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Abstract Sea ice plays a critical role in the climate system through its albedo, which constrains light
transmission into the upper ocean. In spring and summer, light transmission through sea ice is influenced
by its iconic blue melt ponds, which significantly reduce surface albedo. We show that the geometry of
surface melt ponds plays an important role in the partitioning of instantaneous solar radiation under sea
ice by modeling the three-dimensional light field under ponded sea ice. We find that aggregate properties
of the instantaneous sub-ice light field, such as the enhancement of available solar energy under bare ice
regions, can be described using a new parameter closely related to pond fractal geometry. We then explore
the influence of pond geometry on the ecological and thermodynamic sea ice processes that depend on
solar radiation.

1. Introduction
Solar radiation is a major source of energy in polar regions and is the main driver of growth and melting
of sea ice in the Arctic ocean (Perovich & Richter-Menge, 2009). The Arctic sea ice cover is heterogeneous,
a mosaic of individual floes that range in size from meters to tens of kilometers. The emergent properties
of small-scale sea ice surface variability, in particular the sea ice albedo, are important components of large
scale numerical climate models.

Over the course of the melt season, ponds of melt water develop on surface of Arctic sea ice and constitute
a significant fraction of the sea ice area, particularly for first-year sea ice (Fetterer & Untersteiner, 1998;
Polashenski et al., 2012, 2017; Rösel et al., 2012). Their geometry becomes more complex, with a transition
in fractal dimension as pond area grows (Hohenegger et al., 2012).

Because of the high albedo of bare sea ice, changes to the sea ice surface can significantly increase the solar
flux to the upper ocean (Perovich et al., 2007). Low-albedo ponds reduce the aggregate albedo of ice-covered
areas, increasing solar energy absorbed in and transmitted through the sea ice (Frey et al., 2011; Langleben,
1969; Nicolaus et al., 2012). Arctic surface melt onset has trended toward earlier months in recent decades
(Stroeve et al., 2014; Schröder et al., 2014), closer to the peak of the annual solar energy cycle, increas-
ing solar energy input to the Arctic Ocean (Perovich et al., 2007). Locally, enhanced solar radiation below
newly formed ponds can enhance sea ice basal melting and further increase solar heating of the upper ocean
(Fetterer & Untersteiner, 1998; Perovich et al., 2007). This heat is of critical importance for understanding the
seasonal and interannual evolution of the sea ice cover (Perovich et al., 2007). Thinner, more readily ponded
first-year ice can transmit much more solar radiation to the upper ocean than multiyear ice (Nicolaus et al.,
2012).

Inhomogeneous transmission of solar energy through ponded sea ice leads to an inhomogenous instanta-
neous under-ice light field at the pond scale (Katlein et al., 2014, 2016). Observations of the under-ice light
field in the presence of ponds demonstrate robust, instantaneous sub-ice solar radiation maxima directly
under regions of bare sea ice. This effect is a consequence of the inhomogeneous scattering of the light field
through the sea ice (Frey et al., 2011; Katlein et al., 2014, 2016).
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Sunlight is the primary energy source for phytoplankton, and therefore, instantaneous inhomogeneity in
under-ice light may have effects on ocean ecology. Changes to the sea ice surface are likely responsible for
an increase in blooms occurring in the early melt season under the ice, in regions of high-concentration ice
away from the ice edge (Arrigo et al., 2012, 2014; Assmy et al., 2017; Horvat et al., 2017; Mundy et al., 2009).
Evidence for such a shift is seen in measurements of atmospheric iodine, a proxy for under-ice phytoplank-
ton activity (Ordóñez et al., 2012), in a Greenland ice core (Cuevas et al., 2018). An understanding of the
evolving light field under-ice is necessary to understand the future of Arctic phytoplankton.

Observational and modeling studies have investigated the transmission and absorption of solar radiation
through ponded, bare, first-year, and mixed regions of sea ice (Lu et al., 2008; Light et al., 2008; 2015; Laney
et al., 2014, 2017; Nicolaus et al., 2012; Taskjelle et al., 2017). Another investigated relationships between
sensor geometry and the 3-D light field under simple regions of mixed water, ice, and ponds (Katlein et al.,
2016). Here, we investigate the statistical relationship between the under-ice light field and variations in the
pond surface geometry, under a fixed region of thin, ponded, first-year sea ice. In section 2, we describe a
method for generating synthetic pond geometries and model the three-dimensional light field below these
surfaces. In section 3, we examine statistical features of the under-ice light field for a synthetic data set of
5,000 ponded ice surfaces, demonstrating that the partitioning of solar energy is determined by the overlying
pond geometry. In section 4, we explore how pond geometry affects under-ice primary production and sea
ice evolution.

2. Methods
2.1. Generation of Synthetic Pond Surfaces
We use synthetic pond surfaces to investigate the statistics of the under-ice light field, allowing us to gener-
ate a large number of pond surface configurations with controlled statistical properties. The code to produce
these pond surfaces and perform all computations in this study is publicly available as a github reposi-
tory (supporting information S1). A surface is created by imposing a uniform lattice of individual circular
“pseudo-ponds” of radius r∗ and total pond fraction 𝜙∗, defining a spacing between successive pond centers,
L2 ≈ 𝜋(r∗)2∕𝜙∗. The positions and radii of individual ponds are perturbed by white noise with a magnitude
equal to 2r∗ and 2L, respectively. Through this perturbation procedure, the initially circular and separate
ponds overlap and form noncircular networks with a total pond fraction 𝜙 ≠ 𝜙∗. To isolate the effect of pond
geometry, we do not include open water areas, although this would increase the horizontal variance in the
under-ice light field.

Figure 1a shows a synthetic ponded sea ice layer using r∗ = 1 m and 𝜙∗ = 0.3, with a pond fraction 𝜙 = 0.52.
The ice layer is 1 m thick, subject to a solar forcing of 350 W/m2. The surface is 500 m × 500 m at a resolution
of 1 m (dark blue areas are ponded; white areas are unponded). Values are the downwelling planar irradiance
(DPI) at the ice-ocean interface.

For each synthetic ponded surface, we use an edge detection algorithm to identify all individual (noncircu-
lar) ponds. Indexing the collection of ponds with i, each has a perimeter Pi and area Ai. Across all ponds in
an image, the relationship between pond perimeter and area scales with a fractal dimension, Di, according
to

Pi ∝ (
√

Ai)Di . (1)

We plot the relationship between perimeter and area for all individual ponds as blue circles in Figure 1d
and note that an estimate of the fractal dimension of ponds of a certain size is twice the local slope of
the (log Pi, log Ai) scatter plot in Figure 1d. A statistical method for obtaining a best fit function D(A)
for the dependence of pond fractal dimension D on pond area A for a collection of data (log Pi, log Ai) is
obtained in Bowen et al. (2018). Analysis of thousands of high-resolution ponded sea ice images taken in
helicopter-borne surveys displays a transition in D(A) from D = 1 to about D = 2 as pond area increases, with
the transitional regime centered around 100 m2 (Hohenegger et al., 2012; Huang et al., 2016). Dashed lines
in Figure 1d show the slopes corresponding to D = 1 (red) and D = 2 (yellow) and reproduce the observed
transition regime, with results consistent with other methods of pond surface generation (Bowen et al., 2018;
Ma et al., 2019; Popović et al., 2018). Thus, our method of pond generation is geometrically realistic.
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Figure 1. Statistics of a light field under a synthetically generated ponded ice surface. (a) Downwelling planar
irradiance (W/m2) at the ice-ocean interface. (b) Downwelling planar irradiance 15 m below the ice-ocean interface.
Note the changed color scale from (a) to (b). (c) Downwelling planar irradiance as a function of depth for (blue) ponded
regions, (red) unponded regions, and (black) all. Dashed lines indicate the expected decay profile for a homogenous
surface of all ponds or no ponds. (d) Relationship between pond perimeter and pond area for all connected ponds in (a)
(blue circles), with slopes corresponding to a fractal dimension of 1 (red dashed line), 2 (yellow dashed line), or the
PDD = 1.5 (purple dashed line). The “pond distribution dimension” (PDD) is discussed in section 2.3.

2.2. Under-Ice Light Field Calculation
The solar irradiance at the ice-ocean interface Ii∕p (units W/m2, with the subscript i corresponding to bare
ice, and p to ponded ice) is assumed to follow

Ii∕p = SWI0,i∕p(1 − 𝛼p∕i) exp(−𝜅i∕pH). (2)

We take SW = 350 W/m2 to be a representative downwelling solar irradiance in the July Arctic (Kanamitsu
et al., 2002; Vihma, 2014). The albedo of the sea ice surface varies in time as it melts because of its surface
scattering layer (Grenfell & Maykut, 1977). We choose representative values of 𝛼i = 0.7, 𝛼p = 0.25, 𝜅i = 1,
and 𝜅p = 0.7 m−1, H = 1m, I0,i = 0.4, and I0,p = .75 for, respectively, the albedoes of bare and ponded
ice, the extinction coefficients of bare and ponded ice, ice thickness, and fraction of solar irradiance pene-
trating the surface scattering layer of bare and ponded melting ice (Grenfell et al., 2006; Light et al., 2008).
We follow the approach of Katlein et al. (2016), motivated by the observations of Katlein et al. (2014) and
Trodahl et al. (1987), and assume that the light field through a summer ice cover is well characterized by a
downward-biased radiance distribution independent of solar angle.

In this idealized model of light transmission through sea ice we assume that ponds have a constant depth.
We focus on the horizontal variability in instantaneous light field and not its temporal evolution. Varia-
tions in the magnitude of the downwelling solar radiation reaching the sea ice base are accounted for in
Delta-Eddington parameterizations of light transfer in climate models (Briegleb & ight, 2007; Holland et al.,
2012; Lenoble, 1985). Changes in ice/pond thickness, surface albedo, pond drainage, and refreezing can
affect the magnitude of solar radiation penetrating ice and pond surfaces and therefore being absorbed
within the water column. In the supporting information Figure S1 we perform a sensitivity experiment that
assumes no surface scattering layer (I0,i = I0,p = 1) and the same extinction coefficient under-ice and ponds
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(𝜅i = 𝜅p = 0.7 m−1). These changes to sea ice properties alter the total and relative fluxes of solar energy
through pond and ice surfaces but give similar results to what follows below.

We calculate the three-dimensional under-ice light field using the (Katlein et al., 2016) ray optical radiative
transfer model, which calculates the DPI in the ocean below sea ice given the DPI at the ice base from
equation (2). We compute the DPI by integrating over all rays reaching a given ocean point from the surface,
assuming an anisotropic radiance distribution (Katlein et al., 2014; Trodahl et al., 1987) at the ice base and
that light is attenuated following Beer's law with an extinction coefficient of 𝜅w = 0.11 m−1. Following Katlein
et al. (2016), we assume no scattering within the ocean, a suitable approximation for clear under-ice Arctic
waters, although the presence of biology could increase both scattering and attenuation of light with depth.
We perform the light calculation for each point in the ocean, using a doubly periodic domain so that there
are no edge effects.

Figure 1c shows statistics of the under-ice light field for the pond surface in Figure 1a. The average planar
irradiance (Figure 1c, black line) decays exponentially with a decay length scale 𝜅−1

w = 9 m, yet as a conse-
quence of the inhomogenous distribution of light penetrating sea ice, the average planar irradiance under
ponded ice (Figure 1c, blue line) or pond-free ice (Figure 1c, red line) does not follow an exponential decay
profile (dashed lines, Figure 1c). Instead, the initially heterogeneous light field becomes more homogeneous
at depth (Figure 1b). In pond-free areas, there is a significant increase in solar irradiance up to a depth of
several meters (Frey et al., 2011).

For the melt pond surface shown in Figure 1a with a pond area fraction, 𝜙 = 0.52, a domain-wide average of
100 W/m2 of solar energy penetrates the sea ice base (black line at z = 0, Figure 1c), with 70 W/m2 absorbed
in the top 10 m. Per square meter of sea ice surface, most of that solar energy (80 W/m2, blue lines at z = 0,
Figure 1c) penetrates ponded areas, versus 20 W/m2 through bare ice (red lines at z = 0, Figure 1c). If there
was no horizontal redistribution of solar energy with depth, the absorption of solar radiation would also be
partitioned between ponded and unponded regions at the same proportion. Instead, an average of 55 W/m2

is absorbed in ocean points below melt ponds, and 45 W/m2 is absorbed at ocean points below bare ice.
In the case of Figure 1a, when taking into account the effect of pond geometry, the radiation absorbed in
the upper ocean in regions underneath bare ice is more than doubled relative to if there was no horizontal
redistribution (or a region of homogenous bare ice). The magnitude of these values scales with magnitude
of solar forcing reaching the ice base (equation (2)). We next explore how this partitioning depends on pond
geometry.

2.3. Fractal Geometry and the Pond Distribution Dimension
We next define a fractal-geometrical parameter that we call the “pond distribution dimension” (PDD) to
characterize how melt water is distributed over the sea ice surface. In fractal geometry, the box-counting
dimension, Dbc, is derived from the relationship between the number of boxes, ni, of side length Ri that are
necessary to cover the perimeter of a fractal region. Under the standard scaling assumption ni ∼ R−Dbc

i as
i → ∞, the box-counting dimension is defined as

Dbc = −lim
i→∞

log ni

log Ri
. (3)

This can be discretely approximated by

Dbc,i = −
Δ log ni

Δ log Ri
, (4)

where Δ log ni = log ni+1 − log ni and similarly for Δ log Ri. Pond surfaces do not exhibit scale invariance, so
Dbc,i is not constant.

We define the PDD as the average value of Dbc,i, weighted by the number of boxes of radius i,

PDD = 1


∑
i

niDbc,i = ⟨Dbc,i⟩, (5)

where  =
∑

ni. This weighting emphasizes coverings by smaller box sizes (small i). Note that if Dbc,i is
constant, then PDD= Dbc.

While similar in form to traditional measures of two-dimensional geometry (Farmer, 1982), the newly
defined PDD is distinct in that it is generally anticorrelated with increasing connectivity (Figures 3a–3c) and
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Figure 2. (a–c) Pond surfaces with melt pond fraction 𝜙 = 0.5, with variable pond distribution dimension (PDD) of (a)
1.38, (b) 1.76, or (c) 1.96. Blue regions are ponded, white are unponded. (d–f) Average irradiance as a function of depth
under bare ice (red), ponded ice (blue), or all ice regions (black) for the pond surfaces in (a–c). Dashed lines are the
average irradiances under each surface type if the surface had only ponds (blue) or bare ice (red).

attains values less than 1 for isolated small ponds (Figure 2). Supporting information Figures S2 and S3a
show that the PDD is poorly correlated with pond area, perimeter, box-counting dimension, or Hausdorff
dimension but is related to the fraction of ponds that have a small area.

3. Results
We generate 5,000 square synthetic pond surfaces (as described in section 2), each 500 × 500 m2 and charac-
terized by a PDD obtained by varying r∗ between 1 and 500 and 𝜙∗ between 0 and 1 (see acknowledgments
for surfaces and light statistics). Figures 2a–2c show three example pond surfaces each with a melt pond
fraction 𝜙 = 0.5, for which the PDD ranges from 1.4 to 2. Figures 2d–2f show the average light field under
all ponded (blue) or all unponded regions for the surfaces in Figures 2a–2c.

In the absence of lateral transmission of solar irradiance, the “predicted” solar flux to a region of ocean
beneath ponded or bare ice is

Ipred,p∕i = I0(1 − 𝛼p∕i) exp(−𝜅ihi). (6)

As we assume no scattering of solar energy within the water column, we may capture the isolated effect of
pond geometry on the column-integrated light field. We define two “enhancement factors,” Ep∕i, equal to
the percent change in solar absorption under ponded or pond-free regions relative to predicted exponential
decay

Ep∕i =
Iabs,p∕i − Ipred,p∕i

Ipred,p∕i
, (7)

where Iabs,p∕i is the total solar absorption in ocean columns underponds or bare ice and Ipred,ic is the absorp-
tion assuming exponential extinction. A significant percentage of penetrating solar radiation is absorbed in
pond-free regions, with the solar flux in these regions increased by 50% or more. Figure 3c shows the total
change in heat flux absorbed in the ponded or unponded regions. Typical values of the heat flux, Qtrans,
transferred between ponded and unponded regions are up to 15 W/m2.
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Figure 3. Relationship between under-ice light field and pond geometry for a collection of 5,000 stochastically
generated melt pond surfaces. (a) Scatter plot of PDD against melt pond fraction, 𝜙. (b) The “enhancement factor,” Ep,i
in solar absorption for regions underponds (blue circles) or bare ice (red). The black line is a linear model
(equation (8)) for Ep as a function of PDD. (c) The absolute change in solar heating Qtrans under ponded regions (blue)
or pond-free regions (red), as a function of PDD. (d) Critical depth under ponded (blue) and unponded (red) surfaces)
as a function of pond distribution dimension. Dashed lines are the critical depth for those regions when scattering at
the ice-ocean interface is not included.

To determine quantitatively what controls the (negative) enhancement factor for ponded regions, we per-
form a multiple linear regression of Ep against three control variables: the pond fraction 𝜙, the pond
perimeter per area nondimensionalized by the attenuation coefficient, P

𝜅wA
(where A is the total domain

area), and PDD. The full regression accounts for nearly all the variance in Ep (R2 = .993),

Ẽp =
(
−0.62 + 0.29PDD + 0.04𝜙 − 6 × 10−3 P

𝜅wA

)
≈ −0.6 + 0.3PDD. (8)

Regressing on PDD alone compares favorably (R2 = 0.988) to the full multilinear regression. Because Ep is
a percentage change in irradiance, the weak relationship between Ep and 𝜙 is expected, as 𝜙 controls the
magnitude of solar input. The weaker relationship between the (dimensionless) total pond perimeter per ice
area P∕𝜅wA and Ep is more surprising. In supporting information Figure S2 we show that perimeter-based
metrics are weakly associated with Ep compared to PDD. In supporting information Figure S3b we show a
potentially useful relationship between PDD and the fraction of ponds that have a small area, a metric that
may be easier to observe than the PDD.

Inhomogeneous and anisotropic radiative transfer through sea ice affects the horizontal distribution of solar
energy with depth, but it does not alter the domain-averaged downward solar flux at each depth, which fol-
lows Beer's law (see Figures 2d–2f). Thus, a relationship between the enhancement factor, Ei, for pond-free
regions (red circles, Figure 3b) and PDD may be derived. Considering the partitioning of total solar energy
as it decays with depth between under-ice and underpond regions,

Ei = −Ep
Ipred,mp

Ipred,ic
. (9)

Noting that in our model of light transmission through ice,
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Ipred,p

Ipred,ic
=

(1 − 𝛼p)(𝜙)
(1 − 𝛼i)(1 − 𝜙)

, (10)

we derive an expression for Ei,

Ei = −Ep
𝜙

1 − 𝜙

1 − 𝛼p

1 − 𝛼i
. (11)

Owing to the reciprocal in equation (11), the linear regression model fails when including values of 𝜙

approaching 1. Restricting to just the values of 𝜙 smaller than 0.7 (85% of the data set and accounting for
almost all field observations), the linear model for Ei explains most of the variance in Ei (R2 = 0.975). For
clarity, the linear model for Ei is not shown in Figure 3b, as the fit is no longer a one-to-one function of PDD. A
multiple linear regression Ei on the same variables used to derive equation (8) returns a model that explains
less of the variance (R2 = 0.75) than the nonlinear model of equation (11). We are therefore confident that
the relation of equation (11) is appropriate, given the nearly linear scatter plot of Ep in Figure 3b.

Finally, Qtrans, the energy transferred from ponded to unponded regions due to light transmission through
ice

Q̃trans(𝜙,PDD) = I0e−𝜅ih𝜙(1 − 𝛼p)Ẽp ≈ I0e−𝜅ih𝜙(1 − 𝛼p)(0.3PDD − 0.6). (12)

This model explains 89% of the variance in the value of Qtrans derived by integrating the explicitly computed
light field (Figure 3c).

In summary, we determined a nearly linear relationship between Ep and PDD (Figure 3b), suggesting that
the changing absorption of heat is controlled by the pond geometry. In supporting information Figure S4,
we show that the linear relationship is robust, though its slope is affected by the dimensionless quantity
𝜅wΔx and the attenuation coefficient of light in water multiplied by the minimum pond spacing Δx. The
coefficient 𝜅w is a function of water mass properties such as biology or other contaminants in the upper
ocean that increase solar absorption in the upper ocean (Bélanger et al., 2013) and alter the shape of the best
fit line in Figure 3b. We do not find that changes to sea ice properties or ocean properties affect the linear
relationship between Ep and PDD shown in Figure 3. Pond geometry affects the transfer of energy between
ponded and unponded regions, and a larger value of PDD typically corresponds to well-separated ponds
(Figure 2c), where the transfer of energy is small and the enhancement factor is close to zero. A smaller value
of PDD (Figure 2a) corresponds to more connected geometry, more transfer of energy away from ponded
regions, and a more negative enhancement factor Ep.

4. Implications
Here we have isolated the geometric effect that melt ponds may have on the instantaneous light field under
sea ice. These instantaneous differences may have persistent effects, for example, on sub-ice ecological com-
munities that travel with the ice and are exposed to the same light field over time or on ocean heating when
relative ice-ocean velocities are small or where vertical mixing can homogenize lateral variations before
horizontal mixing can eliminate them.

A common framework for understanding phytoplankton blooms is the “Sverdrup hypothesis” (Sverdrup,
1953), which theorizes that phytoplankton inhabit and are evenly mixed throughout the ocean surface mixed
layer. When the mixed layer depth is shallower than a “critical depth,” the average photosynthetically avail-
able radiation permits phytoplankton community growth and leads to blooms. Observations of “massive”
phytoplankton blooms under fully ice-covered but ponded areas of the Chukchi Sea (Arrigo et al., 2012,
2014) have suggested that melt ponds are a significant factor.

Figure 3d uses the Sverdrup critical depth model for phytoplankton blooms under ponded sea ice derived
in Horvat et al. (2017) to examine how changes to the pond surface geometry affect the potential for phyto-
plankton blooms. To do so, we assume that the differences between ponded and unponded regions remain
fixed over the time for net primary production to begin, in general valid for weakly mixing regions, static
sea ice, or for phytoplankton communities that travel with the ice. This assumption may be contrasted with
the approach in Horvat et al. (2017), which assumed a horizontally homogenized light field over the scale
of a single GCM grid cell. The critical depth is the deepest possible mixed layer that allows for net primary
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production. In general, higher critical depths correspond to better light conditions for photosynthetic life.
For purely homogeneous surfaces, ocean areas underponds (dashed blue line) permit blooms for mixed lay-
ers less than 101 m, typical for first-year ice regions in summer (Peralta-Ferriz & Woodgate, 2015). Thus,
areas under ponded ice alone would be highly suitable to photosynthetic life. For ocean areas under bare
ice (dashed red line) blooms are permitted only when the mixed layer is 5 m or less.

The under-ice light field homogenizes with increasing PDD. As PDD decreases, there is a linear decrease
in irradiance under ponded regions (blue dots, Figure 2b), with less photosynthetically available radiation
there. Ponded regions therefore become less hospitable, with the critical depth decreasing significantly, to
as low as 57 m. Conversely, this leads to more hospitable conditions under bare ice, and the critical depth in
those regions increases by a factor of up to 10 times as a function of PDD (red dots, Figure 3a).

Pond geometry may also feed back on sea ice evolution through the ocean heat flux if background ice-ocean
relative motion is weak compared to the timescale for absorbed solar radiation to melt sea ice. Background
under-ice vertical diffusivities in highly stratified under-ice boundary layers are ≈ 0.02 m2/s (McPhee &
Morison, 2001). Over a distance 𝜅−1

w ≈ 9 m, this gives a timescale 𝜏 = 𝜈𝜅2
w ≈ 1 hr for vertical homogeniza-

tion to turn the instantaneous effect of surface geometry to a persistent one. The corresponding ice-ocean
speed difference to cover a 50-m wide melt pond is 1.5 cm/s (1.3 km/day), at the order of mean summer ice
drift speeds (Kwok et al., 2013). We explored a simple parameterization of the effect of pond geometry on
the distribution of under-ice solar fluxes in a standalone sea ice model, in which ocean-ice heat fluxes are
redistributed between different ice thickness classes as a function of pond fraction (Text S1). We did not find
a strong feedback on changes to sea ice thickness (Text S1 and Figure S5) in this preliminary effort. This
is because the overall energy budget is unchanged, and feedbacks through changing the ice thickness dis-
tribution were relatively weak. Such thickness feedbacks should be reassessed in fully coupled biophysical
models that permit the coupled evolution of light absorption, biology, the ocean mixed layer, and sea ice.

5. Conclusions
Here we have demonstrated the significant role that pond surface geometry can have on the instantaneous
light field under sea ice. We found a metric, the PDD, that can be derived from the 2-D pond surface geom-
etry and captures the horizontal partitioning of under-ice irradiance. The PDD cannot readily be derived in
current climate models. Here we use synthetically generated ponds and can readily compute statistics of the
ponded surface. Obtaining the same for real ponded ice surfaces and ice topographies will be an observa-
tional and modeling challenge. A first step may be to reprocess existing observations of melt ponds over sea
ice (Hohenegger et al., 2012) to derive a seasonal cycle of PDD. Information about the real-world evolution
of PDD during the melt season may help to fully understand the impact of melt ponds on Arctic climate, sea
ice, and ecology.

We considered the instantaneous light field under ponded sea ice surfaces. To isolate the effect of pond
geometry, we neglected scattering within the water column and variation in sea ice concentration, thickness,
pond depth, or albedo, which all play a role in the distribution of solar energy with depth. Pond geometry
can potentially play a role in persistent changes in under-ice heat and ecology. Interpreted as a heat flux,
the variation in solar absorption under ponded and bare ice regions is also instantaneous, and its inhomo-
geneity could have a persistent effect when drift speeds are slow over short time periods. Many ecological
communities experience a delay between solar energy absorption and net primary production (Lewis et al.,
2019). Primary production is also nonlinearly related to solar energy input and other local factors (Boyd
et al., 2013). Pond geometry is likely most important for ecological communities when horizontal ocean-ice
motions are small or phytoplankton populations move with the ice. Further work using coupled biophysical
models is required to assess the realistic impact of the effect isolated here in more detail.

Data Availability Statement
The generated synthetic pond surfaces used to produce the results, along with statistics of their light fields,
are available as a PANGAEA data archive in compliance with FAIR Data Standards (http://doi.pangaea.de/
10.1594/PANGAEA.908124). Code used to produce manuscript figures is available online (https://github.
com/chhorvat/Melt-Pond-Light).
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