposed by Bouchat and Tremblay (2020). This weighting artificially enhances the influence of the distribution tails and
produces (3 values substantially larger than those obtained from the original fields (Bouchat and Tremblay, 2020; Bouchat et al.,
2022b). Using synthetic fields with added white noise (signal-to-noise ratio of 10), we find that noise does not significantly
affect the scaling exponent (results not shown). The weighting procedure has a much larger impact on the estimated scaling

than the noise itself.
2.3 Experimental setup

We prescribe idealized, user-defined strain rates to assess the behavior of standard first-order scaling diagnostics in idealized
deformation fields. This approach allows independent variation of the strain-rate intensity, divergence—shear ratio, spatial lo-
calization, orientation, LKF spacing (s), and signal-to-noise ratio (SNR), making it possible to assess the influence of each
factor separately. All experiments are performed on a square domain of dimensions 1024 x 1024 (N, x N,) with 10-km (Ax)
spatial resolution akin to the RADARSAT Geophysical Processor System (RGPS; Kwok et al. 1998) used in previous studies
(e.g. Bouchat et al. 2022b; Stern and Lindsay 2009). For simplicity and without loss of generality, we consider deformations

with velocities (u and v fields) that depend only on x or y.

The u and v fields are calculated by simple integration, assuming zero velocity at the wall , e.g., u(z) = fox %dm. We use a
C-grid with the vector quantities defined on the vertices of the grid cells and strain invariants defined at the grid centers (see

Figure 2), as:

ou o Ui41,5 — Uq,j
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Figure 1. Schematic of the coarse-graining procedure and scaling analysis of one axial strain component only (Ou/dx) on a domain (not to
scale) with ocean (white) and land covered area (gray). Panels a and b show the velocity gradients, and mean velocity gradients over the first
two scales (L%, L') of size L° = 2° Az = 10km (blue) and L' = 2' Az = 20km (red), respectively. The analysis includes only ocean grid
cells (white) and coarse-grained cells with >50% ocean coverage. Strain rates at different scales are derived from the averaged gradients at
each scale (see Egs. 3, 4, and 5). Panel ¢ shows the mean total deformation (¢.) for the first two scales on a log-log plot for each box (full
circles) and for the mean of all coarse-grained boxes (circles with black contour). The scaling exponent [ is estimated using a least-squares

linear fit in log-log space applied to the mean values. Note that the mean total deformation (colored circles) is calculated over a gradually

smaller number of boxes (: N2 for n = 0, otherwise = (% — )2) with increasing scales n =0,1,2,...,10.

@ _ Yig+1 — Vi )
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Note that off-diagonal terms of the deformation matrix (g—;‘ and %) have a larger stencil than the diagonal terms and therefore

introduce asymmetry in the x— and y—directions.
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Figure 2. C-grid with scalars ;.5 (€1, €11, €t0¢) defined at the center of the grid cell and vectors (u;,;, v;,;) defined on the vertical and
horizontal vertices respectively. The stencils of the diagonal and off-diagonal terms in the deformation tensor are shown in blue and green

respectively.

3 Results and Discussion

The synthetic fields consist of idealized LKFs represented as parallel bands of deformation. This simplified geometry provides a
clean baseline for identifying which aspect of the deformation field determines the observed scale dependence. In the following,
we use spatial localization to denote the spatial concentration of deformation. Conversely, low localization corresponds to a

smoothly varying deformation field. Deformation intensity, in turn, refers to the magnitude of strain rates.
3.1 Spatial localization does not produce scale dependence

We first show that power-law scaling does not result from spatial localization using a domain where axial strain is localized
along one-grid-cell-wide LKFs with regular spacing s = kAx for integer k forming a discrete set of delta-like discontinuities
(Fig. 3). To this end, we calculate analytically the mean deformation at the smallest and largest scales and demonstrate that
they are identical, implying 3 = 0. For a constant, positive-definite sea ice deformation (¢¢ = v/20u/dx > 0, see Fig. 3a), the
mean total deformation (£,,;) at the smallest scale can be written as

NZ2/s

. 1 . o
(Etot) L=z = g kz_jl leo(ks)| = et (10)
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Similarly, we write the mean total deformation at the largest scale

Nmz/s

LS solks)| =22 an
k=1 §

N,?

(Etot) =N =

Both are equal because the velocity gradients have the same sign everywhere. This is confirmed numerically for a range of
different LKF amplitudes, orientations, spacing, domain size, and strain rates (i.e. shear or divergence; Fig. 3b). Spatial local-

ization therefore does not result in scale dependence.

3.2 Signed velocity gradients produces scale dependence through cancellation

When introducing both positive and negative velocity gradients — as bands of alternating signs of divergence and/or shear
strain rates (¢7 = (—1)*&, for integer k) — along the same LKFs (Fig. 3c), scale dependence emerges. At the smallest scale,
the mean total deformation (¢4,;) remains the same by definition (¢(/s) since we consider only the positive root in the mean
total deformation rate (Eq. 5, for the positive-definite case), yet the mean large-scale total deformation is equal to zero because

of cancellation between the positive and the negative strain rates

1 N.2%/s 1 N.2%/s
Erodran =55 D folks)| = |55 Y (-1)"é|=0. (12)
T k=1 k=1

The difference in mean total deformation between the smallest and largest scales implies scale-dependence at least between a
range of scales (Fig 3d). Not surprisingly there is no scale dependence (5 = 0) when the averaging box is smaller than the LKF
spacing (L < s) where the deformation rates are unsigned or when the averaging box is much larger than the LKF spacing
(L >> s) resulting in near total signed-gradient cancellation for all scales. Generally the scale-dependence is present over
scales where L > s and L >> s except when s = 2™. In this case, we see a discontinuity (break) in mean total deformation
exactly at L = s. This behavior is robust to the exact choice of LKF spacing, PDF of intensity, or alignment with the coarse-
graining boxes (results are not shown). These results establish signed-gradient cancellation as both necessary and sufficient
for scale dependence. It also follows that — keeping the ratio of positive and negative velocity gradients constant — the scale-
dependence is proportional to deformation intensity since (€4¢)a, increases while (£;,;)x remains constant (see Fig. 6d).

Implications from these mechanisms for model evaluation against observations are explored in Section 3.5.
3.3 Continuous deformation fields produce scale dependence through signed velocity gradient cancellation

We showed above that signed-gradient cancellation produces scale dependence as opposed to discontinuity or localization

in the deformation field. Here, we repeat the same analysis with a continuous (non-localized) signed velocity gradient field
A

27

2rx

(unsigned not shown) u = £ cos (T)’ where the wavelength A (in grid cells) is a factor of the domain size N, and is well

resolved by the grid spacing Az (Fig. 3d). In this case, the mean total deformation (£;.¢) at the smallest scale and at the largest
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(domain) scale are

A2 A2

(e 27rx _ €0 |2N, 2rx d 260 2mx _ 2g (13)
&ot L=Az = sin dx = AP sin —/\ or \ = 771' ,

“0 0 0

A 9 N 5 N,

. € . T € T
(tot) L=N = F(; /Sln()\> dx‘ = —]\;%cos()\> |0 =0. (14)

0

Again, scale dependence is present at least for a range of scales between Az and L for a well resolved continuous deformation
field, as {(€ot) =N < (Etot)L=Az- In a similar manner to the cases where the deformation is localized, the scale-dependence
(which establishes the scaling exponent [3) depends on the wavelength of the sinusoid and on its alignment with the coarse-
graining boxes (Figure 3f). These results demonstrate that spatial localization is not a necessary condition for producing scale-
dependence, and therefore non-zero /3 values. Non-localized and smooth deformation fields can exhibit scaling akin to RGPS
if they contain positive and negative signed velocity gradients. Together, Sections 3.1-.3 establish that signed-gradient can-
cellation is the mechanism generating (3, and that this mechanism operates regardless of whether deformation is localized or
smooth. Note that these experiments are based on synthetic LKFs with divergence only (¢; €77 = 0); the same conclusions

hold for experiments with shear deformation, as the signed-gradient cancellation mechanism remains unchanged.
3.4 Scaling is not invariant under rotation

A direct consequence of signed-gradient cancellation is that 8 depends on the choice of reference frame used to express
the deformation. We demonstrate this with two deformation configurations that are physically equivalent, differing only by
a rotation of the reference frame (Fig. 4a; Popov, 1990). For instance, the set of LKFs consisting of vertical bands of uni-
axial strain rate field with alternating sign (Qu/0z = %<, and dv/dy = Ou/dy = Ov/Ox = 0, presented in Section 3.2) is
equivalent to bands of isotropic strain rate (Ou/0x = 0v/0y = £¢\) with shear strain rate (Qu/Jy = 0v/0x = £&p) in a frame
of reference rotated by 45°. Yet, the scale-dependence is not the same for both configurations. The difference arises because
coarse-graining interacts differently with the spatial arrangement of signed velocity gradients in each configuration. In the
non-rotated case, coarse-graining windows are aligned with the LKF structure, preserving a consistent balance of positive and
negative gradients across scales. A 45° rotation redistributes the same strain field relative to the grid, such that coarse-graining
windows sample a different mixture of positive and negative velocity gradients at each scale, resulting in a different scaling
(Fig. 4b).

The non-invariance under rotation could, in principle, have consequences for model evaluation since simulated and observed
sea ice deformation are computed on different grids (e.g., tripolar, curvilinear, polar stereographic). The same LKF will have
a different distribution of velocity gradient components, and therefore scaling in different models and observations. Whether
this effect is apparent in scaling analysis performed even over just one single day but with a wide range of LKF orientations is
unclear. For example, when we rotate velocity gradients in RGPS for one given 3-day snapshot by an angle 6 € [0°,180°] prior

to the computation of scaling exponents, the resulting scaling exponent shows only weak sensitivity (Fig. 5). Presumably, this
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averaging will be even more apparent when scaling is calculated over several days. While this effect is minimal, it constitutes
a methodological inconsistency with the requirement that validation metrics be rotation invariant (Dukhovskoy et al., 2015),

particularly given that models tend to simulate LKFs that are aligned with the grid orientation (Lemieux et al., 2025).
3.5 Implications for model evaluation

The controlled experiments presented in Sections 3.1-3 established that signed-gradient cancellation ((€;ot) Az 7# (Etot)N) 1S
a necessary and sufficient condition for scale-dependence and scaling (5 > 0). It follows that differences in 8 in observations
and models should be quantifiable from (¢:ot)a, and (€:0¢) v alone (Fig. 6). Note that the mean total deformation at the
largest scale ((¢;0¢) n) always departs from the linear scale dependence due to finite domain effects (e.g., Bouchat et al. 2022b;
Rampal et al. 2019). Whether the mean total deformation at the largest scale is really smaller due to finite domain effects or
not is discussed in Section 3.6.

To test this hypothesis, we use the same two-point approximation of 3 (used in Section 3.1) calculated from the mean total

deformation at the smallest (Ax) and largest (V) scales (referred to as B in the following; Fig. 6):

log(€tot) Az — l0g(Etot) N

= log Az —log N ’ (4
where
1/2
. ou  Ov\? ou  Ov\? ou  Ov\?
<€tot>Aa:— <<<ax+ay> + <a$_6y> + <6y+8cx> ) >, (16)
- —_ 2 —_— 2 — 2\ 1/2
tot)N = or Oy or Oy dy Ox '

In contrast with 3, which is estimated using all spatial scales, B carries no "scale" information, and can be derived from the
Probability Density Functions (PDFs) of the velocity gradients alone. The two-point approximation B is strongly correlated
with 8 (r = 0.92) across the 11 winters covered by RGPS observations and SIREx model configurations, covering all spatial
resolutions and rheological configurations (Figure 7a). This relationship is also substantially stronger than that obtained with
geometric LKF metrics (e.g., total length, density, growth rate) tested by Hutter et al. (2022). The departure from linearity of
(é+0t) v introduces a positive bias. This bias is comparable with both the sensitivity of /3 to the spatial-scale range used in its
calculation and the observed or simulated inter-winter variability (Bouchat and Tremblay, 2020; Bouillon and Rampal, 2015b).

From the principle of variance addition (Casella and Berger, 2002),

Var(§) = Var(log(étot) ae) + Var(log(€ror) v) — 2Cov(log(€tot) Axs10g(Etor) N)
(log Ax —log N)2 ’

(18)

we note that the large variance contributions associated with the deformation intensity (345%, (€¢0t) ) and the deformation
mean (161%, (£.,1) n) are compensated by their strong covariance (-406%), resulting in a comparatively small variance in B

(see cluster of points in Fig 7a and more diffuse cloud of points in Fig. 7bc). For example, FESOM has £ values similar to

10
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those of other models, arising from an anomalously low deformation intensity ({€;,:)A.) compensated by an anomalously small
deformation mean ((€40¢) 5). A consequence is that increasing model spatial resolution, i.e. increasing deformation intensity,
has little impact on B because it also increases the mean (Lemieux et al., 2025; Bouchat et al., 2022b; Spreen et al., 2017;
Williams and Tremblay, 2018; Hutter et al., 2022). In contrast, the separation between the cloud of observed and simulated B
(and f3; Fig. 7a) is due to the difference in magnitude of deformation (£;,¢) A, (Fig. 7b), rather than the mean (¢;.:) v (Fig. 7¢).
This is consistent with RGPS gradient distributions having heavier tails than those of sea ice models (e.g., see MITgcm and
FESOM in Fig. 8§, left column).

To further examine the respective roles of deformation intensity and mean in controlling 8 in RGPS deformation fields,
we perturbed the velocity gradient distributions (i) by multiplying all gradients by a factor ~, which modifies intensity while
largely preserving the mean of the signed distribution, and (ii) by shifting all gradients by a constant §, which modifies the
deformation mean while leaving intensity approximately unchanged. In both cases, 3 responds predictably and monotonically
to v and J, consistent with the analytical framework derived from synthetic fields (Fig. 9). This confirms that the mechanism
identified in Sections 3.1-.3 (i) also operates in observed deformation fields, (ii) is not an artifact of the idealized geometry of
the synthetic experiments, and (iii) modulates 8 without changing the spatial distribution of strain rates.

This two-point approximation framework offers an alternative interpretation of the seasonal cycle of /3 reported in Stern and
Lindsay (2009), Hutter et al. (2018) and Lei et al. (2021). These studies attributed the higher summer (JJ) values of 3, compared
to those during winter (JFMA), to weaker ice and reduced stress transmission resulting in less long-range connectivity between
floes. Here, we suggest these higher values may instead reflect increased deformation intensity. During summer, a looser ice
pack is characterized by larger mean deformation rates despite weaker winds (Rampal et al., 2009), resulting in higher £ even
without increased localization. In winter, deformation is more localized, but the magnitude of velocity gradients across leads
is smaller, resulting in less deformation intensity (smaller (¢;,¢)a,) and lower . These interpretations are not contradictory;
they emphasize that the link between localization and scaling is indirect and mediated by deformation statistics. The role of
mean deformation ({¢¢.¢) ) in seasonal variability, on the other hand, remains less well constrained. For instance, fall and
early-winter conditions, when the pack is not yet consolidated, can accommodate net convergence (Richter-Menge and Farrell,
2013), which reduces signed-gradient cancellation (larger (¢;,¢)n) and may be partially offset by increases in deformation

magnitude. Quantifying the seasonal and spatial variability of the deformation intensity and mean is left for future work.
3.6 Break of scaling at large scale

In Section 3.2, we showed that lower mean total deformation and break in scaling emerge from the characteristic spacing of
opposing-sign gradient regions rather than from domain truncation. This suggests that the break in RGPS scaling at the largest
scale (640 km or 26 Ax) — previously attributed to finite-size effects on the grounds that the coarse-graining domain becomes
too large relative to deformation structures (e.g., Bouchat and Tremblay, 2020; Ouillon et al., 1996) — may instead reflect a
characteristic physical scale of the deformation field itself, namely the dominant spacing between large regions of opposing-
sign velocity gradients. To test this hypothesis, we progressively reduced the RGPS domain by a factor of 2 and 4, with respect

to the domain centroid. If the break in mean total deformation were a finite-size artifact, we should observe a shift in break
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toward smaller scales as the domain shrinks. Figure 10 confirms that it does not; the scaling breaks at 640 km independently of
the domain size. This result is robust to the exact choice of the day analyzed (result not shown). The practical implication is that
routinely truncating the scaling window at 640 km and treating the departure as an artifact is not justified. The drop-off carries
physical information about the basin-scale organization of opposing-sign deformation, which could be linked to synoptic scales
or coastline geometry (Hutchings et al., 2005). Note that our domain reduction experiment is performed independently of LKF
positions and therefore may not resample the field in a statistically controlled way. A detailed analysis is beyond the scope of

this study.
3.7 Power Spectra

Another avenue for characterizing localization in sea ice deformation from kinematics is to look at the spectrum in wavenumber
space of the mean total strain rates (see for example Jendersie et al. 2025). Results show a nearly constant radially averaged
power spectral density (RAPSD) slope, in both RGPS and models (blue curves; Fig. 11) — except those that produce very diffuse
deformation fields and do not resolve localized deformation features such as LKFs (pink curves, Fig. 11; see also Bouchat et al.
2022b for spatial maps of deformation fields). Sharp velocity gradients associated with LKFs (i.e., discontinuities in the velocity
field) require contributions from many wavenumbers to be reconstructed, starting from those associated with the synoptic-scale
spacing between dominant LKFs. Consequently, spectral slopes provide limited ability to discriminate between sea ice models
once they can produce localized LKFs, even if the LKF density is low. Note that this result differs from Kolmogorov turbulence,
where spectral slopes reflect an energy cascade from larger to smaller scales and thus encode information about the underlying
dynamics.

Note that these results come with important caveats. First, spectral analysis measures the distribution of variance across
wavenumbers and is therefore insensitive to intermittency: fields with identical spectra can differ strongly in higher-order
statistics and extreme events, which are captured by structure functions but not by spectra (Turcotte, 1997). Spectra therefore
do not provide access to multifractal scaling, which requires moment-dependent statistics. Second, spectral estimation assumes
stationarity and isotropy, neither of which is strictly satisfied for sea ice deformation. Together, these limitations mean that
spectral slopes characterize only part of the spatial variability and cannot fully constrain the organization of intermittent,

anisotropic deformation fields.

4 Conclusions

We use synthetic sea ice velocity gradient fields to isolate the mechanisms controlling the scale dependence of sea ice deforma-
tion. Results show that the scaling arises from coarse-graining—induced cancellation of signed velocity gradients — characterized
by the intensity and the mean (e.g., ratio of opening and closing) of sea ice deformation — rather than from the spatial local-
ization of deformation. The scaling reflects the cancellation of signed-gradients at various scales, rather than scale dependence

of the deformation itself. The scaling exponent [ is strongly influenced by the statistical properties of the velocity gradient
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probability distribution (PDF), i.e., is implicitly a coarse summary of these distributions, reflecting the balance between their
intensity and their mean.

As a consequence, sea ice deformation PDFs with different widths and means can yield similar values of 3, which fundamen-
tally limits its discriminative power as a diagnostic of sea ice rheology. For instance, diffuse, weakly localized deformation can
have scaling exponents comparable to those of a highly localized, fracture-dominated ice pack, as the mean divergence is near
zero. Similarly, an active sea ice cover dominated by shear events may result in 8 values comparable to those of a weakly de-
forming system with balanced opening and closing rates. These regimes are dynamically distinct, yet remain indistinguishable
from scaling alone.

For model evaluation, this points toward diagnostics that target gradient distributions directly. PDF-based comparisons of
velocity gradients and strain invariants — e.g., evaluated bin-wise as suggested in Bouchat et al. (2022b) — provide a more
physically interpretable assessment of model performance than 5 alone. Importantly, PDF-based approaches do not require
fully gridded strain-rate fields, enabling the use of emerging satellite products, including high-resolution velocity gradients
from Sentinel-1 and the RADARSAT Constellation Mission, to study the spatial and temporal variation in sea ice statistics
(Plante et al., 2025). Geometric diagnostics such as LKF density, length, and intersection angle distribution (Hutter and Losch,
2020; Hutter et al., 2022; Ringeisen et al., 2023), and even power spectra, capture geometric information, including localization,
that 5 does not reflect. In the absence of complementary diagnostics, the scaling exponent alone provides limited and potentially
ambiguous constraints on model rheology.

Methodologically, the scale dependence is not invariant under a rotation of the reference frame. Two physically equivalent
deformation fields can result in different scale dependence. While the practical effect is modest for RGPS fields with diverse
LKF orientations, it constitutes a methodological inconsistency. Moreover, the break in scaling at ~ 640 km is independent of
domain size, suggesting it reflects a physical characteristic scale of the deformation field rather than finite-size effects, such as
spatial heterogeneity in deformation (e.g., coexistence of highly active regions and quiescent areas or of highly convergent and
divergent areas).

More generally, this study highlights a limitation of current sea ice deformation metrics, an issue also raised in SIREx
(Bouchat et al., 2022b; Hutter et al., 2022). There is a lack of diagnostics capable of disentangling the statistical properties
of deformation from the scale invariance of strain rates within a unified framework. The existence and robustness of distinct
scaling regimes across spatial scales and ice regimes (universality) — from ocean-driven variability at small scales to internally
driven stress transmission at larger scales — remain open questions (Weiss, 2001a; Lynmcnutt and Overland, 2003; Uusinoka
et al., 2025b, a; Hutchings et al., 2011, 2024). These questions need to be addressed by developing targeted scale invariance
diagnostics that are sensitive to non-stationarity, isotropy, and directional/tensorial information of the deformation fields, and
by exploiting new high-resolution satellite datasets, which provide expanded spatial and temporal coverage in a changing

Arctic sea ice system.
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Figure 3. (a-c-e) Divergence fields for the three control cases. Field are shown over a subset of the domain for clarity. Localized positive-
definite (a) and signed (c) divergence with spacing s = 4Ax, and (e) continuous (non-localized) sinusoidal divergence with wavelength
A = 32Az. (b-d-f) Spatial scaling showing the mean total deformation as a function of spatial scale for the control case (blue), a spac-
ing/wavelength that is not a factor of L (s = 3Ax and A = 30Ax; orange), irregular spacing (green), increased velocity gradient magnitude
(red), and for the RGPS deformation on 29-31 January 2002 (black triangles). Localized positive-definite fields exhibit no scale-dependence
(flat curves), whereas both localized signed and sinusoidal signed fields display scale-dependent behavior due to cancellation of signed ve-
locity gradients during coarse-graining. The distribution of velocity gradients of cases displayed in panels c-f have a slight positive shift to
allow for non-zero largest scale mean total deformation rate, and thus log-log plotting. The same results are obtained with pure shear or shear

and divergence. Note that in panel d, the blue and red curves largely overlap, except at small scales.
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Figure 4. (a) Axial strain rate field for two identical deformation fields differing only by their frame of reference. (b) Scaling of mean total
deformations as a function of spatial scale L™ = 2" Az (n =0,1,...,10, Az =10 km) for the two synthetic experiments with 0° (orange

circles) and 45° (purple circles) rotation, both with regular spacing s = 16Ax and for RGPS 29-31 January 2002 (black triangles).
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Figure 5. Scale dependence of RGPS (normalized) mean total strain rates for 29-31 January 2002, rotated with an angle 6.
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Figure 6. Schematic of the scaling exponent approximation B and dependence on quantities derivable directly from the PDF of the deforma-

tion. In a winter-averaged RGPS and sea ice model ensemble, the two-point slope estimate Bis highly correlated with 5 (r = 0.92; Fig 7).
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Figure 7. Correlation between the scaling exponent S (y-axis) and (a) the approximated scaling exponent B (x-axis), (b) the deformation
intensity (€tot)Az, and (c) the deformation mean (¢¢,:) n of RGPS (black) and sea ice models (blue), except FESOM (4km; orange). A
complete list of the models can be found in Fig. 11. The winter and model averages are shown in large symbols. A linear fit corresponding to
the best fit for the winter averages between 5 and B has a correlation of 0.92 and is not shown. The dotted line shows a 1:1 fit. Most data falls
under this 1:1 line, meaning /3 is lower than 8, coherent with known break of scaling at large scale. The models are mostly grouped together
with lower 8 (and B) values than RGPS, and models have generally lower (¢¢0¢) A compared to RGPS, and similar (¢+0¢) n values. Similar

results are obtained using 2008 model outputs (not shown).
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Figure 8. PDF of spatial mean of (a-c-e-g) the absolute value and (b-d-f-h) the signed values of velocity gradients (Ou/dz, du/dy,dv/dz,
and dv/dy), for the winter 1997 of RGPS (black), MITgcm (2km; blue) and FESOM (4km; orange). The shading represents the 5th-95th

percentile range across winters. The dashed lines show the mean values for each data set.

24



https://doi.org/10.5194/egusphere-2026-2911
Preprint. Discussion started: 30 June 2026
(© Author(s) 2026. CC BY 4.0 License.

(a) auj/oxj = p + p(dui/ox; — 1)

2.0 4
’-\1.5' ......oo
i Y g
I ?
~. 1.0 1 L
% °
054 °*
°
0.0 A
0 1 2 3 4
y

BIB(6 =0)

EGUsphere\

(b) duj/ox; = 6 + au;/ox;

1.0 1

0.8 A

0.6

0.4 1

0.2 A1

0.0 A1

-0.2

-0.1

0.1 0.2

Figure 9. Scaling of RGPS (normalized) for 20 random snapshots as a function of (a) a multiplicative factor v (1 = du;/0x;) and (b)

an additive factor J on the velocity gradients. Symbols indicate the mean across the snapshots, while the error bars represent the standard

deviation. The multiplicative perturbation modifies the deformation intensity ((€¢0t) A ), Whereas the additive perturbation modifies the mean

deformation ((£.0¢) v), thereby acting as tuning parameters for 3 (see Fig. 6).
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Figure 10. Scale dependence of RGPS (normalized) mean total strain rates for 29-31 January 2002 in the full (XV), half field (N/2) and

quarter field (IN/4) physical domain, referenced to the centroid. The shading represents the scales at which there is strong departure from

log-linear scaling, which is identical for all domain sizes. Note that the scaling ends at L=640 km for the smaller domain (yellow).
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Figure 11. Spectral density of deformation for RGPS (black), models reproducing the observed spectral slope (blue), and models departing
from it (purple) for the 1997 winter. The thick lines represent the time average and the shading represents one standard deviation across
winters. Similar results are obtained for the 2008 winter (not shown). A Tukey window was applied to suppress boundary effects. Results

shown are robust to the exact mask definition.

26



