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Investigating the Effect of Lake Ice Properties on Multifrequency Backscatter Using the Snow Microwave Radiative Transfer Model
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Recent investigations using polarimetric decomposition and numerical models have helped to improve the understanding of how radar signals interact with lake ice. However, further research is needed on how radar signals are impacted by varying lake ice properties. Radiative transfer (RT) models provide one method of improving this understanding. These are the first published experiments using the snow microwave RT (SMRT) model to investigate the response of different frequencies (L-, C-, and X-band) at horizontalhorizontal (HH) and vertical-vertical (VV) polarizations using various incidence angles (20 • , 30 • , and 40 • ) to changes in ice thickness, porosity, bubble radius, and ice-water interface roughness. This is also the first use of SMRT in combination with a thermodynamic lake ice model. Experiments were for a lake with tubular bubbles and one without tubular bubbles under difference scenarios. An analysis of the backscatter response to different properties indicates that increasing ice thickness and layer porosity have little impact on backscatter from lake ice. X-band backscatter shows increased response to surface ice layer bubble radius; however, this was limited to other frequencies except at shallower incidence angles (40 • ). All three frequencies display the largest response to increasing root mean square (rms) height at the ice-water interface, which supports surface scattering at the ice-water interface as being the dominant scattering mechanism. These results demonstrate that the SMRT is a valuable tool for understanding the response of backscatter to changes in freshwater lake ice properties and could be used in the development of inversion models.

the winter season, with a peak area coverage reaching 1.71 × 10 6 km 2 [START_REF] Brooks | Quantifying northern hemisphere freshwater ice[END_REF]. Although river ice makes up a portion of this coverage, 1.59 × 10 6 km 2 is lake ice [START_REF] Brooks | Quantifying northern hemisphere freshwater ice[END_REF]. The amount of ice coverage on a lake can influence the effect that lakes have on local meteorology. As an example, weather forecasting models revealed that the temperature fluctuations in southern Finland during January/February 2012 were correctly determined when ice conditions of Lake Ladoga were best represented [START_REF] Eerola | Impact of partly ice-free lake Ladoga on temperature and cloudiness in an anticyclonic winter situation-A case study using a limited area model[END_REF]. In addition, low amounts of ice cover can result in the creation of severe lake-effect snow events in the Laurentian Great Lakes region [START_REF] Baijnath-Rodino | Climatological trends of snowfall over the Laurentian great lakes basin[END_REF]. Lake ice also plays an important role in freshwater ecosystems, and there is an increasing interest in the role that ice growth has on under-ice biology [START_REF] Hampton | Ecology under lake ice[END_REF]. Social and economic systems are impacted by the presence and absence of lake ice, as the formation of ice creates crucial ice road networks that allow for the transportation of goods to northern communities as well as travel between local communities [START_REF] Mullan | Climate change and the long-term viability of the world's busiest heavy haul ice road[END_REF], [START_REF] Knoll | Consequences of lake and river ice loss on cultural ecosystem services[END_REF]. Recreation and tourism at mid-latitudes also rely on the formation of lake ice, as it allows for the extension of snowmobile trails in provinces, such as Ontario and northern United States. Establishment of these snowmobile trails contributes largely to the tourist economies in these locations [START_REF] Cummings | The economic impact of snowmobiling in Ontario[END_REF].

However, increasing temperatures have resulted in an increased probability that lakes will remain ice-free during winter months [START_REF] Filazzola | Climate change drives increases in extreme events for lake ice in the Northern Hemisphere[END_REF], [START_REF] Sharma | Widespread loss of lake ice around the Northern Hemisphere in a warming world[END_REF]. In addition, the number of manual ice phenology records in northern countries has declined in recent years with an average of 198 observations across the Northern Hemisphere listed in the "Global Lake and River Ice Phenology" database for each year between 2004 and 2020 compared with an average of 970 between 1970 and 1990 [START_REF] Benson | Global lake and river ice phenology database, version 1 [data set[END_REF]. Due to the lack of reliable ground observations, there has been a shift toward the use of remote sensing technologies for lake ice observation [START_REF] Duguay | Remote sensing of lake and river ice[END_REF]. While passive microwave and optical remote sensing data have been used to monitor both ice thickness [START_REF] Kang | Estimation of ice thickness on large northern lakes from AMSR-E brightness temperature measurements[END_REF] and ice phenology [START_REF] Du | Satellite microwave assessment of northern hemisphere lake ice phenology from 2002 to 2015[END_REF], [START_REF] Cai | Variations of lake ice phenology on the Tibetan plateau from 2001 to 2017 based on MODIS data[END_REF], active microwave remote sensing has been the most common choice for monitoring and studying a lake ice structure [START_REF] Murfitt | 50 years of lake ice research from active microwave remote sensing: Progress and prospects[END_REF]. Active microwave data are preferred over passive microwave due to the higher spatial resolution, which allows lakes to be resolved at a scale of meters compared with kilometer grids [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF]. In addition, the longer wavelengths of radar systems allow penetration through cloud cover and continuous monitoring regardless of time of day compared with optical remote sensing that relies on the Sun's energy reflected from Earth [START_REF] Duguay | Remote sensing of lake and river ice[END_REF]. Threshold and machine learning techniques have successfully used a C-band synthetic aperture radar (SAR) to monitor both ice phenology dates and cover extent for high latitude lakes [START_REF] Murfitt | Assessing the performance of methods for monitoring ice phenology of the world's largest high Arctic lake using high-density time series analysis of Sentinel-1 data[END_REF], [START_REF] Hoekstra | Lake ice-water classification of RADARSAT-2 images by integrating IRGS segmentation with pixel-based random forest labeling[END_REF], while a ground-based frequency modulated continuous wave (FM-CW) radar was used to estimate ice thickness for small subarctic lakes near Churchill, MB, using Ku-and X-band radar [START_REF] Gunn | Freshwater lake ice thickness derived using surface-based X-and Ku-band FMCW scatterometers[END_REF].

Early research on the interaction between lake ice and X-band side looking airborne radar (SLAR) attributed higher backscatter from lake ice to a double bounce mechanism caused by the presence of tubular bubbles in the lower layers of the ice column [START_REF] Weeks | Groundtruth observations of ice-covered north slope lakes imaged by radar[END_REF]. C-band satellite SAR observations of lake ice on the North Slope of Alaska combined with field observations appeared to support the theory that the thickening of ice cover and the development of these bubbles caused this increase in backscatter [START_REF] Jeffries | Structural and stratigraphic features and ERS 1 synthetic aperture radar backscatter characteristics of ice growing on shallow lakes in NW Alaska, winter 1991-1992[END_REF]. However, the recent use of polarimetric decomposition techniques has demonstrated that increasing backscatter is likely due to changes in roughness at the ice-water interface. Decomposition of L-band images demonstrated that the roughness of the ice-water interface was the largest contributor to backscatter for small lakes with floating ice cover in Alaska [START_REF] Engram | Characterization of L-band synthetic aperture radar (SAR) backscatter from floating and grounded thermokarst lake ice in Arctic Alaska[END_REF], [START_REF] Engram | Synthetic aperture radar (SAR) backscatter response from methane ebullition bubbles trapped by thermokarst lake ice[END_REF]. For these lakes, roughness is a result of methane ebullition bubbles within the ice column. These bubbles can result in the formation of gas pockets beneath the ice or slow ice growth creating domes at the ice-water interface leading to increased roughness [START_REF] Engram | Characterization of L-band synthetic aperture radar (SAR) backscatter from floating and grounded thermokarst lake ice in Arctic Alaska[END_REF], [START_REF] Engram | Synthetic aperture radar (SAR) backscatter response from methane ebullition bubbles trapped by thermokarst lake ice[END_REF]. Decomposition of C-band images was used to investigate the scattering mechanisms for Malcolm Ramsay Lake, near Churchill, MB, Canada [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF]. These results support the observations in Alaska, showing that the largest contributor to backscatter is ice-water interface roughness [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF]. However, dissimilar to lakes in Alaska, roughness at the ice-water interface is likely due to the extrusion of tubular bubbles from the bottom of the ice [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF].

In addition to decomposition methods, forward modeling has aided in understanding the impact of roughness on backscatter at the ice-water interface. Initial forward modeling of lake ice columns focused primarily on the inclusion of bubbles within the ice column and roughness at different interfaces [START_REF] Wakabayashi | C-band backscatter variation and modelling for lake ice in Northern Alaska[END_REF], [START_REF] Wakabayashi | C-band backscattering characteristics of lake ice in Northern Alaska during spring thaw period[END_REF], [START_REF] Matsuoka | A backscattering model for bubbles in lake ice and comparisons with satellite and airborne SAR data[END_REF]. However, recent research has shifted to focus on the impact of ice-water interface roughness. Numerical models noted that when roughness was parameterized at the ice-water interface with a root mean square (rms) height of 5 mm and a correlation length of 50 mm, backscatter was generated above the noise floor and was similar between the same ice column with and without tubular bubble additions [START_REF] Atwood | Microwave backscatter from Arctic lake ice and polarimetric implications[END_REF]. This demonstrates that the tubular bubbles are a minor contributor to the response observed from lake ice [START_REF] Atwood | Microwave backscatter from Arctic lake ice and polarimetric implications[END_REF]. Radiative transfer modeling (RTM) has also seen increased use for active microwave modeling of lake ice. C-band satellite vertical-vertical (VV)-polarized backscatter was modeled using a dense discrete medium scattering model [START_REF] Ewe | A backscatter model for a dense discrete medium: Analysis and numerical results[END_REF] and the advanced integral equation model (AIEM) [START_REF] Chen | Emission of rough surfaces calculated by the integral equation method with comparison to three-dimensional moment method simulations[END_REF], to represent interface roughness, for lakes on the Qinghai-Tibet Plateau [START_REF] Tian | Characterizing C-band backscattering from thermokarst lake ice on the qinghai-tibet plateau[END_REF]. These RTM experiments note that backscatter is most sensitive to changes in the roughness parameterization of the ice-water interface and bubble size [START_REF] Tian | Characterizing C-band backscattering from thermokarst lake ice on the qinghai-tibet plateau[END_REF]. In addition, [START_REF] Gunn | Observation and modeling of X-and Ku-band backscatter of snow-covered freshwater lake ice[END_REF] compared X-and Ku-band ground-based scatterometer measurements of lake ice for Malcolm Ramsay Lake to backscatter modeled using the dense medium radiative transfer (DMRT) model with quasi-crystalline approximations (QCAs) [START_REF] Tsang | Modeling active microwave remote sensing of snow using dense media radiative transfer (DMRT) theory with multiple-scattering effects[END_REF]. Modeling results were within 5 dB of the observed backscatter for both frequencies.

While these past experiments demonstrate the applicability of forward modeling for improving the understanding of the interaction between active microwave signals and lake ice, further investigation is needed. Research that has experimented with changes in freshwater ice properties focuses on small ranges of values or specific cases with little exploration of large ranges or extremes. In addition, current research on ice-water interface roughness has focused on shallow lakes that form dense layers of tubular bubbles with little attention given to deeper lakes where tubular bubbles are absent. Further analysis also needs to be conducted on the impact of various ice properties on backscatter at different frequencies, polarizations, and incidence angles. Finally, the previous modeling investigations have various noted limitations, including treating lake ice as a single layer, ignoring the presence of snow/surface ice, and not incorporating roughness at different interfaces; no consistent model for lake ice forward modeling has been presented. This study works to address these limitations and provide a framework for further evaluation of lake ice using the recently published snow microwave radiative transfer (SMRT) model [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF]. SMRT helps to do this by providing a framework that can model multilayer snow and lake ice columns. This study investigates lakes that form and do not form tubular bubbles and uses a shallow and deep subarctic lake as a template to perform the described experiments. Using the Canadian Lake Ice Model (CLIMo; [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF]), an average of 20 years of modeled lake ice properties provides input for SMRT to explore the impacts that changing ice properties have on SAR backscatter from lake ice. CLIMo brings the microwave simulations more in line with reality as compared with past experiments that rely on synthetic input values. Ranges of properties from past studies help develop larger ranges for the testing of extreme values for ice properties. The objective of this study is to quantify the amount of impact changes in these properties have on backscatter and identify which properties have the largest impact. In addition, this study looks to further evaluate the hypothesis that the dominant scattering mechanism for lake ice is roughness of the ice-water interface. These results provide a basis for future work on the retrieval of ice properties using the SMRT framework.

II. METHODS

A. SMRT Model

The SMRT model is designed for users to produce both active and passive microwave outputs (backscatter and brightness temperature) for multilayer snowpacks, with a full description of the model found in [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF]. SMRT is an open-source model and is available from https://github. com/smrt-model/smrt. The precise version used in this work is 10.5281/zenodo.5830262. The model permits the inclusion of saline and freshwater ice layers, which can be combined with user-defined snowpacks. Freshwater ice in SMRT is represented as an ice background (permittivity is calculated using [START_REF] Mätzler | Thermal Microwave Radiation: Applications for Remote Sensing[END_REF] and is temperature-dependent) with air inclusions (permittivity = 1). The model requires the temperature, thickness/depth, density, and microstructure parameters be set for each layer in the simulated medium. The model is run within a python environment, and there is flexibility in selecting electromagnetic and microstructure models [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF]. The selected electromagnetic model and microstructure parameters are used to solve the electromagnetic quantities (scattering coefficient, absorption coefficient, and phase matrix) for each layer. Reflectivity and transmittivity coefficients are determined through the interface and substrate components, with interlayer and substrate roughness being defined using the IEM theory [START_REF] Fung | Backscattering from a randomly rough dielectric surface[END_REF], geometrical optics [START_REF] Tsang | Scattering of Electromagnetic Waves: Advanced Topics[END_REF], or Fresnel coefficients for flat interfaces [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF]. Once all layers and interfaces are defined, the radiative transfer (RT) equations are solved using the discrete ordinance and eigenvalue (DORT) method considering the active or passive sensors customized by the user by specifying frequency, incidence angle, and polarization or chosen from a list of pre-defined sensors. The result returned to the user is the emerging intensity in all or specific directions from the snowpack/ice column [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF].

For the experiments conducted in the following, the sticky hard spheres (SHSs) microstructure model and the DMRT theory with QCA-coherent potential (QCACP) short range [START_REF] Picard | Simulation of the microwave emission of multi-layered snowpacks using the dense media radiative transfer theory: The DMRT-ML model[END_REF], [START_REF] Tsang | Theory of Microwave Remote Sensing[END_REF] were used to configure the model for lake ice forward modeling in active mode. The DMRT QCACP was selected to handle the smaller grain sizes present in clear/columnar lake ice and due to the use of DMRT in past lake ice modeling research [START_REF] Gunn | Observation and modeling of X-and Ku-band backscatter of snow-covered freshwater lake ice[END_REF]. However, DMRT QCACP as implemented in SMRT is valid when k 0 a (k 0 is the wavenumber, and a is the radius) is less than 0.6. Resulting backscatters for k 0 a in this range are equivalent to other electromagnetic models [START_REF] Picard | Brief communication: A continuous formulation of microwave scattering from fresh snow to bubbly ice from first principles[END_REF]. For the larger bubble radii tested, DMRT is not valid, and the improved Born approximation (IBA; [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF], [START_REF] Mätzler | Improved born approximation for scattering of radiation in a granular medium[END_REF]) is substituted for these experiments. IBA is valid when k 0 a is less than 1.5 [START_REF] Picard | Brief communication: A continuous formulation of microwave scattering from fresh snow to bubbly ice from first principles[END_REF]. In both cases, the SHS microstructure model represents grains in the snow and ice medium as sticky spheres. Sticky spheres form clumps and allow for the representation of large void spaces in the medium [START_REF] Löwe | Microwave scattering coefficient of snow in MEMLS and DMRT-ML revisited: The relevance of sticky hard spheres and tomography-based estimates of stickiness[END_REF]. The parameter for SHS is stickiness (τ ) that modulates the tendency of spheres in the medium to stick to each other, with lower values relating to increased stickiness [START_REF] Picard | SMRT: An activepassive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF]. For parameterizing roughness of the ice-water interface, IEM with exponential autocorrelation function was selected, as it is suitable for smaller scale roughness and has been used in past freshwater ice studies [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF]. Roughness in IEM is represented through the use of two variables; rms height (referred to as s hereafter) and correlation length (referred to as L hereafter), where s refers to the vertical variation of surface roughness, and L refers to the horizontal variation in roughness or displacement between two points on the surface [START_REF] Ulaby | Microwave Radar and Radiometric Remote Sensing[END_REF]. The validity range for IEM in SMRT is provided in Table I, where k is the wavenumber, eps r is the ratio between the dielectric constants of the upper and the lower media, R V,H (θ i ) is the Fresnel coefficients for the incidence angle, and R V,H (θ spec ) is the Fresnel coefficients for a specular angle. A correlation length in IEM is usually restricted where k 2 sL < √ eps r ; however, the range for L is expanded following [START_REF] Brogioni | Sensitivity of bistatic scattering to soil moisture and surface roughness of bare soils[END_REF], where the Fresnel coefficients are determined using either the incidence angle or the specular angle. This extension was introduced for AIEM but can be used for IEM; however, caution should be used, as the precise validity range of this extension on the original IEM remains to be determined.

B. Study Sites

To increase the realism of the SMRT experiments, two lakes were selected as templates for this study. Lake ice columns can be distinguished by those where tubular bubbles form and those without tubular bubbles. Tubular bubbles are elongated bubbles that form, as the lake becomes supersaturated with gases that are rejected as lake ice grows [START_REF] Bari | Nucleation and growth of bubbles at an icewater interface[END_REF]. These bubbles have been reported to only form in shallow lakes or shallow areas that are <4 m deep [START_REF] Mellor | Bathymetry of Alaskan Arctic lakes: A key to resource inventory with remote-sensing methods[END_REF]. To represent both ice columns in the sensitivity experiments, the two study sites selected represent a deeper lake with no tubular bubble formation and a shallow lake with dense tubular bubble layers. For the deeper lake, Noell Lake (68.53 • , -133.56 • , Fig. 1), located north of Inuvik, NT, Canada, was selected. Ice cores and under-ice footage from this lake during the winter of 2019 showed no development of tubular bubbles in the central basin. Field measurements taken during the 2019 ice season also indicate the development of snow ice at Noell Lake and the presence of spherical bubbles in this surface ice layer. Noell Lake has an average depth of 6 m and a maximum depth of 18 m [START_REF] Ogbebo | Nutrient limitation of phytoplankton growth in Arctic lakes of the lower Mackenzie river basin, northern Canada[END_REF], [START_REF] Paquette-Struger | Seasonal variations in the limnology of noell lake in the western Canadian Arctic tracked by in situ observation systems[END_REF]. Typically, the ice season starts in late October and extends until mid or late June; 1981-2010 climate normals during the ice season show monthly average temperatures range from -26.9 to 11.6 • C [START_REF]Inuvik Airport Climate Normals[END_REF]. Snowfall can reach up to the maxima of 0.99 m [START_REF]Inuvik Airport Climate Normals[END_REF]. Ice thickness data from the Noell Lake are limited, but a field campaign in March 2019 showed a maximum thickness of 1.19 m. For the shallower lake, the Malcolm Ramsay Lake (58.72 • , -93.79 • , Fig. 1), located east of Churchill, MB, Canada, was selected. Field observations of this lake during the 2009-2010 and 2010-2011 ice seasons show the formation of dense tubular bubbles at the bottom of the ice column [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF], [START_REF] Gunn | Observation and modeling of X-and Ku-band backscatter of snow-covered freshwater lake ice[END_REF]. Similar to the Noell Lake, there is the development of surface gray/snow ice with small spherical bubbles. The mean depth of the lake is 2.4 m, and the maximum depth is 3.2 m [START_REF] Duguay | Determining depth and ice thickness of shallow sub-Arctic lakes using space-borne optical and SAR data[END_REF]. Typically, the ice season starts in early October and extends until late June; 1981-2010 climate normals during the ice season show average monthly temperatures ranging from -26 to 7 • C [START_REF]Churchill Airport Climate Normals[END_REF]. Average monthly snow depth for the ice season ranges from 0.02 to 0.34 m, with reported ice thickness reaching up to 1.47 m [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF], [START_REF] Duguay | RADARSAT backscatter characteristics of ice growing on shallow sub-Arctic lakes, Churchill, Manitoba, Canada[END_REF].

C. Canadian Lake Ice Model

Ground observations can provide occasional input for snow depth and ice thickness; however, consistent daily measurements of ice/snow properties are more difficult to obtain. Therefore, to parametrize these aspects of SMRT, the CLIMo is used. CLIMo (see [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF]) is a 1-D model that is forced using local meteorological data to model ice layer properties and thickness and has been used in areas throughout Canada and Alaska. The model is based on a 1-D thermodynamic seaice model (see [START_REF] Flato | Variability and climate sensitivity of landfast Arctic sea ice[END_REF]), which makes use of the 1-D unsteady heat conduction equation (1) [START_REF] Maykut | Some results from a timedependent thermodynamic model of sea ice[END_REF], where ρ (kg m -3 ) is the density, C p (J kg -1 K -1 ) is the specific heat capacity, T (K) is the temperature of ice or snow, t (s) is the time, k (W m -1 K -1 ) is the thermal conductivity, z (m) is the distance from the surface (positive if in the downward direction), F sw (W m -2 ) is the downwelling shortwave radiative energy flux, I o (W m -2 ) is the fraction of shortwave radiation flux that penetrates the surface layer, α is the surface albedo, and K is the bulk extinction coefficient for shortwave radiation [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF] 

ρC p ∂ T ∂t = ∂ ∂z k ∂ T ∂z + F sw I o (1 -α)K e -kz . ( 1 
)
Following this, the surface energy budget can be solved from [START_REF] Eerola | Impact of partly ice-free lake Ladoga on temperature and cloudiness in an anticyclonic winter situation-A case study using a limited area model[END_REF], where F o (W m -2 ) is the net downward heat flux absorbed at the surface, ε is the emissivity, σ is the Stefan-Boltzmann's constant, F lw is the downwelling longwave radiative flux, F lat is the downward latent heat flux, and F sens is the downward sensible heat flux

F o = F lw -εσ T 4 s (0, t) + (1 -α)(1 -I o )F sw + F lat + F sens . ( 2 
)
Surface type (ice, snow, or open water), surface temperature, and ice thickness are used to determine how albedo is parameterized [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF]. For CLIMo to produce a yearly ice-on and -off cycle, a fixed-depth mixed layer is included [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF]. If there is ice cover on the lake, the temperature of the mixed layer is set to the freezing point (0 • C); however, if the lake is ice-free, the temperature is set from the surface energy budget, thereby serving as a measure of heat storage within the lake [START_REF] Duguay | Ice-cover variability on shallow lakes at high latitudes: Model simulations and observations[END_REF]. CLIMo outputs used in this study include ice thickness, snow depth on the ice, and temperatures of snow and ice layers.

CLIMo was run for both Noell Lake and Malcolm Ramsay Lake using 2-m air temperature, 10-m wind speed, relative humidity, cloud cover, and snowfall from ERA5 data [START_REF] Hersbach | The ERA5 global reanalysis[END_REF], [START_REF] Hersbach | ERA5 hourly data on single levels from 1959 to present[END_REF]. ERA5 data were acquired as a 25 × 25-km 2 grid with one cell representing the Noell Lake and two cells representing the Malcolm Ramsay Lake. ERA5 data were used for all CLIMo inputs to maintain consistency in the input dataset and, as discussed in the following, showed strong correlation with available ground observations. Hourly ERA5 data were averaged to generate daily values for input into CLIMo. Air temperature and snow depth are the primary control factors for CLIMo model runs, and the ERA5 data were validated using available data from the nearest Environment and Climate Change Canada (ECCC) meteorological station. For the Noell Lake, this was the Inuvik Climate station (-133.52 • , 68.32 • ; 23.2 km south of Noell Lake) and the Churchill Climate station for the Malcolm Ramsay Lake (-94.07 • , 58.73 • ; 16 km west of Malcolm Ramsay Lake). A comparison between the respective stations and the ERA5 data show that the root mean square errors (RMSEs) were <2.24 • C and <0.11 m for 2-m air temperature and snow depth, respectively. Kendall's Taub was used to calculate a rank coefficient due to ties in the data, and the values were ≥0.78, indicating a strong correlation between the observed and reanalysis data.

Mixing depth and snow density values for CLIMo were selected using observations or values applied to the lakes in the previous research; these values and the references are listed in Table II. The percentage scenario in CLIMo refers to the percentage of snow accumulation used to account for the difference between on-land and on-ice snow depth. Past comparisons show that the on-ice snow depths are less than on-land snow depths by a ratio of 9%-82% [START_REF] Gunn | Freshwater lake ice thickness derived using surface-based X-and Ku-band FMCW scatterometers[END_REF], [START_REF] Zhang | Modeling interdecadal variations of lake-ice thickness and sensitivity to climatic change in northernmost Alaska[END_REF], [START_REF] Brown | The fate of lake ice in the north American Arctic[END_REF], [START_REF] Brown | A comparison of simulated and measured lake ice thickness using a shallow water ice profiler[END_REF]; therefore, CLIMo was tested at varying on-ice snow depths for both lakes. Modeled snow depth and ice thickness for Churchill were compared with field measurements acquired during the 2009-2010 winter season, and results for the Noell Lake were compared with ice and snow measurements taken in March 2019 to identify the optimal snow cover percentage scenario. For Churchill, the best results were found when CLIMo was run with a 50% on-ice snow depth scenario with the RMSE values of 0.05 m for ice thickness and 0.04 m for snow depth (Table III). Field data were only available for the Noell Lake between 20 and 23 March 2019; therefore, comparisons were made using this small subset of data. CLIMo runs using a 35% on-ice snow depth produced the best results with an RMSE of 0.12 m for ice thickness and 0.05 m for snow depth (Table III). Fig. 2 further supports the selection for the Malcolm Ramsay Lake, showing good agreement between modeled ice thickness/snow depth and ground observations. 

D. Sensitivity Experiment Configuration

Following the selection of the optimal snow depth scenario for CLIMo, the model outputs were translated for use with SMRT. CLIMo was run using a five-layer configuration over 20 years . These data were averaged for each day of the year (1-365) over the 20 years to create a mean representation of an ice season for both shallow and deep lake. Interface temperatures from the lake ice model were averaged to determine layer temperatures. Snow ice thickness was assumed to be a consistent percentage of the total ice column; for the experiments presented in this article, 10% was used. The remainder of the ice column was split into three layers of equal thickness. If a scenario was run with no snow ice, the ice column was split into four layers of equal thickness. Fig. 3 shows a conceptualization of the conversion of CLIMo interface temperatures to SMRT layer temperatures for an ice column.

Optical radius (R o ) for snow grains, required for the parameterization of SHS, can be calculated as

R o = 3 ρ ice * SSA (3)
where ρ ice is the density of ice (916.7 kg m -3 ), and SSA is the specific surface area (m 2 kg -1 ). Due to an absence of direct measurements, a recent relation identified by [START_REF] Vargel | Arctic and subarctic snow microstructure analysis for microwave brightness temperature simulations[END_REF],

between SSA and snow density (kg m -3 ) developed using measurements from across the Canadian Arctic and Subarctic (including Trail Valley Creek, NWT, 24 km north of Noell Lake), was used to determine SSA for experiments in this study. The relation is given as SSA = -17.65 ln(ρ) + 118.07 [START_REF] Hampton | Ecology under lake ice[END_REF] where ρ was the dry snow density used to parameterize CLIMo (283 kg m -3 for Noell Lake and 276 kg m -3 for Malcolm Ramsay Lake). The resulting SSA was used to calculate R o , 0.178 mm for Noell Lake and 0.173 mm for Malcolm Ramsay Lake. The limitation associated with using this approach is these values and relation are developed from terrestrial snow, not snow on lake ice. Therefore, it may not reflect the differences between these two systems. While snow conditions may change during the ice season, cold dry snow used in the modeling experiments will have a limited impact on microwave signals [START_REF] Gunn | Observation and modeling of X-and Ku-band backscatter of snow-covered freshwater lake ice[END_REF], [START_REF] Rott | Possibilities and limits of synthetic aperture radar for snow and glacier surveying[END_REF], and the use of constant snow density/SSA is acceptable under these conditions.

Table IV provides a summary of the other parameters used for the experiments. The baseline conditions for ice properties were determined from ground observations and tested values in the previous literature. Porosity was selected based on observations made for the Saint-François River, QC, and Athabasca River, AB, that ranged from 4% to 26% [START_REF] Gherboudj | Physical characterization of air inclusions in river ice[END_REF]. These observations also provided some guidance for snow ice bubble radius, as observed bubble diameters ranged from 0.01 to 12 mm [START_REF] Gherboudj | Physical characterization of air inclusions in river ice[END_REF]. For the shallow lake scenario, a bubble radius of 0.5 mm was selected due to the observation of "microbubbles" in the snow/gray ice layers of Malcolm Ramsay Lake by [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF]. For the deep lake scenario, a larger radius of 1 mm was used to provide contrast for the shallow lake experiment. DMRT as implemented in SMRT does not allow for the inclusion of tubular bubbles in freshwater ice columns. To represent the presence of tubular bubbles in the lower portions of the ice column, spherical bubbles were added to the bottom layer of the shallow lake example. This bubbled ice is split into two layers, one with a small bubble radius (0.25 mm) and the other with larger bubbles (1 mm). This was done to reflect observations at Malcolm Ramsay Lake by [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF] that stated tubular bubbles at the ice-water interface had a diameter ranging from 1 to 5 mm that narrowed to a diameter of ≈0.5 mm as the bubbles extended into the ice. The bottom layer of larger bubbles was 5% of the total thickness for the bottom layer of the ice column. While the absence of cylinders may introduce modeling error, past research has indicated that it is unlikely cylindrical bubbles in the lower layers of the ice column, which significantly impact the radar signal [START_REF] Atwood | Microwave backscatter from Arctic lake ice and polarimetric implications[END_REF]. Past numerical modeling has demonstrated that there is little difference in simulations when ice columns are represented with and without cylindrical bubbles [START_REF] Atwood | Microwave backscatter from Arctic lake ice and polarimetric implications[END_REF]. Therefore, the substitution in this case is believed to have little impact on the overall results.

The impact of roughness on reflectivity of the snow-ice interface is assumed to be insignificant under the dry conditions used for these experiments due to the low dielectric contrast that exists between these two media. However, to properly represent the conditions of the ice column, a constant roughness was added at the snow-ice interface, and this was parametrized with an s of 1 mm and an L of 40 mm. These values are equivalent to those measured on floating ice cover on the North Slope of Alaska in April 1997 under frozen conditions [START_REF] Wakabayashi | C-band backscattering characteristics of lake ice in Northern Alaska during spring thaw period[END_REF]. While larger deformations (cracks and ridges) can be present in ice covers, SMRT is currently unable to represent these larger 3-D features, and for the purposes of these experiments, the ice cover is assumed to be relatively smooth. Due to the expectation that tubular bubbles increase the value of s at the ice-water interface [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF], a larger value of 3 mm was selected for the baseline parameters for the shallow lake scenarios compared with 1 mm for the deeper lake. Stickiness (τ ) was parameterized for each layer; for snow cover, a value of 0.1 was used based on the optimal scaling factors in [START_REF] Vargel | Arctic and subarctic snow microstructure analysis for microwave brightness temperature simulations[END_REF] for Arctic and Subarctic snow. For ice, clear ice was assigned a τ of 1 due to the limited amount/absence of spheres, while for snow ice/tubular bubble layers, a value of 0.4 was assigned due to the increased presence of bubbles and the tendency for bubbles to stick together. Since low values of Fig. 3. Conversion of CLIMo output data to SMRT input. For CLIMo, Temp surf is the temperature at the top of the snowpack, and Temp Lx is the temperature at each layer interface. SMRT L X T are the average layer temperatures that were used as an input for SMRT. The top layer of clear ice in the SMRT ice column was replaced with a snow ice layer equal to 10% of the total ice thickness for some scenarios.

stickiness are near the limit of the validity region of the SHS model [START_REF] Löwe | Microwave scattering coefficient of snow in MEMLS and DMRT-ML revisited: The relevance of sticky hard spheres and tomography-based estimates of stickiness[END_REF], an error may be encountered in SMRT. If such an error occurred when using the baseline τ value, τ was increased by small increments to limit discrepancies. The value for τ was incremented by 0.00001 for snow ice and 0.0001 for snow cover and clear ice. Stickiness (τ ) values for snow ice reached a maximum of 0.40004 and for snow cover and clear ice a maximum of 0.1004 and 1.0004, respectively. The values of τ were reset to the baseline value of 0.4 and 0.1 for each model run.

Ice thickness, snow ice porosity, snow ice bubble radius, interface bubble radius, interface ice porosity, s, and L were tested to observe how these properties impact co-polarized backscatter. SMRT was run using L-band (1.27 GHz), C-band (5.405 GHz), and X-band (9.6 GHz), as these are the common frequencies used to study lake ice from SAR. Simulations were performed at 20 • , 30 • , and 40 • incidence angles to represent the range of common imaging incidence angles of SAR products. Cross-polarized data were not investigated, as it is currently underestimated by IEM as used in SMRT; this is an area of continued improvement. The ranges for these various properties can be found in Table V. Ice thickness was tested using thickness and snow depth values produced by CLIMo up to end-of-winter maximum ice thickness. For the shallow lake experiments, ice thickness ranged from 0.07 to 1.26 m, and snow depth ranged from 0.01 to 0.21 m. For the deep lake experiments, ice thickness ranged from 0.1 to 1.38 m, and snow depth ranged from 0.01 to 0.28 m. When one property was varied, all others were held constant at the baseline values from Table IV, and ice thickness was held constant at the closest value to 1 m (deep lake snow depth of 0.18 m and shallow lake snow depth of 0.14 m). The range for other properties was determined from the previous field observations [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF], [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF], [START_REF] Gherboudj | Validation of a backscatter model of a river ice covers using RADARSAT-1 images[END_REF]. The range for s of the ice-water interface (0.5-7.5 mm) was determined from roughness observations of river ice [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF]. It was assumed that the smooth columnar river ice is most likely equivalent to what would be expected for ice-water interface roughness of a lake ice column. These values range from 0.1 to 10 mm [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF] and are consistent with those used in lake ice modeling experiments, with the recent values of 1.48-1.66 mm for lakes on the Qinghai-Tibet Plateau [START_REF] Tian | Characterizing C-band backscattering from thermokarst lake ice on the qinghai-tibet plateau[END_REF]. This range is also consistent with numerical modeling experiments that used a value of 5 mm for s [START_REF] Atwood | Microwave backscatter from Arctic lake ice and polarimetric implications[END_REF]. However, the larger roughness values of 15 or 20 mm used in the previous freshwater ice studies [START_REF] Gunn | Observation and modeling of X-and Ku-band backscatter of snow-covered freshwater lake ice[END_REF], [START_REF] Han | Radar backscattering of lake ice during freezing and thawing stages estimated by ground-based scatterometer experiment and inversion from genetic algorithm[END_REF] were not tested to respect the validity range of IEM. Similarly, L was not tested below 5 mm to respect the validity range of IEM. For the shallow and deep lake experiments, a total of eight scenarios were conducted with an ice column of only clear ice and an ice column with a surface snow ice layer. In addition, these ice columns were both with and without snow cover. The full suite of scenarios is outlined in Fig. 4.

To determine which properties had the largest impact on backscatter, we calculated the percentage change between the backscatter determined using the minimum from the ranges given in Table V and each iterative step. Percentage change was normalized by the percent change in ice property to compare values between properties. The normalized percentage change values will be referred to as NPC hereafter and are calculated using the following equations:

Percent Change = σ • 0+i -σ • 0 σ • 0 * 100 (5) NPC = Percent Change Property 0+i -Property 0 Property 0 * 100 (6)
where σ • 0+i is the linear backscatter iterated at a certain step (i ), and σ • 0 is the linear backscatter at the minimum range. Property 0+i is the values of the ice property at the iterated step, and Property 0 is the minimum ice property value. If the NPC value is 0.5, this indicates that a 1% change in the corresponding ice property will result in a 0.5% increase in linear backscatter. Quartile thresholds, calculated from all obtained absolute NPC values, were used to classify the degree of effect that the different variables have on backscatter (Table VI).

III. RESULTS

Sections III-A and III-B focus on highlighting the NPC values observed for different scenarios and all properties tested. This portion of the results focuses on highlighting the properties that result in the largest changes in backscatter. Section III-C is a closer examination of the changes in backscatter observed when s, L, and bubble radius are varied, as these properties were observed to result in the largest changes in backscatter. To provide context to graphed backscatter in Section III-C, comparisons were made to typical observed ranges in backscatter. These ranges are stated in [START_REF] Murfitt | 50 years of lake ice research from active microwave remote sensing: Progress and prospects[END_REF] and reference studies that include backscatter from floating ice cover for both shallow and deep lakes (e.g., [START_REF] Jeffries | Structural and stratigraphic features and ERS 1 synthetic aperture radar backscatter characteristics of ice growing on shallow lakes in NW Alaska, winter 1991-1992[END_REF], [START_REF] Engram | Characterization of L-band synthetic aperture radar (SAR) backscatter from floating and grounded thermokarst lake ice in Arctic Alaska[END_REF], [START_REF] Duguay | RADARSAT backscatter characteristics of ice growing on shallow sub-Arctic lakes, Churchill, Manitoba, Canada[END_REF], [START_REF] Morris | Ice processes and growth history on Arctic and sub-Arctic lakes using ERS-1 SAR data[END_REF], [START_REF] Antonova | Monitoring bedfast ice and ice phenology in lakes of the Lena river delta using TerraSAR-X backscatter and coherence time series[END_REF]). Due to the limited observations of L-and X-band backscatters from deeper lakes, one range is used for both shallow and deep experiments presented in the following. Section III-D focuses on the patterns in co-pol ratios [VV/horizontal-horizontal (HH)] and frequency ratios (C-/L-band, X-/L-band, and X-/C-band) at VV-pol.

A. NPC-Shallow Lake

Table VII shows the response of backscatter to different ice properties for the shallow lake snow ice with snow cover scenario. The focus of the results is the snow ice experiments, as it is similar to those obtained for the clear ice scenario. Backscatter has no/low response (NPC of 0-0.01) to ice thickness, porosity at the ice surface and ice-water interface, and bubble radius at the ice surface and ice-water interface. There is a high response to L for L-band but a lower medium response (maximum 0.26) for C-and X-band. Backscatter is show an increase in NPC with increasing incidence angle.

of snow to both clear ice and ice scenarios results a change in magnitude of NPC values but does not impact the pattern in NPC values with changes in incidence angles. L-band VV-pol experiments where s was varied are an exception. With no snow present, there is little change in the NPC value with incidence angle, and with snow, there is an increase in NPC with increasing incidence angle. Also, X-band s NPC values show slight variations between incidence angles depending on conditions. Clear ice with snow and snow ice without snow show increasing NPC values between 20 • and 30 • but a drop at 40 • . Clear ice without snow shows a similar drop between 20 • and 30 • but not a drop at 40 • . Snow ice with snow decreases from 30 • to 40 • .

B. NPC-Deep Lake

Table VIII shows the results of the deep lake clear ice with snow cover scenario. Backscatter has no/low response (0.00) to ice thickness. L-band at 20 • incidence shows the highest response to L similar to the shallow lake scenario. Both C-and X-band simulations show a lower response to L with a maximum NPC of 0.1. The largest NPC values for backscatter occur in response to increases in s, and L-band has the highest with NPC >6 for all incidence angles and polarizations. Across incidence angles, there is an increase in s NPC values for 20 Table IX details the results of the deep lake snow ice with snow cover scenario. Both HH and VV backscatters have a no/low or medium response to ice thickness, L, porosity, and bubble radius. The highest response to bubble radius occurs at X-band for HH-pol at a 40 • incidence angle. In addition, X-band NPC values for surface bubble radius are higher for HH-pol experiments compared with VV-pol. Similar to other scenarios, L-band is more responsive to L. C-and L-band backscatters show the highest response to increases in s. C-band has a higher response for VV-pol backscatter compared with HH-pol and shows an increasing trend from 20 • to 40 • incidence angle. On the other hand, L-band backscatter displays an increase for VV but a decrease across incidence angles for HH. L-band shows the same higher response for VV-pol compared with HH-pol as C-band. For NPC values in X-band experiments, the highest response to s was for the 20 • incidence angle experiment. There are differences between snow and clear ice experiments. For example, most frequencies/polarizations show an increase in NPC values of s with increasing incidence angle for the clear ice scenario. However, for snow ice, C-band HH-pol and X-band HH-pol and VV-pol NPC values of s decrease with increasing incidence angle. Similar to the shallow lake scenario, when snow is added, patterns in the NPC values for s are different for L-band VV-pol experiments. When no snow is present, the NPC values decrease with incidence angle; however, when snow is present, the NPC values increase with incidence angle.

C. Roughness and Surface Bubble Radius

From the NPC analysis, s consistently resulted in the largest backscatter response. For L-band, the correlation length was also shown to be important, while for C-and X-band, bubble radius for the deeper lake scenario showed increased response. Therefore, it is important further explore how backscatter changes, as these properties increase. Fig. 5 shows the change in backscatter with increasing s for snow ice with snow cover scenarios from deep and shallow lakes. The clear ice scenario is not shown here due to its similarity with the shallow lake snow ice scenario. For both the shallow and deep lake scenarios, there is an increase in backscatter with increasing s at L-and C-band frequencies. For L-band, the increase is consistent; however, C-band backscatter starts to decrease at higher s. X-band follows a similar pattern; however, it starts to decrease earlier compared with the other frequencies. In addition, for the deep lake scenario, the evolution of backscatter occurs at a slower rate compared with the shallow lake scenario. The increases across L-and C-band frequencies demonstrate the impact that a small amount of s can have on backscatter from freshwater ice. The change in s from 0.5 to 1 mm results in an average increase in linear L-band backscatter across all incidence angles of 255% and 253% for the deep lake and shallow lake scenarios, respectively. For C-band, the increase is 180% and 209%, respectively. Fig. 5 also shows that the modeled backscatter values correspond to typical observed ranges in backscatter from maximum ice thickness at different frequencies [START_REF] Murfitt | 50 years of lake ice research from active microwave remote sensing: Progress and prospects[END_REF]. Modeled backscatter values tend to fall into the expected range when s > 1 mm, depending on the incidence angle. For example, modeled X-band backscatter falls outside the expected range with higher s, and at larger incidence angles, this is due to the bell-shaped pattern of the backscatter. The discontinuity is observed in the X-band, and to a lesser extent, the C-band curves are due to abrupt changes caused by the extension of IEM [START_REF] Brogioni | Sensitivity of bistatic scattering to soil moisture and surface roughness of bare soils[END_REF], as noted in Section II-A.

The correlation length is the other component of roughness within IEM. The NPC analysis showed lower response to L at C-and X-band frequencies, and this is reflected in Fig. 6. For these two frequencies, there is an initial increase in backscatter that then decreases as L increases. L-band shows a larger initial increase compared with the other two frequencies. After the initial increase, backscatter decreases, but does not drop below the initial modeled backscatter, as C-and X-band experiments do. In addition, the low change in backscatter Fig. 5. Change in backscatter with increasing rms height (s) for snow ice with snow cover scenario for shallow and deep lake experiments. Ranges on the right-hand side of the plot showcase typical observed ranges in backscatter from maximum ice thickness at different frequencies [START_REF] Murfitt | 50 years of lake ice research from active microwave remote sensing: Progress and prospects[END_REF]. at higher values of L highlights the greater impact that s has on backscatter from lake ice. While modeled backscatter for the correlation length experiments from the shallow lake simulations fall within the expected range of backscatter, this is likely due to the higher constant s used for these simulations (s = 3 mm). For the deep lake experiments (s = 1 mm), modeled backscatter falls outside the typical ranges except at low L values and incidence angles. This further supports that s has a greater impact on backscatter compared with L.

There are differing responses to increases in surface bubble radius between shallow and deep lake scenarios (Fig. 7). For the shallow lake scenario, there is limited response of all frequencies to increasing bubble radius. X-band shows a slight increase; however, this only occurs when the bubble radius is larger than 3.3 mm. The response of C-and X-band backscatters does increase with higher incidence angles but only for higher bubble radii; at lower radii, backscatter continues to show reduced or no response. For the deeper lake scenario, all three incidence angles show an increase in backscatter with increasing bubble radius. While backscatter increases with larger radii, at smaller radii, it is less responsive. For C-band, the maximum increase in linear backscatter between 0.1 and 1.5 mm radius is 63%. This occurs for the HH-pol experiment at an incidence angle of 40 • . For other incidence angles, the percentage increase in linear backscatter is less than 27% for the range. However, at a higher range of bubble radii (1.5-3 mm), this percentage increase in linear backscatter rises to a minimum of 38% (VV-pol incidence angle of 20 • ) and a maximum of 258% (HH-pol incidence angle of 40 • ). Larger increases are observed for X-band, with maximum increases in a linear backscatter of 281% for a range of smaller bubble radii (0.1-1.5 mm). This connects back to the increased NPC values that were observed for the X-band experiments.

Additional experiments were conducted to observe how backscatter responds to simultaneous changes in bubble radius and s, porosity and bubble radius, and s and L. Bubble radius was iterated between 0.25 and 4 mm at an interval of 0.25 mm; at each interval, s was tested between 0.5 and 7.5 mm at an interval of 0.2 mm. Porosity was iterated between 1% and 26% at an interval of 1%, and the bubble radius was iterated between 0.25 and 4 mm at an interval of 0.25 mm. For s/L, L was tested between 2.5 and 100 mm at an interval of 2.5 mm; at each interval, s was tested between 0.5 and 5 mm at an interval of 0.2 mm. This experiment also focused on the deep lake scenario due to the limited response of bubble radius in the shallow lake experiments. For these experiments, Fig. 6. Change in backscatter with increasing correlation length (L) for snow ice with snow cover scenario for shallow and deep lake experiments. Ranges on the right-hand side of the plot showcase typical observed ranges in backscatter from maximum ice thickness at different frequencies [START_REF] Murfitt | 50 years of lake ice research from active microwave remote sensing: Progress and prospects[END_REF].

L was restricted to ensure that the ranges of IEM were respected. The results of the bubble radius/s experiment are shown in Fig. 8. L-band shows little response to increases in bubble radius, as shown in Fig. 7; the pattern in backscatter change reflects the results observed in Fig. 5. C-band results show a similar pattern to increasing backscatter observed in Fig. 5 at lower bubble radii (<2 mm). However, as the bubble radius increases, the influence of s is reduced when <2 mm. This same result is observed at X-band, but there is further evidence that this frequency is more responsive to increases in bubble radius. The patterns in backscatter are similar to those observed in Fig. 7, with backscatter being more responsive to s at the steeper incidence angle and low bubble radii.

Fig. 9 shows the response of backscatter to increase in both porosity and bubble radius. As expected for L-band, there is little response to either change in property supporting the results in Table IX. For C-and X-band, the response of backscatter to bubble radius increases with rising porosity. However, this also shows that the response saturates around the porosity values of 10%-15%. This supports bubble radius as the key controlling property in relation to the impact of snow ice layers on backscatter. Fig. 9 also indicates that the porosity and the bubble radius play a larger role at higher incidence angles (i.e., 40 • versus 20 • ). Fig. 10 shows the response of backscatter to increases in s and L. The response of L to backscatter is similar to the patterns observed in Fig. 6. C-band and X-band show initial increases followed by a decrease and relatively stable patterns, while L-band only shows an initial increase. This experiment highlights the impact that lower L has on the range of modeled backscatter, particularly for L-band simulations. For smaller L (<10 mm), backscatter does not exceed -23.3 dB for L-band simulations, as the values of s above 4.2 mm are outside the validity range of IEM. However, as L increases, higher s can be used, and the response in backscatter reflects what was observed in Fig. 5.

D. Backscatter Ratios and Lake Ice Properties

Co-pol ratios (VV/HH) and ratios between frequencies (C-/L-band, X-/L-band, and X-/C-band) are useful for discriminating between types of ice and between ice and water [START_REF] Antonova | Monitoring bedfast ice and ice phenology in lakes of the Lena river delta using TerraSAR-X backscatter and coherence time series[END_REF], [START_REF] Leconte | A controlled experiment to retrieve freshwater ice characteristics from an FM-CW radar system[END_REF]. Increasing porosity showed to have little impact on these ratios except for a slight increase in the copol ratio for X-band at an incidence angle of 40 • . Therefore, these results focus on patterns for ice thickness, s, L, and bubble radius. Simulations were run using the same parameters outlined in Section III-D, and ratios were calculated from the Fig. 7. Change in backscatter with increasing surface bubble radius for snow ice with and without snow cover scenarios for the deep lake experiment. Ranges on the right-hand side of the plot showcase typical observed ranges in backscatter from maximum ice thickness at different frequencies [START_REF] Murfitt | 50 years of lake ice research from active microwave remote sensing: Progress and prospects[END_REF]. results shown in Section IV-B. Frequency ratios at VV-pol and HH-pol were found to be similar; therefore, only VV-pol is focused on.

Increasing ice thickness results in a slight increase in the co-pol ratio for both C-band and X-band at the 40 • incidence angle for both clear ice and snow ice scenarios. Increases in co-pol ratio also occur for shallow lake experiments at 20 • when snow ice is present (Fig. 11). However, while these patterns are observed, the magnitude of the changes for all experiments is small. Patterns in frequency ratios are more consistent with most experiments showing an increase with increasing ice thickness. For the deep lake experiments with snow ice, there is a decrease in the ratio between X-band and C-and L-band (Fig. 11).

For s, co-pol ratios show different patterns depending on the frequency. However, the patterns observed are consistent for both shallow and deep scenarios. L-band shows a decrease in the co-pol ratio with increasing s; however, C-band and X-band show a decrease followed by an increase at higher values of s. These patterns are consistent between incidence angles, yet co-pol ratios at an incidence angle of 20 • are higher (Fig. 12). Frequency ratios are similar between both deep and shallow lake experiments with ratios for 20 • also being larger.

All frequency ratios follow a similar pattern of initial decrease and then large increase as s increases. The key difference is that the ratios between X-/C-band and X-/L-band increase at a faster rate and reach a higher maximum (Fig. 12).

Co-pol ratios for L show similar patterns for shallow and deep lake experiments. There is an initial decrease that is followed by an increase that eventually saturates at a value of between 0.95 and 0.98 depending on the frequency (Fig. 13).

The key difference between the shallow and deep lake scenarios is that the increases and decreases for the shallow lake scenario are of a larger magnitude compared with the deep lake scenarios. Patterns for the 20 • and 40 • incidence angles are similar. Similar to ice thickness, the magnitude of the changes for the co-pol ratios is small. X/L and C/L frequency ratios show similar patterns between experiments. However, X/C ratios are slightly different with ratios for shallow lakes showing a small initial increase with increasing L followed by a plateau of the values. Deep lakes show a more gradual increase followed by a plateau of values at a larger magnitude compared with shallow lake experiments (Fig. 13).

For bubble radius, co-pol ratios for L-band do show a limited increase with increasing bubble radius, except for the deep lake scenario at an incidence angle of 40 • where the increase Fig. 8. Change in backscatter with increasing both rms height (s) and surface layer bubble radius size for the deep lake scenario with snow ice and snow cover. Fig. 9. Change in backscatter with increasing both porosity and surface layer bubble radius size for the deep lake scenario with snow ice and snow cover. is more pronounced (Fig. 14). Larger increases are observed for C-and X-band, with the magnitude of values being higher for the deep lake experiments compared with shallow lake. One exception is the X-band at 40 • incidence angles, which shows a decrease at very high bubble radii (>3 mm, Fig. 14). Most frequency ratio patterns show a decrease with increasing bubble radius. The highest magnitude of decrease occurs for the deep lake scenario at an incidence angle of 40 • . However, the shallow lake experiment at an incidence angle of 20 • shows a different pattern, with the frequency ratio increasing with increasing bubble radii (Fig. 15).

IV. DISCUSSION

Sections IV-A and IV-B discuss the results presented earlier with a focus on the key properties identified, surface bubble radius, and s. Section IV-A focuses on the role of surface bubble radius, and Section IV-B focuses on the role of s. The correlation length is not discussed, as the results showed that s is the more crucial component of ice-water interface roughness.

A. Role of Surface Bubble Radius

Modeled backscatter from shallow and deep lakes showed differences in the response to the presence of surface bubbles and increasing radius. Shallow lakes showed limited response except for higher incidence angle X-band simulations with large bubble radii. This contrasts to the deep lake simulations that demonstrate an increased response across incidence angles and at lower bubble radii. The difference is likely explained by s used for the two lakes. The shallow lake experiments used a higher s (3 mm) as the baseline to simulate the presence of tubular bubbles extruding at the ice-water interface as observed by [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF]. For deep lakes experiments, a baseline s of 1 mm was used to reflect the absence of tubular bubbles. The higher s for shallow lake experiments shows itself as the dominant property that is reflected in the no/low NPC values for all other ice properties. The limited response for shallow lakes also explains the patterns observed in the co-pol and frequency ratios for thickness and bubble radius, where shallow lake experiments showed smaller magnitude responses to these changes in properties. On the other hand, for the deep lake scenario, X-band shows a medium response to both s and bubble radius for HH-pol at an incidence angle of 40 • . This is also shown in Figs. 14 and15 where the deep lake experiments show a larger change in backscatter ratios with increasing bubble radius. The higher response in X-band experiments is likely due to scattering of the shorter wavelength by the surface bubbles [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF], [START_REF] Leconte | A controlled experiment to retrieve freshwater ice characteristics from an FM-CW radar system[END_REF]. The increased response at a higher incidence angle is likely due to the increased travel distance compared with shallower incidence angles causing increased scattering. This is observed in the previous modeling experiments that showed ice with small spherical air inclusions has a higher backscatter compared with clear ice [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF]. The difference between these types of ice increases with shallower incidence angles and at higher frequencies [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF]. In addition, these conclusions are supported by past RTM experiments for the Tibetan Plateau that also identified bubble radius as one of two key factors for backscatter from lake ice [START_REF] Tian | Characterizing C-band backscattering from thermokarst lake ice on the qinghai-tibet plateau[END_REF]. However, these results also indicate that bubble radius is only an important factor if snow ice is present and roughness is low. Otherwise, s remains the dominant factor. Figs. 5 and7 indicate that the X-band backscatter is likely a result of both bubbles in the ice and s of the ice-water interface, as larger bubble sizes cannot produce values in the upper range of typical observed backscatter.

Recent research has proposed models for estimating ice thickness from co-pol backscatter [START_REF] Shokr | Observations of SAR polarimetric parameters of lake and fast sea ice during the Early Growth phase[END_REF]; however, the NPC analysis suggests that a direct relation between increasing backscatter and ice thickness is unlikely. Fig. 16 shows the pattern in backscatter with increasing ice thickness for the deep lake clear ice and snow ice scenario. For the clear ice scenario, backscatter decreases with increasing ice thickness. This decrease is expected due to results in past RT experiments, which have attributed the decreasing backscatter to an increase in the optical thickness of the ice [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF]. Other past studies have demonstrated minimal change in backscatter with increasing ice thickness as well as an increase (decrease) in the extinction (transmission) coefficient of the medium as the ice thickens [START_REF] Tian | Characterizing C-band backscattering from thermokarst lake ice on the qinghai-tibet plateau[END_REF]. However, if a layer of snow ice is added, backscatter at C-and X-band frequencies appears to be increasing with thickening ice. Due to the pattern observed for clear ice, the increasing backscatter can be attributed to the presence of a thickening snow ice or increasing presence of bubbles within the ice, not directly to the thickening of the ice layer itself. However, it also demonstrates that while the addition of this layer results in an increase in backscatter, the response is minor at lower incidence angles. This experiment also does not consider changes in other surface properties (e.g., s). The increased response of X-band frequencies shown in multiple experiments (Table IX and Figs. 7 and8) demonstrates that X-band is a valuable source for identifying surface ice types and understanding bubble characteristics within ice columns. This is supported by past research that has utilized this frequency for use in classifying surface ice types in the Northwest Territories [START_REF] Gunn | Investigating the influence of variable freshwater ice types on passive and active microwave observations[END_REF]. Furthermore, co-pol ratios for X-band do show an increase with increasing thickness both with and without snow ice. While this could offer an alternative to estimating ice thickness, the overall magnitude of these changes is small. Therefore, further investigation of these patterns is needed using observations from X-band systems and is outside the scope of this study.

B. Role of RMS Height

The results of these experiments indicate that s of the ice-water interface is the key factor in backscatter response from lake ice for both shallow and deep lakes, and for both tested ice columns, backscatter increases with increasing rms height. The behavior of IEM results in a bell-shaped pattern as s increases, resulting in the observed decrease at C-and X-band frequencies. At all frequencies, if IEM restrictions were ignored, increasing s results in an ensuing peak and decrease in backscatter. The value of s for when the peak occurs increases with larger incidence angles as seen for the X-band curves in Fig. 5. At high s values, backscatter values for different incidence angles approach identical values [START_REF] Fung | Microwave Scattering and Emission Models for Users[END_REF]. For L-band, the HH NPC values decrease with increasing incidence angle, whereas the VV NPC values increase. The decrease in the HH NPC values is due to roughness having less of an impact on the HH backscatter at higher incidence angles compared with VV [START_REF] Fung | Microwave Scattering and Emission Models for Users[END_REF]. Inconsistencies in NPC values between HH-and VV-pol for L-band are caused by the snow having a small impact on the magnitude of change for the different scenarios. For C-band, both HH and VV NPC values decrease, and this is due to the behavior of IEM discussed earlier. This causes the backscatter for the smaller incidence angles to begin saturating and decreasing earlier, which lowers the average NPC value. X-band for both deep and shallow lake scenarios and C-band HH-pol for the deep lake scenario show a decrease in NPC values for s when snow ice is present. This is likely due to an increased sensitivity to the presence of spherical bubbles, as mentioned in Section IV-A. This also helps in explaining the pattern in co-pol ratios observed in Fig. 12. The high NPC values for the modeled backscatter compared with other properties further support recent research that identified surface scattering at the ice-water interface as being the dominant scattering mechanism [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF], [START_REF] Engram | Synthetic aperture radar (SAR) backscatter response from methane ebullition bubbles trapped by thermokarst lake ice[END_REF] and aligns with other experiments that identified it as being a key lake ice parameter for modeling backscatter [START_REF] Tian | Characterizing C-band backscattering from thermokarst lake ice on the qinghai-tibet plateau[END_REF]. This is also demonstrated through the comparison between the typical observed range in backscatter and modeling results shown in Figs. 567. These comparisons show that s produces backscatter commonly in this range, whereas L and bubble radius values typically lie on the lower end of the typical range or below.

Several criteria determined relative to the wavelength (λ) can be used to investigate the effectiveness of the roughness at a particular interface [START_REF] Van Der Sanden | Satellite SAR observations of river ice cover: A RADARSAT-2 (C-band) and ALOS PALSAR (L-band) comparison[END_REF]. One criterion is the Fraunhoffer criterion [σ < λ/(32cos(θ i )]. When microwave signals pass through the ice medium, the wavelength shortens due to increased permittivity, and the new wavelength can be found as

λ = 1 √ ε * c f ( 7 
)
where ε is the real part of the complex relative permittivity of the respective medium (ε for ice = 3.17), c is the speed of light in a vacuum (m s -1 ), and f is the frequency of the signal (Hz). For L-, C-, and X-band, the new wavelengths are 0.13, 0.03, and 0.02 m, respectively. Using these wavelengths, it is possible to determine criteria for a rough surface at different incidence angles based on the Fraunhoffer criterion (shown in Table X). These thresholds show that the addition of a small amount of roughness (≈1 mm) can result in increased backscatter at C-and X-band. According to the Fraunhoffer criterion, L-band requires a larger s for a pronounced response (>4 mm); however, the presented results show that the addition of small amounts of roughness can result in substantial increases in backscatter when using the IEM model for the ice-water interface. Past research has highlighted the evolution of backscatter throughout the ice season, with increasing backscatter earlier in the ice season and a plateau in backscatter, as ice reaches maximum thickness [START_REF] Jeffries | Structural and stratigraphic features and ERS 1 synthetic aperture radar backscatter characteristics of ice growing on shallow lakes in NW Alaska, winter 1991-1992[END_REF], [START_REF] Duguay | RADARSAT backscatter characteristics of ice growing on shallow sub-Arctic lakes, Churchill, Manitoba, Canada[END_REF], [START_REF] Antonova | Monitoring bedfast ice and ice phenology in lakes of the Lena river delta using TerraSAR-X backscatter and coherence time series[END_REF]. While bubble radius can partially explain this evolution pattern if snow ice is present (see Section IV-A), the results of the experiments in this study indicate that increasing s at the ice-water interface is the dominant mechanism as previously mentioned. This is reflected in the change in backscatter seen in Fig. 5. From past observations of backscatter evolution throughout the ice season and the results observed in this study, it is likely that s changes more rapidly at the start of the ice season when rapid ice growth occurs and then plateaus once the rate of ice growth slows. As an example, for C-band, where backscatter may increase by >10 dB throughout the ice season, s could be expected to increase by a magnitude of >1.5 mm. However, while other properties have less of an impact on backscatter, there are still contributions that must be considered, and this could, in turn, impact the amount of change in s. This may also depend on the presence or absence of tubular bubbles and incidence angle of the imagery. The results of this analysis indicate that to properly evaluate the roughness of lake ice, C-and L-band frequencies are the most appropriate. L-band is of key importance, as it shows less sensitivity to other properties, such as bubble radius. However, C-band is also valuable due to its availability on numerous satellite platforms [i.e., Sentinel-1, RADARSAT-2, and RADARSAT Constellation Mission (RCM)]. These results demonstrate the importance of developing methods of retrieving ice-water interface roughness. While the values exist for river ice, it is important to note that river ice-water interface roughness is typically assumed to decrease throughout the ice season due to the erosion action on the bottom of the ice surface or is assumed constant for forward modeling purposes [START_REF] Gherboudj | A backscatter modeling for river ice: Analysis and numerical results[END_REF], [START_REF] Michel | Winter Regime of Rivers and Lakes[END_REF], [START_REF] Lindenschmidt | Monitoring river ice cover development using the Freeman-Durden decomposition of quad-pol RADARSAT-2 images[END_REF]. For lake ice bottom interfaces, a decrease in roughness is unlikely unless there is a maintained inflow into the lake throughout the winter season.

V. CONCLUSION

These are the first published experiments using the SMRT model to investigate imaging radar backscatter from lake ice and the first to integrate an RT model and a thermodynamic lake model. Using the CLIMo, a 20-year average ice season was produced for a shallow lake (tubular bubbles present) and a deep lake (no tubular bubbles present). The resulting ice thickness and temperature values were used to parameterize SMRT, with other previously observed values, to investigate how changes in ice thickness, bubble radius, rms height, correlation length, and porosity would impact backscatter. SMRT simulations were conducted using simulated L-, C-, and X-band sensors at 20 • , 30 • , and 40 • incidence angles.

The results showed that the backscatter had limited response to ice thickness and layer porosity. The experiments demonstrate that the backscatter is most responsive to increases in s and highest for L-and C-band frequencies with VV-polarization. This supports recent observations that indicate that lake ice is dominated by a single/surface bounce scattering mechanism at the ice-water interface [START_REF] Gunn | Observing scattering mechanisms of bubbled freshwater lake ice using polarimetric RADARSAT-2 (C-band) and UW-scat (X-and Ku-bands)[END_REF], [START_REF] Engram | Characterization of L-band synthetic aperture radar (SAR) backscatter from floating and grounded thermokarst lake ice in Arctic Alaska[END_REF]. In addition, while L-band shows a high response to increasing L, it is limited to other frequencies. The response to s at the ice-water interface varies with incidence angle and is influenced by the selected roughness model (IEM) and properties of surface ice (i.e., bubble radius) for higher frequencies (X-band). X-band responds to increases in s, but this response decreases at higher incidence angles, and the frequency becomes more responsive to increases in surface bubble radius or other scatterers, such as snow. This demonstrates that X-band is useful for identifying surface ice types as noted in the past research [START_REF] Gunn | Investigating the influence of variable freshwater ice types on passive and active microwave observations[END_REF]. In addition, results show that increases in backscatter are likely not a result of increasing ice thickness but are due to changes that occur in ice properties (i.e., bubble radius and s) throughout the ice season. This indicates that it may not be possible to retrieve ice thickness using only SAR total backscatter due to the limited response. Co-pol ratios do show some evidence of response to changes in ice thickness; however, due to the small magnitude of change, further investigation is needed to confirm this interaction.

These results provide us with an initial understanding of how to utilize SMRT for modeling backscatter from lake ice and a better understanding of the importance of determining methods of effectively measuring ice-water interface roughness changes throughout the ice season. These sensitivity experiments and comparisons to typical ranges in backscatter also serve as a helpful baseline for exploring the inversion of SMRT for retrieving ice properties, such as bubble radius, L, and s. Future research should investigate cross-polarization with future iterations of SMRT. In addition, exploration of the contribution of individual scattering components in SMRT would further understand about the contribution of different layers in the ice column and the role of different interfaces. The next steps in this research are to use field data to parameterize SMRT and perform forward modeling of backscatter throughout an ice season and compare with backscatter measurements from spaceborne imaging SAR [e.g., RADARSAT-2, TerraSAR-X, and Advanced Land Observing Satellite-Phased Array L-band Synthetic Aperture Radar (ALOS-PALSAR)].
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 2 Fig.2. CLIMo simulations at 25%, 50%, 70%, and 100% on-ice snow depth scenarios for Malcolm Ramsay Lake compared with measurements of snow depth and ice thickness from the 2009-2010 winter season.

Fig. 4 .

 4 Fig. 4. SMRT scenarios run for shallow and deep lakes.

  • -40 • , with the largest change (1.40) occurring at C-band VV-pol. The exception to this is L-band HH, which shows a decrease in NPC from 20 • to 40 • of 0.21. A correlation length shows a decrease in the NPC values for 20 • -40 • that is most notable at L-band, dropping by >0.3 for both HH and VV-pol.

Fig. 10 .

 10 Fig. 10. Change in backscatter with increasing both rms height and correlation length for the deep lake scenario with snow ice and snow cover. Only VV-pol is shown to improve the interpretation of the backscatter response.

Fig. 11 .

 11 Fig. 11. Co-pol and frequency ratios with increasing ice thickness for snow ice experiments. Examples highlight the key patterns observed in the results.

Fig. 12 .

 12 Fig. 12. Co-pol and frequency ratios with increasing rms height (s). Due to the similarity between shallow and deep lake experiments as well as snow and clear ice scenarios, only results from the deep lake snow ice scenarios are shown.

Fig. 13 .

 13 Fig. 13. Co-pol and frequency ratios with increasing correlation length (L). Due to the similarity between shallow and deep lake experiments for co-pol ratios, only the results from deep lake experiments with snow ice are shown.

Fig. 14 .

 14 Fig. 14. Co-pol ratios with increasing spherical bubble radius.

Fig. 15 .

 15 Fig. 15. Frequency ratios with increasing spherical bubble radius.

Fig. 16 .

 16 Fig. 16. Change in backscatter with increasing ice thickness for clear ice and snow ice scenarios in the deep lake experiment.

  

  

  

  

  

  

TABLE II PARAMETERIZATION

 II OF CLIMO FOR NOELL LAKE AND MALCOLM RAMSAY LAKE TABLE III VALIDATION OF CLIMO SNOW DEPTH AND ICE THICKNESS FOR MALCOLM RAMSAY LAKE AND NOELL LAKE

TABLE IV BASELINE

 IV PARAMETERS FOR SMRT MODEL RUNS

TABLE V RANGES

 V USED FOR DIFFERENT ICE PROPERTIES. VALUES GIVEN IN BRACKETS ARE THE INCREMENTS USED TO INCREASE THE VARIOUS PROPERTIES

TABLE VI NPC

 VI CATEGORIES DETERMINED BY QUARTILE DIVISIONS

TABLE VII ABSOLUTE

 VII AVERAGE NPC FOR THE SHALLOW LAKE SNOW ICE WITH SNOW COVER SCENARIO most responsive to increases in s, with VV experiments having the highest NPC values across all three frequencies. L-band shows decreasing NPC (0.09-0.13) with incidence angle for HH-pol results. This decrease is also present for both X-band polarizations between 20 • and 40

• incidence angles. On the other hand, L-band VV-pol and both C-band polarizations

TABLE VIII ABSOLUTE

 VIII AVERAGE NPC FOR THE DEEP LAKE CLEAR ICE WITH SNOW COVER SCENARIO

TABLE IX ABSOLUTE

 IX AVERAGE NPC FOR THE DEEP LAKE SNOW ICE WITH SNOW COVER SCENARIO

TABLE X RMS

 X HEIGHT THRESHOLDS FOR CLASSIFYING A SURFACE AS ROUGH ACCORDING TO THE FRAUNHOFFER CRITERIA
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