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Abstract Ice and snow cover on frozen lakes is a natural barrier to solar radiation, reducing the transfer of
energy that controls under-ice thermal dynamics and biological productivity. Direct measurements of under-ice
irradiance remain scarce due to logistical constraints. We assembled data from 46 freshwater lakes across the
Northern Hemisphere, including 722 daily irradiance observations and ice and snow thickness records. Ice
quality data (black ice, white ice, and snow cover) were available for 15 lakes (626 measurements). Using this
data set and a Bayesian implementation of the Beer-Lambert law, we estimated statistical distributions of albedo
and attenuation coefficients. Median albedo values were 0.55 for black ice, 0.60 for white ice, 0.56 for total ice,
and 0.94 for snow, with corresponding attenuation coefficients of 0.79, 4.35, 1.75, and 8.96 m~!, respectively.
These refined optical properties address critical data gaps, improving under-ice irradiance predictions and
enhancing understanding of lake processes under climate-driven ice conditions.

Plain Language Summary The amount of sunlight that passes through lake ice and snow cover in
winter plays a major role in regulating under-ice thermal conditions and aquatic biological processes. However,
winter conditions make data collection difficult, and measurements of under-ice irradiance (light energy) remain
scarce. This lack of data limits our ability to predict biological activity and water movement beneath the ice. In
this study, we collected irradiance measurements above and below the ice from 46 freshwater lakes across the
Northern Hemisphere with varying ice and snow thickness. For 15 lakes, we also recorded ice quality (black ice
and white ice), gathering over 600 daily irradiance records. Using a statistical model, we estimated how different
types of ice and snow cover reflect light (albedo) and reduce its penetration into lakes (attenuation coefficients).
Our large and diverse data set enabled accurate estimates of light attenuation, with explicit quantification of
uncertainty, increasing our understanding of how light penetration differs among frozen lakes of different
shapes, sizes, and water quality across the Northern Hemisphere (~41°-62°N). Our findings support improved
projections of climate change impacts on lake systems worldwide, with relevance for the research community
and for those involved in lake impact assessment and management.

1. Introduction

Lake ice acts as a natural barrier limiting the exchange of matter and energy between the water and the atmosphere
(Hampton et al., 2024; Kirillin et al., 2012; Leppiranta, 2023). The limited solar radiation that penetrates through
snow and ice represents one of the few, and often the dominant, energy sources in the winter heat budget, driving
physical, chemical, and biological processes in lakes (Dugan et al., 2025; Song et al., 2019). Beneath lake ice,
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water is inversely stratified, and radiative heating of the upper water column drives gravitational instability
(Bouffard & Wiiest, 2019; Kirillin et al., 2021) which redistributes dissolved gases, nutrients, and non-motile
primary producers (e.g., phytoplankton) into the upper water column (Bouffard et al., 2019; Palshin
et al., 2019; Pernica et al., 2017). Solar radiation, including the photosynthetically active fraction (PAR, radiation
in the 400-700 nm range), that penetrates snow and ice is at a maximum at the water-ice interface. The convective
redistribution of resources and organisms into these higher-light conditions supports the growth of primary
producers, oxygen production under the ice (Suarez et al., 2019; Vehmaa & Salonen, 2009), and increased feeding
opportunities for consumers in an environment with greater visibility (Langbehn & Varpe, 2017). Hence, the
penetration of solar radiation through snow and ice plays a central role in the ecological functioning of ice-
covered lakes (Bramburger et al., 2023; Garcia et al., 2019; Hampton et al., 2015; Obertegger et al., 2017;
Socha et al., 2023; Yang et al., 2020). Accurately quantifying the attenuation of solar radiation is therefore critical
for understanding the interplay between winter hydrodynamics and biological activity.

The attenuation of solar radiation in snow and ice is controlled by both thickness and structural composition. Lake
ice first forms through congelation as surface water temperatures drop below freezing (0°C) and thickens from
below developing into highly transparent “black” ice which appears dark due to weak backscatter from the
underlying water (Leppédranta, 2023; Michel & Ramseier, 1971). Later, ice thickens from above when wet snow
forms slush that refreezes into a new layer of superimposed ice, known as snow ice or “white” ice because of high
backscattering from air pockets. Alongside these two layers, snow can accumulate on top of the ice surface, and
slush can form in the snow layer or be contained within the white ice layer (Ashton, 2011; Cheng et al., 2020;
Leppéranta, 2023). The composition of snow and ice profiles can therefore vary substantially among lakes and
between years due to weather and climate differences.

Two optical properties describe the penetration of solar radiation through snow and ice: albedo (the fraction of
reflected radiation relative to the incoming radiation), and the attenuation coefficient (the amount of radiation
absorbed or scattered per unit depth) (Petrov et al., 2005). Both properties are influenced by the structural
composition of ice and snow, impurities, bubbles, brine content (Arst et al., 2006; Mullen & Warren, 1988), and
environmental factors like solar altitude (Jakkila et al., 2009; Lang et al., 2018). These apparent optical properties
also change over time as ice thickens, snowpack evolves, and meltwater pools form on the ice surface in spring
(Bolsenga, 1981; Fritsen & Priscu, 1999; Leppiranta et al., 2010; Zdorovennova et al., 2013, 2018). Despite
inherent temporal variability, the apparent optical properties remain largely stable over the winter season and
primarily reflect the dominant structural composition of the snow and ice profile (Bolsenga, 1977; Lang
et al., 2018; Mobley, 2001; Mullen & Warren, 1988). Each layer of the snow and ice profile has distinct optical
properties. Solar radiation attenuation within ice is mainly caused by gas bubbles (Jakkila et al., 2009; Lei
et al.,, 2011; Mullen & Warren, 1988), which are more abundant in white ice, leading to higher attenuation
compared to black ice. Snow strongly attenuates the solar radiation due to air pockets (Kirillin et al., 2012): as
little as 13.5 cm of snow can attenuate enough light to inhibit phytoplankton growth (Pernica et al., 2017).
Although snow and ice rapidly attenuate solar radiation (Arst et al., 2006; Kirillin et al., 2012), some of the
radiation is also backscattered toward the surface and laterally from the underlying layers. This albedo effect
persists in snow thinner than ~10 cm (Perovich, 2007; Zhao et al., 2024) and ice thinner than ~30 cm (Kirillin
et al., 2012).

A reliable estimate of albedo («) and the diffuse attenuation coefficient of irradiance (k) for different snow and
lake-ice compositions is essential to determine under-ice irradiance when direct measurements are unavailable.
However, estimating these properties is challenging due to limited observational data from ice-covered lakes
(Hampton et al., 2017) largely due to logistical difficulties of accessing monitoring sites (Block et al., 2019). In
addition, monitoring is often manual (Bolsenga, 1981) and rarely automated (Aslamov et al., 2021; Lei
etal., 2011; Leppéranta et al., 2010; Niu et al., 2025), resulting in sparse measurements across a limited number of
lakes and time periods that cannot capture the full range of conditions, especially in terms of the structural
composition of snow and ice. A wide range of site- and condition-specific values for a and k are reported in the
literature (Figures 1a and 1b) and discussed in the next section. High variation in these measurements is further
compounded by measurement errors, especially in ice stratigraphy and snow thickness, with the latter often being
uncertain due to wind-drift. Generalizing these values to unmonitored lakes is therefore difficult and can lead to
significant uncertainty in under-ice irradiance estimates, motivating the need for a more unified and statistically
grounded approach.
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Figure 1. Literature values of (a) albedo () and (b) diffuse attenuation coefficient (k) for black ice, white ice, total ice, and
snow. Different markers indicate individual studies. Bordered markers indicate total shortwave irradiance, unbordered
markers indicate PAR measurements. Connected markers indicate a range of reported values, and a third marker, when
present, represents the mean.

In this study, we address current uncertainties in estimating lake-ice optical properties by developing a framework
to overcome fragmented descriptions of these properties. First, we assembled a comprehensive data set of ice and
snow thickness measurements together with corresponding irradiance data from multiple lakes across the
Northern Hemisphere, including previously unpublished observations. We then applied a Bayesian model to infer
optical properties while accounting for natural variability across different lake and ice-snow conditions. This
approach yields probabilistic estimates of @ and & for black ice, white ice, total ice (i.e., combined black and white
ice), and snow.

2. Material and Methods
2.1. Variability of « and k in the Literature

We compiled previously published values of a and k& for lake ice and snow to highlight their variability across
different studies and to provide reference values for subsequent modeling. The available literature values are
predominantly from lakes in the Northern Hemisphere, particularly Russia (Bouffard et al., 2019; Petrov
et al., 2005; Sherstyankin, 1975; Zdorovennova et al., 2018), Finland (Arst et al., 2006; Jakkila et al., 2009; Lei
et al., 2011; Leppdranta et al., 2019), Estonia (Arst et al., 2006; Lei et al., 2011), China (Cao et al., 2021; Li
et al., 2018), the United States (Bolsenga, 1969; Bramburger et al., 2023; Socha et al., 2023), and Canada (Heron
& Woo, 1994) (Figure 1). Optical properties in these studies were derived from field measurements of either PAR
or total shortwave irradiance (0.3-3.0 pm). Beyond the expected differences in « and k among snow and ice types
(Figure 1), substantial variability across studies exists, especially in a, and in k for snow. The observed variability
in optical properties highlights the need for a unified modeling approach. Summary statistics derived from the
literature data are reported in Table 1, and the corresponding mean values of k and a were used to guide our
modeling.
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Table 1
Comparison of Mean, Median, and Standard Deviation Between Literature Values (Figure 1) and the Fixed Components of
the Bayesian Model, With Ranges and 90% Confidence Bounds Reported for Literature and Model, Respectively

Literature Model

n Mean Median std Min-max mean median std 90% c.b.
ap (<) 5 0.17 0.15 0.07 0.08-0.35 0.52 0.55 0.18 0.45-0.76
a,, (-) 2 0.41 0.41 / 0.3-0.8 0.60 0.60 0.10 0.45-0.78
a; (-) 5 0.37 0.33 0.12 0.1-0.7 0.60 0.59 0.16 0.35-0.90
a (-) 0.55 0.56 0.08 0.42-0.68
as () 7 0.82 0.79 0.08 0.6-0.97 0.94 0.94 0.02 0.91-0.96
a; (-) 0.93 0.93 0.02 0.90-0.95
ai () 0.90 0.90 0.03 0.84-0.94
ky (m™) 5 1.24 1.1 0.88 0.2-3 0.81 0.79 0.40 0.24-1.46
ky (m™") 4 6.48 6.45 2.07 4-11 4.66 4.35 1.55 2.94-7.35
K (m™h 17 2.49 1.7 2.09 0.46-8.1 2.19 2.15 0.53 1.42-3.06
k* (m™h 1.75 1.75 0.36 1.17-2.35
ks (m™") 10 17.73 15.5 9.22 5-33.4 8.96 8.96 0.97 7.35-10.54
K (m™h 8.89 8.89 0.92 7.37-10.37
K (m™h 8.23 8.28 1.07 6.38-9.89
¢ (m) 4 0.019 0.020 0.009 0.007-0.03 0.020 0.019 0.003 0.016-0.024
¢* (m) 0.019 0.019 0.002 0.015-0.023
¢ (m) 0.019 0.019 0.003 0.015-0.024

Note. The column 7 indicates the number of literature values used. A single asterisk (*) denotes variables from the model
based on the same subset of lakes used for the ice quality model but built using total ice, while a double asterisk (**)
refers to the model built using total ice and the entire data set.

2.2. Data Set Assembly

We assembled a data set of optical and cryospheric measurements from 46 lakes across the Northern Hemisphere,
combining original observations from independent field campaigns conducted by the authors with data compiled
from previously published studies. The data set includes ice and snow thickness, ice type, irradiance above the ice
(E,), and irradiance reaching the water immediately beneath ice cover (E,;). Lake locations are shown in
Figure 2a and lake-specific details, including references to previously published data sets (Table S1 in Supporting
Information S1), are available in the Supporting Information S1.

In the data set, thickness refers to snow thickness and total ice thickness. When ice quality data were available,
total ice was divided into black and white ice. Irradiance measurements varied in frequency across lakes and were
taken using both cosine and spherical sensors (see Table S1 in Supporting Information S1). Spherical sensors
were used only in the Canadian lakes Blackstrap, Broderick, and Diefenbaker. Total shortwave irradiance was
measured in Lake Vendyurskoe and Lake Onega (Russia) as energy flux (W m™2), while in all other lakes
irradiance was recorded in the PAR range as photon flux (umol m™2s™' or equivalent photon-based units). Here,
attenuation coefficients are interpreted as effective parameters consistent with the spectral range and sensor type
used in each lake. Under the predominantly diffuse light conditions beneath snow and ice, and because attenuation
estimates rely on the relative vertical change of irradiance, instrument-related differences are expected to be small
relative to the variability associated with ice-snow properties (Arst et al., 2006), and similarly, band-related
differences are expected to remain secondary to structural variability within snow and ice layers.

To ensure consistency, we only included daily observations in the data set where all three components (E,;, E,;,
and ice-snow cover thickness) were available. No data reconstruction was performed. When continuous irradi-
ance measurements were available throughout the day, the observation closest to noon was selected to minimize
diurnal variability. When only daily measurements were available and the time of measurement was not recorded,
the reported daily value was retained, as it represents daytime conditions. Under-ice PAR measurements below
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Figure 2. Locations of lakes included in the data set are shown in (a). Lake names in black indicate lakes with ice quality data,
while names in gray correspond to lakes with only total ice thickness measurements. Panels (b, ¢) show posterior probability
distributions of albedo (a) and diffuse attenuation coefficients (k) obtained from ice quality data (b) and from total ice using
the full data set (c). The black line shows the pdf of the fixed component of the mixed model, while colored lines represent pdfs
incorporating both the fixed and lake-specific random components for lakes with more than 10 measurements.
0.125 pmol m™2 s™' were excluded to ensure robust low-light measurements and to avoid uncertainties near
instrument detection thresholds.
The final data set includes 722 measurements from 46 lakes. For 31 lakes, only total ice thickness was available
(54 measurements). Ice quality data were recorded for 15 lakes (626 measurements), although in 3 of these lakes
only total ice thickness was reported for certain periods (42 measurements).
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2.3. Bayesian Inference of Optical Parameters

We adopted the Beer-Lambert absorption law as a first-order, physically based description of irradiance atten-
uation within the snow—ice cover, assuming exponential decay and stepwise-varying attenuation coefficients (k
(m_l) for black ice, white ice, and snow, denoted by the subscripts b, w, and s, respectively:

E, = (1 — a)E, ekt 1)

where E,; is the under-ice irradiance, E; is the irradiance above the ice-snow cover, and a (-) is the albedo of the
ice-snow cover, and & [m], with the corresponding subscript, denotes the thickness of each layer. Both E,; and E;

can be expressed in W m™2 or pmol m~2s~", but the units must be consistent between them.

Layer thicknesses and irradiance measurements (E,; and E,;) were obtained from the data set, while k and a, were
parameters to be estimated. When no data on ice structure were available, we applied an alternative approach
replacing black and white ice thicknesses and attenuation coefficients in Equation 1 by those of total ice, denoted
as h, and k,, treating the ice cover as a single optical layer. While simplifying the model and reducing the accuracy,
the approach is practical for cases when only the total ice thickness is reported.

We implemented a correction for snow albedo to account for the albedo of the underlying ice layer, which be-
comes non-negligible for thin snow covers. Based on experimental studies (Perovich, 2007) and field mea-
surements (Grenfell & Perovich, 2004; Zhao et al., 2024), snow albedo follows an exponential decay, described
by the formula:

—h/e
Qg corr = Ag — (as - aul) e( /) i (2)

where a; is the asymptotic snow albedo, a,, is the albedo of the underlying ice (black or white), A, is the snow
thickness, and c is a decay constant, typically ~107> m (Grenfell & Perovich, 2004; Zhao et al., 2024), making
this correction relevant for snow layers $10 cm (309 measurements in the data set). In the model, the coefficient ¢
was calibrated and, as a snow property, assumed identical for underlying black or white ice. The same correction
was also applied when only total ice was considered.

To explicitly quantify uncertainty, we used a Bayesian framework to infer probability distributions of a, k, and ¢
by implementing the linearized form of Equation 1:

—In(E,/E,) = —In(1 — &) + kphy, + k,,h,, + k,hy, 3)

where a denotes the albedo of the uppermost layer, selected through an indicator function of the surface type, and
incorporates the correction of Equation 2 when applicable. This approach was also applied to the total ice
thickness data. The linearization is advantageous because it converts multiplicative relationships into an additive
form, thereby improving the stability of the inference process. Additionally, taking the logarithm of E,;/E,;,
which spans several orders of magnitude, reduces the impact of heteroscedasticity in the data.

We define 0 as the vector of parameters to be estimated. When ice quality information is available,
0 = (ay,a,,ay, ke k,. k,,c); when only total ice thickness is known, 8 = (a,,a,,k, &, c). According to Bayes'
theorem:

P(6]y)ex P(O)P(y|6), 4)

where P(0| y) is the posterior distribution of the parameters given the observations y = —In(E,;/ E,;), P(6) is the
prior distribution representing initial knowledge or assumptions about the parameters, and P(y|0) is the likeli-
hood, which expresses the probability of observing the data given the parameters 6 and reflects how well the
model fits the observations. The prior distributions of the physical parameters in 6 were centered on literature
mean values (Table 1), and standard deviations were set to five times the mean, producing broad, effectively non-
informative priors that minimize constraints on the inference. The likelihood was modeled by assuming each
observation y is drawn from a normal distribution: y ~ N (u(hy, h,,, hy, 0), ¢), where u(hy, h,,, hy,0) is the mean
model prediction computed from the right-hand side of Equation 3, and ¢ is the variance.
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Because the data set spans diverse lake locations, trophic states, weather conditions, and instruments, we applied a
mixed-effects Bayesian model (Jiang & Nguyen, 2021; Wu, 2009) to evaluate how this heterogeneity influences
the estimation of optical parameters. In this framework, lake-specific random effects were added to the global
(fixed) parameter estimates, the latter being assumed to be constant across all observations. This approach
enabled the detection of potential lake-specific patterns, while also accounting for unbalanced sampling, miti-
gating the influence of lakes with more measurements. Random effects were included for all physical parameters
except ¢, which was assumed to be lake-independent.

The model was implemented in Stan (Stan Development Team, 2024), where the posterior distribution of the
parameters was sampled using the NUTS-HMC (No-U-Turn Sampler Hamiltonian Monte Carlo) algorithm
(Hoffman & Gelman, 2014), an efficient method for exploring complex, high-dimensional parameter spaces.
Further details on the model are provided in Text S1 in Supporting Information S1.

To evaluate model performance, the Continuous Ranked Probability Score (CRPS) (Gneiting & Raftery, 2007)
was calculated for each observation as:

+o0
crPS(F) = [ (00) = HOs =0 )
—00
where F(y) is the cuamulative distribution function of the model prediction fory = —In(E,;/E,;), x is the observed

value, and H(y — x) is the Heaviside step function, equal to 1 for y > x and 0 otherwise. CRPS integrates the
squared difference between the cumulative distribution functions F(y) and H(y — x), capturing both the accu-
racy of the predicted median and the overall shape of the predictive distribution. Lower CRPS values indicate
better probabilistic predictions, as they reflect smaller deviations between the predicted distribution and the
observed value. This metric was adopted because the model produces predictive probability distributions rather
than single-point estimates, making deterministic metrics less appropriate.

3. Results and Discussion

Median parameter estimates from the Bayesian model were a;, = 0.55, o, = 0.60 and a;, = 0.94 for albedoes,
and k, = 0.79, k,, = 4.35 and k, = 8.96 m~! for diffuse attenuation coefficients when ice quality data were
considered. Using the full data set with total ice, estimates were a, = 0.56, a; = 0.90, k, = 1.75 and
k, = 8.28 m~!. Similar results were obtained when using the subset of lakes from the ice-quality model but
treating ice as a single layer. Posterior probability distributions (pdfs) of the a and k coefficients are shown in
Figures 2b and 2c, and summary statistics are reported in Table 1 alongside the ranges observed in the literature
(Figure 1).

Overall, the optical properties estimated in this study align with values from the literature, apart from some
notable differences in k, and a; (see Table 1). The estimated k is approximately half the literature median, but
remains within the range of published data. & is influenced by snow metamorphism, structure, liquid water
content, and density which can change substantially over the winter season (Warren, 1982). Isolated measure-
ments may not be generalizable to the entire period of snow and ice cover, offering an explanation for the high
variability and differences in k, observed. The estimated «,, is higher than literature values. This estimate is based
on only 15 single-layer observations of black ice collected in spring (March—April), when lower albedo is actually
expected as wet ice approaches the albedo of open water. However, because a,, is jointly inferred with &, and
enters the albedo correction when snow overlies black ice together with @, and ¢ (all of which are informed by a
much larger data set), the resulting estimate should be interpreted as an effective season-averaged value. The
posterior pdfs show distinct peaks and limited spread (Figures 2b and 2¢) indicating that parameter estimates were
well-constrained by the data and reliable. a, was the most well-constrained parameter, showing narrow and
consistent distributions across lakes, particularly when ice quality information was available. We note that o, here
represents the asymptotic value, with the effective snow albedo evaluated using the decay constant ¢ in Equa-
tion 2. The parameter c itself showed very small variance and a median value highly consistent with literature
values in both the ice quality and total ice cases (see Table 1 and Figure S1 in Supporting Information S1).
Among-lake variability in optical properties was minimal, except for k, which exhibited considerable vari-
ability as described through the random effects component of the model. Relative to the pdf of the fixed
component (black curve), which excludes random effects, lakes were split into three distinct groups. The pdf
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peaks of the two bog lakes (Trout Bog and Crystal Bog, Wisconsin, USA) had the highest k,, values; Lake
Vendyurskoe (Russia) was close to the fixed pdf; and all other lakes had lower values. This among-lake variability
of k,,, also reflected in k;, is likely a result of heterogeneity in white ice (e.g., mixed ice and slush layers) and the
influence of lake water quality. For example, in humic lakes like Trout Bog and Crystal Bog, white ice often
contains lake water rich in colored dissolved organic matter (¢cDOM) that becomes trapped during ice crystal-
lization, resulting in higher diffuse attenuation coefficients. In contrast, black ice forms with fewer impurities
(i.e., trapped gas bubbles) and is more homogeneous than white ice. Consistent with the literature (Figure 1b), we
observed that the posterior distributions of &, were much broader than those of &, suggesting that white ice
heterogeneity exerts a stronger influence on lake-ice optical properties than black ice. Likewise, & distributions
were broader than k;,. Although k; was highest and spanned a large range, the absence of random effects suggests
that variation in white ice structure plays a larger role in attenuation than the snow metamorphism discussed
above.

The observed values of In(E,;/ E,;) were well-aligned with the medians of the estimated distributions across the
full range of variability (Figure 3 and Figures S5-S19 in Supporting Information S1 for individual lakes). The best
agreement was achieved with the mixed model based on ice quality data (Figure 3a); the fit of the mixed model
with total ice data showed weaker agreement (Figures 3¢ and 3e). Performance declined in the lower tail when
relying solely on the fixed component, particularly for total ice (Figures 3d and 3f), whereas agreement remained
stronger for the ice quality case (Figure 3b). Notably, the lower tail is largely contributed by Trout Bog and
Crystal Bog (Figure S2 in Supporting Information S1), where total ice contains a higher proportion of white ice
(>50%) than other lakes (average 23%; Figure S3 in Supporting Information S1). As previously noted, these lakes
exhibit k,, and k, values that deviate from the fixed component, likely because their highly dystrophic conditions
result in ice with higher concentrations of cDOM. The larger proportion of white ice further contributes to poorer
estimates, particularly when ice quality is unknown and only the fixed component is used (Figures 3d and 3f).

Model diagnostic plots are corroborated by the CRPS distributions (side panels in Figure 3 and Figure S4 in
Supporting Information S1): median CRPS remains below 1 (taken here as a reasonable threshold) for most
observations, indicating robust predictive performance, particularly for the mixed models. When using only the
fixed component, mean CRPS slightly exceeds 1 in the lower tail (In(E,;/E,;) < —7 for ice quality, < —6 for
total ice). Overall, the fixed component captures irradiance attenuation effectively across lakes with ice quality
data. When only total ice is available, results remain reasonable, except in cases of high irradiance attenuation,
reflecting the greater thickness and variability of the white ice layer.

Our results confirm that snow and white ice layers exert the strongest attenuation of under-ice irradiance, with
snow metamorphism and white ice heterogeneity (y, k,,) contributing most to the variability and uncertainty in
irradiance estimates. In contrast, black ice properties (k;) are comparatively stable across lakes and less effective
at attenuating incoming irradiance. Because snow and white ice are both strong attenuators and among the most
variable components, even small changes in snowfall or melt-refreeze cycles can substantially affect irradiance
penetration, with cascading effects on under-ice physical, chemical, and biological processes (Barrett &
Wrona, 2025; Kirillin et al., 2012). Likewise, corresponding changes in ice cover duration may further alter the
frequency and persistence of snow and white ice layers, either offsetting or exacerbating their impact. These
considerations are particularly relevant in the context of ongoing and projected changes in ice and snow regimes.
Long-term observations indicate a general thinning of black ice alongside an increasing white-to-black ice ratio,
consistent with more frequent snowfall and thaw-refreeze events, though regional responses vary (Culpepper
et al., 2024). Climate projections suggest a global mean decline in maximum lake-ice thickness of about 0.23+
0.07 m between 2000 and 2100 (Huang et al., 2022) along with shorter ice cover durations, but regional snow
depth forecasts remain uncertain due to spatial and temporal heterogeneity in warming, precipitation timing, and
phase (McCrystall et al., 2021; Pongracz et al., 2024). Despite these uncertainties, several contrasting scenarios
can be anticipated across the Northern Hemisphere. In mid-latitudes, reduced ice thickness combined with lower
snow accumulation and increased liquid precipitation may enhance under-ice irradiance, particularly in southern
areas where large interannual variability in ice thickness and duration is already observed (Solarski &
Retata, 2020). On the Tibetan Plateau, thinning ice coupled with limited changes in precipitation suggest only a
slow increase in irradiance (Huang et al., 2022; Quante et al., 2021). In high-latitude regions, projected increases
in snowfall and white ice formation are expected to strongly reduce under-ice irradiance. Finally, in northern
Fennoscandia and northwestern Canada, warming and partial snow-to-rain shifts may favor white ice formation,
also decreasing light penetration (Ariano & Brown, 2019; Quante et al., 2021; Weyhenmeyer et al., 2022). Given
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Figure 3. Comparison between observed and modeled values of In(E,;/ E,;). Points represent median predictions, and shaded
areas indicate the full distributions. Panels (a, ¢, and ) show results from the mixed model, panels (b, d, and f) show results
using only the fixed component. Each row corresponds to a different modeling setup: (a-b) ice quality data, (c—d) total ice
data for the same subset of lakes, and (e—f) total ice data from the full data set. Side panels display Continuous Ranked
Probability Score distributions, with black lines indicating the median within bins of A In(E,;/E,;) = 1.
these expected changes in ice and snow, our optical parameter estimates provide a robust basis for forecasting
under-ice irradiance regimes under ongoing and future climate change, as further elaborated in the outlook below.
At the same time, uncertainty in snow and white ice optical properties and thickness highlights the need for
sustained, season-long monitoring and improved characterization of white ice structure across a broader range of
lakes to refine future projections.
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4. Conclusions and Outlook

A Bayesian modeling framework was developed to estimate the posterior probability distributions of diffuse
attenuation coefficients and albedos for black ice, white ice, total ice, and snow in lakes using a large data set. By
incorporating data from diverse lake environments, the model provides robust and generalizable estimates of
these optical properties of ice and snow, with full posterior distributions that offer more than single-value esti-
mates and enable improved quantification of uncertainty. The results demonstrate that the model performs well
when ice quality data is available and provides reasonable estimates when only total ice thickness is used.
However, future studies must explicitly examine the role of cDOM, within and beneath lake ice, as well as how
freeze-thaw events redistribute cDOM and alter ice optical properties, since these processes can strongly regulate
light penetration (Lei et al., 2011), yet remain an unknown factor (Arsenault et al., 2026). Compared to literature
values that are often sparse, isolated, and case-specific, our approach reduces data variability, leading to trans-
ferable estimates that can be applied when in situ measurements are not available.

The outcomes of this study align with several key areas of environmental research and modeling captured in 100
pressing questions on ice that need to be addressed (Culpepper et al., 2025). These include (a) large-scale
modeling of land-atmosphere interactions in the Northern Hemisphere, (b) assessing lake responses to climate
change, (c) advancing research in under-ice physics and ecology, and (d) interpreting remote sensing data on lake-
ice coverage and surface radiation balance. In the absence of high-resolution in situ monitoring of lake-ice
properties, the outcomes of our Bayesian modeling can be readily integrated into both deterministic (e.g.,
Flake, GLM, MyLake, Simstrat (Moore et al., 2021)) and probabilistic (e.g., Williams et al. (2004); Abdelhady
and Troy (2025)) lake-ice models, supporting lake-atmosphere coupling through improved albedo parameteri-
zations in both real-time numerical weather prediction and global climate models, including studies that rely on
idealized lake representations (Dibike et al., 2012). Models that explicitly resolve ice stratigraphy (e.g., GLM,
MyLake, Simstrat) further benefit from the layer-specific optical parameters derived in this study, enabling
improved predictions of under-ice irradiance that are critical for studies of under-ice physics and ecology. With
the ongoing advancement of satellite observations, lake-ice properties such as total thickness and albedo can now
be routinely monitored (e.g., Li et al. (2022); Mangilli et al. (2022)). When integrated with remote sensing al-
gorithms, our results have the potential to improve the accuracy of these estimates, offering more reliable data for
global climate models and improving predictions of both ecological and atmospheric processes. Ultimately, our
findings contribute to a more comprehensive understanding of lake-ice dynamics, with broader implications for
climate, lake ecosystems, and the use and management of lakes.
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