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Abstract.  

Sophisticated snowpack models are required to provide accurate estimation of snowpack properties across the forest-tundra 

ecotone where in situ measurements are sparse. As snowpack properties strongly influence radar scattering signals, accurate 

simulation is crucial for the success of spaceborne radar missions to retrieve snow water equivalent (SWE). In this study, we 

evaluate the ability of default and Arctic versions of Crocus embedded within the Soil, Vegetation and Snow version 2 (SVS2-15 

Crocus) land surface model to simulate snowpack properties (e.g. depth, density, SWE, specific surface area; SSA) across a 

40-km transect of the Northwest Territories, Canada, using two winter seasons (2021-22 & 2022-23) of in situ measurements. 

An ensemble of simulated snowpack properties (120 members from default and Arctic SVS2-Crocus) was used in the Snow 

Microwave Radiative Transfer (SMRT) model to simulate Ku-band (13.5 GHz) backscatter. Modelled backscatter using multi-

layer SVS2-Crocus snowpack simulations were compared to backscatter using a simplified 3-layer radar-equivalent snowpack. 20 

Results highlight that Arctic SVS2-Crocus wind-induced compaction modifications were spatially transferable across the 

forest-tundra ecotone, reducing the RMSE of surface density by an average of 29%. Basal vegetation modifications were less 

effective in simulating low-density basal snow layers at all sites (2022 & 2023; default RMSE: 67 kg m-3; Arctic RMSE: 69 

kg m-3) but were necessary to simulate a physically representative Arctic density profile. SVS2-Crocus underestimated SSA 

leading to high errors in the simulation of snow backscatter (2022 & 2023; default RMSE 3.5 dB; Arctic RMSE: 4.8 dB). 25 

RMSE of backscatter was reduced by implementing a minimum SSA value (8.7 m2 kg-1; 2022 & 2023; default RMSE: 1.5 dB; 

Arctic RMSE: 1.5 dB). A radar-equivalent snowpack was effective in retaining the scattering behaviour of the multi-layer 

snowpack (RMSE < 1 dB) providing a means to estimate SWE with increased computational efficiency. 
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1.0 Introduction 30 

The forest-tundra ecotone represents a transition zone between areas of boreal forest and Arctic tundra (Callaghan et al., 2002). 

Rising air temperatures and altered precipitation patterns due to climate warming have led to rapid changes in vegetation 

composition and distribution across the forest-tundra ecotone (Graveline et al., 2024; Montesano et al., 2020), resulting in 

highly heterogeneous snow cover (Lackner et al., 2022). The structure and evolution of snowpack properties across the ecotone 

are poorly monitored because measurements of snow properties are sparse. Considering the rapid changes that are occurring 35 

across the forest-tundra ecotone, there is increasing need to explicitly simulate processes controlling evolution of snowpack 

properties through the use of snowpack models. 

 

Differences in vegetation, topography and meteorological conditions across the forest-tundra ecotone generate spatially diverse 

snowpacks that display differences in microstructural properties (Lackner et al., 2022). Tundra snowpacks are exposed to high 40 

wind speeds and cold air temperatures leading to shallow snow depths (~40 cm; Derksen et al., 2014) with two dominant layers 

(Rutter et al., 2019; Derksen et al., 2009). High wind speeds compact the surface layers of the snowpack leading to the 

formation of high-density wind slab snow layers (King et al., 2020). Strong temperature gradients generate rapid 

metamorphism, redistributing mass through vapor transport and forming basal depth hoar layers (Bouvet et al., 2023; Weise, 

2017). Shrub density increases southward across the forest-tundra ecotone (Ernakovich et al., 2014) resulting in deeper snow 45 

depths through the trapping effect of vegetation (Callaghan et al., 2012; Domine et al., 2016) and a reduction in snow density 

by inhibiting compaction (Royer et al., 2021b; Gouttevin et al., 2018; Barrere et al., 2017). Shrub branches that protrude 

through the surface of the snowpack can act as conducting thermal bridges, cooling the ground in winter (Domine et al., 2022) 

and impact the albedo of the snowpack surface (Ménard et al., 2014). In the boreal forest, canopy density influences the spatial 

variability of snowpack properties (Lackner et al., 2022). Beneath dense canopy, the snowpack is typically shallower due to 50 

interception of solid precipitation (Bouchard et al., 2022; Royer et al., 2021a). A shallower snowpack increases the temperature 

gradient, favouring depth hoar formation through water vapour transport (Bouchard et al., 2024). Under sparse forest canopy, 

the influence of snow interception and sublimation is low, combined with reduced wind speeds, deeper snow depths with low-

density surface layers are found (Royer et al., 2021a; Lackner et al., 2022).  

 55 

Accounting for all competing processes that contribute to the spatial diversity in snowpack properties observed across the 

forest-tundra ecotone within a snowpack model is possible, but the ability of such models to adequately simulate snowpack 

properties requires evaluation. The ability to simulate realistic vertical profiles of Arctic snowpack properties in tundra 

environments has been enhanced through the parameterisation of missing Arctic processes; wind-induced compaction and the 

presence of basal vegetation impacting compaction and metamorphism (Royer et al., 2021b; Domine et al., 2019; Barrere et 60 

al., 2017; Gouttevin et al., 2018; Lackner et al., 2022; Woolley et al., 2024). Optimal combinations of Arctic parameterisations 

that improve the simulation of snowpack properties at an Arctic site have been identified (Woolley et al., 2024) but are yet to 
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be tested in areas that differ in terms of vegetation, topography and meteorological conditions. The variability in snowpack 

properties across the forest-tundra ecotone has been measured in field campaigns (e.g. Royer et al., 2021a; Lackner et al., 

2022; Bouchard et al., 2022), but few model the impact of vegetation on simulated snowpack microstructure properties 65 

(Lackner et al., 2022). Under forest canopy, good agreement for the simulation of bulk density and SWE has been found 

(Bartlett et al., 2006; Oreiller et al., 2014), whereas uncertainties in the simulation of snow density still remain (Lackner et al., 

2022; Bonner et al., 2022). Furthermore, the effect of shrubs (Barrere et al., 2017; Gouttevin et al., 2018; Royer et al., 2021b; 

Woolley et al., 2024) and canopy structure (Mazzotti et al., 2024; Sun et al., 2018) on snowpack properties has been included 

within many snowpack schemes (Essery et al., 2024), allowing for important forest-snow interactions to be modelled.  70 

 

Remote sensing can contribute to improved monitoring of snow across the forest-tundra ecotone, but current snow mass 

products are too coarse to spatially resolve the influence of landscape heterogeneity on snow distribution (Mortimer et al., 

2020). Spaceborne radar missions could potentially contribute new snow information, but they require accurate information 

on snowpack properties (e.g. specific surface area (SSA), density, layering) to retrieve SWE (Derksen et al., 2021; Tsang et 75 

al., 2022). Due to a lack of observation stations and ground-based measurements of snow microstructure (Sokol et al., 2003), 

simulation of snowpack properties across areas that differ in terms of vegetation, climatology and topography are therefore 

crucial to constrain the accuracy of SWE retrievals. Ku-band radar has been found to be sensitive to the snowpack 

microstructure, where a radiative transfer model (RTM) can be used to link snowpack properties to backscatter (Pan et al., 

2017; Cui et al., 2016). Significant progress has been made relating measurements of snowpack properties to backscatter (King 80 

et al., 2018; Lemmetyinen et al., 2018; Montpetit et al., 2024) but little work has focused on the impact of simulated snowpack 

information. A key variable in the retrieval of SWE is the number of snow model layers (Rutter et al., 2016), where large 

numbers of layers yields detailed information but at an increased computational cost. Recent studies show that similar 

scattering behaviour can be provided to the SWE retrieval using a simplified 3-layer snowpack through algorithms that retain 

the bulk SWE and microwave scattering behaviour of the snowpack (Meloche et al., 2024; Pan et al., 2017). Linking a 85 

simplified simulated snowpack with backscatter through a RTM can therefore reduce the computational cost of SWE retrieval. 

This enables continuous SWE monitoring over continental scales, which is essential for environmental prediction, climate 

monitoring and water resource management (Garnaud et al., 2019; Kim et al., 2021). 

 

This study evaluates the impact of changing vegetation across the forest-tundra ecotone on simulated snowpack properties 90 

(e.g. SWE, depth, density, profiles of density and SSA). Snow properties are simulated using the multi-physics ensemble 

version of Crocus (Lafaysse et al., 2017; Vionnet et al., 2012) embedded within the Soil, Vegetation and Snow version 2 land 

surface model (hereafter referred to as SVS2-Crocus; Vionnet et al., 2022; Woolley et al., 2024), driven by meteorological 

forcing data from the High Resolution Deterministic Prediction System (HRDPS; Milbrandt et al., 2016). SVS2-Crocus 

simulations are compared to measurements at 7 sites across a 40-km transect of the Northwest Territories (NWT), Canada, 95 

that represent the transition from small shrubs to sparse evergreen needleleaf forest. The impact of an ensemble of simulated 
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snow microstructure properties on Ku-band (13.5 GHz) snow backscatter using the Snow Microwave Radiative Transfer 

Model (SMRT; Picard et al., 2018) is then tested for a multi-layer (~20 layers) and simplified (3-layer) microwave-equivalent 

snowpack derived using the technique of Meloche et al. (2024).  

2.0 Study Location 100 

A total of 7 sites spanning a 40-km transect across the NWT were selected to represent the variability in vegetation and snow 

conditions across the forest-tundra ecotone (Fig. 1 & 2). Among the 7 sites, 2 situated at the most northern edge of the transect 

were characterised as tundra (Fig. 1 & 2; Upper Plateau and Trail Valley Creek) with vegetation primarily consisting of low 

shrubs (0.1 – 0.7 m), lichens, grasses and mosses (King et al., 2018; Walker and Marsh, 2021; Marsh et al., 2010). Three sites 

with scattered patches of grasses, mosses, birch and willow shrubs of varying heights (0.1 - 2 m) were distributed between 105 

tundra and forest sites to characterise the transition in vegetation across the ecotone and were classified as deciduous shrub 

(Fig. 1 & 2; Valley, Small Shrub, Mixed Shrub). Two further sites, characterised as forest, were selected at the most southern 

point of the transect covered by sparse evergreen needleleaf forest (canopy densities between 10 – 13 %) and open areas of 

tundra (Fig.1 & 2; Shrub Tree & Havikpak; Krogh and Pomeroy, 2019). The mean annual daily air temperature obtained from 

the HRDPS was -16.8 ℃ over the 2021/22 winter and -16.9 ℃ over the 2022/23 winter, varying by 0.9 ℃ (2021/22) and 1.1 110 

℃ (2022/23) between sites. Maximum daily wind speed at 10 m above the surface was 4.8 m s-1 and 4.5 m s-1, varying by 0.9 

m s-1 and 0.7 m s-1 in the 2021/22 and 2022/23 winters, respectively. A significant snowfall event occurred late September in 

2021, followed by gradual accumulation over the course of the winter (Fig. 3). The 2022/23 winter experienced consistent and 

gradual snowfall over the entire winter. Snowfall was higher in 2021/22 than in 2022/23, with the maximum cumulative 

snowfall reaching 138 mm in 2021/22 and 113 mm 2022/23 at Shrub Tree (Fig. 3). Maximum snow accumulation between all 115 

sites varied by 21 mm in 2021/22 and 14 mm in 2023/23, with the lowest snowfall at TVC (Fig. 3). 
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Figure 1: Schematic showing the variation in vegetation and relative snow depth (white bars) across a 40-km transect of the Northwest 

Territories, Canada (Fig. 2). SVS2-Crocus model parameters of vegetation type, polar vegetation height (see section 3.2.1 for definition), 120 
tree height and canopy density are also displayed for each site. 
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Figure 2: Map of the study domain showing (left) the location of the 7 sites across the 40-km transect of the Northwest Territories, Canada 

and (right) vegetation type at each site derived from the ESA CC1 LC global map (European Space Agency Climate Change Initiative Land 

Cover; http://esa-landcover-cci.org, last access: March 2025). 125 

 

 

 

Figure 3: Cumulative snowfall (mm) obtained from the High-Resolution Deterministic Prediction System (HRDPS) for each site for the 

2021/22 and 2022/23 winters. 130 
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3.0 Data and Methods 

3.1 Field Methods 

Over the 2021/22 and 2022/23 winters, snowpack properties were measured in snow pits (n = 66) around the time of peak 

SWE (late March). Snow pits were measured at the start, middle and end of a 1 km transect at each site, designed to capture 

the spatial variability in snow properties. At all sites except Havikpak, one profile was conducted in each of the three snow 135 

pits during the 2021/22 season. Two profiles were conducted in each of the three snow pits during the 2022/23 season. At 

Havikpak, a 1 km transect was not possible due to forest cover. Instead, four profile locations were selected to represent the 

snow properties under forest canopy and in forest gaps. One profile was conducted in each of the four snow pits during the 

2021/22 season, and two profiles were conducted in each of the four snow pits during the 2022/23 season at Havikpak. Profiles 

of density using a 100 cm3 density cutter and SSA using an A2 Photonic Sensor IceCube (Zuanon, 2013; Gallet et al., 2009) 140 

were measured at 3 cm vertical resolution. Snow temperature was measured using a stem thermometer at 10 cm intervals and 

snow stratigraphy identified by visual inspection following Fierz et al. (2009). At each of the 7 sites, snow depth distribution 

was measured along the 1 km transect (or between snow pits at Havikpak) using a Magnaprobe (~530 measurements per site; 

Sturm and Holmgren, 2018). Spirals around each pit were carried out at all non-forested sites (~270 measurements per site). 

SWE measurements were made at 50 m intervals along each transect using a clear Lexan ESC-30 snow corer (Kinar and 145 

Pomeroy, 2015). The snow samples were weighted and depths recorded to provide the SWE at each sample point.  

3.2 Modelling 

3.2.1 SVS2-Crocus 

The multi-physics ensemble version of the snowpack model Crocus (Brun et al., 1992; Lafaysse et al., 2017; Vionnet et al., 

2012) embedded within the Soil, Vegetation and Snow version 2 (SVS2) land surface model (Vionnet et al., 2022; Woolley et 150 

al., 2024) driven by meteorological forcing from the HRDPS was used to simulate the vertical layering and seasonal evolution 

of snowpack physical properties i.e. density, depth, SWE and SSA. Crocus computes the mass, density, temperature, liquid 

water content, age and snow microstructure properties (optical diameter, sphericity) of a multi-layer snowpack. Simulations 

were run from September 2020 to July 2023, with model spin-up of 5 years from September 2015 to allow soil temperatures 

to equilibrate. Soil properties (sand/clay fraction) from the HRDPS geophysical fields were used to characterise the soil. Land 155 

cover type was specified based upon the metrics (vegetation type, polar vegetation height, tree height) presented in Fig. 1 & 

2. The height of polar low vegetation, classified as the height of basal vegetation within each snowpit, was measured at each 

site ranging from 0.1 m to 0.35 m (Fig. 1). Canopy cover density values ranged from 10 to 13 %  (Fig. 1), derived from 

hemispherical photographs taken at forested sites (Essery et al., 2008). The darkening coefficient in the snow albedo 

parameterisation was modified from 60 d to 900 d within all simulations to account for a lower magnitude of light-absorbing 160 

impurities, associated fluxes and radiative forcing with Arctic snowpacks (Gaillard et al., 2025). Meteorological forcing data 

consisted of air temperature, specific humidity, wind speed, incoming longwave and shortwave radiation and solid and liquid 
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precipitation rates, which were obtained for each site from the HRDPS at 2.5 km grid spacing. Successive short-term HRDPS 

forecasts (7-12 hr lead time) were combined together to generate continuous hourly meteorological forcing.  

 165 

The Ensemble System Crocus (ESCROC; Lafaysse et al., 2017) modelling framework within SVS2-Crocus allows model 

uncertainty due to parameterisation of snow processes within midlatitude environments to be investigated. However, the 

ESCROC ensemble does not consider Arctic processes and has been found insufficient to simulate snowpack properties in an 

Arctic environment (Woolley et al., 2024). An Arctic version of ESCROC within SVS2-Crocus (Arctic SVS2-Crocus) was 

developed by Woolley et al. (2024) that relied on existing parameterisations that have been developed for Arctic snowpacks 170 

to overcome these limitations (Barrere et al., 2017; Lackner et al., 2022; Royer et al., 2021b; Gouttevin et al., 2018). Woolley 

et al. (2024) implemented new parametrisations that considered the impact of wind speed on surface snow following Royer et 

al. (2021b) and Lackner et al. (2022) by modifying the default parameterisation of Vionnet et al. (2012) for falling snow 

density. As wind speed also increases surface snow density during drifting or blowing snow events, Woolley et al. (2024) also 

modified the parameter that modulates the increase in density for a given snow transport intensity. The maximum density of 175 

snow impacted by wind was also raised following the work of Barrere et al. (2017), Royer et al. (2021b) and Lackner et al. 

(2022). To consider the impact of basal vegetation on compaction and metamorphism, wind compaction was deactivated, and 

viscosity was increased below a set polar vegetation height (Domine et al., 2016; Gouttevin et al., 2018; Royer et al., 2021b). 

Finally, alternate thermal conductivity formulations better suited for Arctic snow types were implemented in Arctic SVS2-

Crocus (Fourteau et al., 2021; Sturm et al., 1997). Parameterising missing Arctic processes within SVS2-Crocus improved the 180 

simulation of snow density and SSA at Trail Valley Creek when compared to the default version of the model (Woolley et al., 

2024). A detailed description of the options for each physical process for the default and Arctic SVS2-Crocus ensembles can 

be found in Woolley et al. (2024) and Lafaysse et al. (2017). We select the same 120-ensemble members used within Woolley 

et al. (2024) from default and Arctic SVS2-Crocus to investigate the spatial transferability of Arctic parameterisations across 

the forest-tundra ecotone. Further recent developments of SVS2-Crocus include the implementation of a canopy module to 185 

simulate snowpack properties in forested environments. The module simulates the impact of forest canopy on near surface 

meteorological variables such as air temperature, wind speed, relative humidity and radiative fluxes (Mazzotti et al., 2024). 

The canopy module is described in Appendix A. 

 

The root-mean-square error (RMSE) and spread skill (SS) were used to evaluate the simulation of snow depth, SWE, bulk 190 

density and profiles of density and SSA. The RMSE represents the accuracy of a modelled outcome in comparison to a 

measured result, whereas the SS measures the ratio of the root-mean ensemble spread to the RMSE of the ensemble mean 

against a measured result (Lafaysse et al., 2017). A SS value of 1 indicates measurements lie within the ensemble spread and 

represents perfect dispersion (Fortin et al., 2014). Statistics were calculated for the overall ensemble, the depth hoar fraction 

(DHF), and the wind slab (WS) fraction by identifying transitions in the density and/or SSA of measured profiles. DHF values 195 

used within this study varied from 40 to 64 %, and all snow above the depth hoar layer was classified as wind slab. Simulated 
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profiles of density and SSA were classified into their vegetation type following Fig. 1 & 2 for statistical analysis as follows: 

Tundra (Upper Plateau and Trail Valley Creek), Deciduous Shrub (Valley, Small Shrub and Mixed Shrub) and Forest (Shrub 

Tree and Havikpak). As measured and simulated profiles can differ in depth and vertical resolution, all profiles were 

normalised and then rescaled to 0.005 increments up to the maximum depth, interpolated using layer thickness to allow for 200 

fair layer evaluation.  

3.2.2 SMRT 

The Snow Microwave Radiative Transfer model (SMRT; Picard et al., 2018) was used to simulate the backscatter signal 

following the model configuration of Montpetit et al. (2024): Ku-band (13.5 GHz) frequency, VV single-polarization, 

incidence angle of 40⁰, exponential microstructure model, improved born approximation (IBA) electromagnetic model, and 205 

the Discrete Ordinate and Eigenvalue (DORT) radiative transfer solver (Picard et al., 2018). Each snow layer within SMRT is 

characterised by temperature, density, thickness and exponential correlation length ( 𝜌𝑒𝑥 ), using either SVS2-Crocus 

simulations or snowpit measurements. The exponential correlation length was derived from the optical diameter (𝑑𝑜𝑝𝑡) and 

density (𝜌𝑠𝑛𝑜𝑤):  

 210 

𝜌𝑒𝑥 =  
2

3
 . 𝛫. (1 −  

𝜌𝑠𝑛𝑜𝑤

𝜌𝑖𝑐𝑒
) . 𝑑𝑜𝑝𝑡                                                                                                                                                    (1) 

 

where the polydispersity (𝛫) was assumed to be 1 for all simulations (Meloche et al., 2024). Measurements of SSA were 

converted into 𝑑𝑜𝑝𝑡:  

 215 

𝑑𝑜𝑝𝑡 =  
6

𝜌𝑖𝑐𝑒 .𝑆𝑆𝐴 
                                                                                                                                                                             (2) 

 

Effective soil permittivity (2.7) and effective soil roughness (0.011) values used for Trail Valley Creek in Montpetit et al. 

(2024) were applied to all sites in this study. SMRT simulations of radar backscatter used vertical profiles of snowpack 

properties simulated by 120-members of default and Arctic SVS2-Crocus (see section 3.2.1 for a description of ensemble 220 

members) from the date of measurement during the 2021/22 and 2022/23 field campaigns. Initial simulations were run with a 

multi-layer snowpack (~ 20 layers) to investigate the impact of detailed snow microstructure on the backscatter signal. The 

multi-layer snowpack was then simplified into a 3-layer radar equivalent snowpack using a K-means clustering algorithm 

following the methods of Meloche et al. (2024). The method aims to increase the computational efficiency needed for SWE 

retrieval whilst conserving the bulk SWE and microwave scattering behaviour of the snowpack. In addition, two techniques 225 

were applied to the SVS2-Crocus multi-layer and simplified snowpack SMRT simulations to optimize the scattering behaviour 

of the snowpack. Firstly, a vertically averaged scaling factor of 0.63 (Brucker et al., 2011) was applied to each layer of SVS2-

Crocus simulated profiles. Secondly, a minimum SSA of 8.7 m2 kg-1 (maximum 𝑑𝑜𝑝𝑡 of 0.75 mm) was applied to each layer 
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of SVS2-Crocus simulated profiles. Analysis of pit measurements found 8.7 m2 kg-1 to be the median minimum value across 

all sites used within this study for both 2021/22 and 2022/23, and lies within the range of depth hoar SSA measurements made 230 

across the wider Arctic (Woolley et al., 2024; Rutter et al., 2019; Montpetit et al., 2024).  

4.0 Results 

4.1 Bulk Snow Properties: SWE, Snow Depth and Density  

Measured snow depth and SWE increased southward across the forest-tundra ecotone during the winters of 2021/22 and 

2022/23. The shallowest snow depths were found at TVC (0.41 m; 2022) and Valley (0.4 m; 2023) and the deepest at Shrub 235 

Tree (0.72 m; 2022 and 0.69 m; 2023). Valley (95 kg m-2; 2022) and Small Shrub (84 kg m-2; 2022) exhibited the lowest 

measured SWE whereas Shrub Tree consistently exhibited the highest measured SWE across both years (162 kg m-2; 2022 and 

153 kg m-2; 2023). Measured bulk density decreased southward across the ecotone with highest bulk density values at TVC 

(293 kg m-3; 2022 and 334 kg m-3; 2023) and lowest at Havikpak (191 kg m-3; 2022) and Mixed Shrub (198 kg m-3; 2023). 

Deeper snow depths and higher SWE were found in 2022 than 2023 for all sites due to higher snowfall early in the snow 240 

season in 2022 (Fig. 3) whereas bulk density was higher in 2023 than 2022. 
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Figure 4: Distribution (median, interquartile range) of simulated and measured snow depth (m), SWE (kg m-2) and bulk density (kg m-3) at 

each site for the 2021/22 and 2022/23 winter. Lighter shades of each colour represent the winter of 2022/23. Each distribution represents 

simulated and measured snow properties at the time of snowpit measurements. Vegetation type for each site is described in Fig. 1. 245 

 

Both default and Arctic SVS2-Crocus driven by HRDPS are able to simulate the measured increase in snow depth that occurs 

along the transition zone from tundra to forest (Fig. 4). Deepest snow depths (Fig. 4; mean across 2021/22 and 2022/23: 0.61 

m) simulated at Shrub Tree due to high snowfall and canopy cover restricting wind compaction and redistribution show good 

agreement with measurements in 2021/22 (default RMSE: 0.08 m; Arctic RMSE: 0.05 m) and underestimation in 2022/23 250 

(default RMSE: 0.13 m; Arctic RMSE: 0.12 m). Shallowest snow depths are simulated at TVC (Fig. 4; mean across 2021/22 

and 2022/23: 0.37 m) due to lower snowfall and exposure to high winds in both 2021/22 (default RMSE: 0.11 m; Arctic 

RMSE: 0.06 m) and 2022/23 (default RMSE: 0.09 m; Arctic RMSE: 0.04 m).  

 

Wind effect modifications applied to Arctic SVS2-Crocus lead to higher simulated bulk densities and shallower snow depths 255 

at all sites when compared to default SVS2-Crocus (Fig. 4). Arctic SVS2-Crocus simulated bulk density was highest at Upper 

Plateau (2022: 241 kg m-3) and TVC (2023: 234 kg m-3) due to high wind speeds resulting from exposed topography whereas 

default SVS2-Crocus simulated lowest bulk densities at Havikpak (2022: 171 kg m-3; 2023: 150 kg m-3) due canopy cover 

reducing wind speed and compaction processes. As both default and Arctic SVS2-Crocus received identical precipitation 
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forcing from the HRDPS, they simulate similar magnitudes of SWE (Fig. 4). Default and Arctic SVS2-Crocus show good 260 

agreement with measurements for the simulation of SWE at all sites in 2021/22 (Fig. 4; default RMSE range: 12 – 28 kg m-2; 

Arctic RMSE range: 8 – 25 kg m-2). However, SWE is underestimated by both ensembles at TVC (default RMSE: 51 kg m-2; 

Arctic RMSE: 46 kg m-2), Shrub Tree (default and Arctic RMSE: 61 kg m-2) and Havikpak (default RMSE: 50 kg m-2; Arctic 

RMSE: 50 kg m-2) in 2022/23. The differences in snow depth simulated by default and Arctic SVS2-Crocus therefore result 

from the opposing trends in bulk density (Fig. 4).  265 

4.2 Profiles of density and SSA 

Figures 5 and 6 compare measured and simulated profiles of snow density and SSA for 3 sites of contrasting vegetation types 

(tundra: Upper Plateau, deciduous shrubs: Small Shrub and forest: Havikpak – as defined in section 3.2.1) for the 2021/22 and 

2022/23 winter seasons, respectively. All remaining sites are displayed in Appendix B. Measured profiles of snow density at 

tundra and deciduous shrub sites exhibit the typical structure of an Arctic snowpack: low-density basal layers ranging between 270 

150 kg m-3 and 300 kg m-3 overlain by higher density surface layers ranging between 300 kg m-3 and 400 kg m-3 (Fig. 5 & 6, 

Appendix B). At forest sites, measured snow density shows less variability throughout the snowpack with surface and basal 

layers exhibiting similar densities (Fig. 5 & 6, Appendix B: WS Mean: 196 kg m-3; DHF Mean: 192 kg m-3). Despite differences 

in snow density, the pattern of measured SSA is consistent amongst all sites with lower SSA values for basal layers (ranging 

between 5 m2 kg-1 and 20 m2 kg-1) and higher SSA (ranging between 30 m2 kg-1 and 60 m2 kg-1) values for near-surface layers 275 

(Fig. 5 & 6, Appendix B). The variability between measured pit profiles of density and SSA decreases from tundra to forest 

(Fig. 5 & 6, Appendix B).  
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Figure 5: Comparison of measured and simulated vertical profiles of density (kg m-3, median, interquartile range) and SSA (m2 kg-1, median, 280 
interquartile range) by default and Arctic SVS2-Crocus from the March 2022 winter field campaign. Black and grey lines indicate different 

pit profiles. Vegetation type for each site is described in Fig. 1. 
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Figure 6: Comparison of measured and simulated vertical profiles of density (kg m-3, median, interquartile range) and SSA (m2 kg-1, median, 

interquartile range) by default and Arctic SVS2-Crocus from the March 2023 winter field campaign. Black and grey lines indicate different 285 
pit profiles. Vegetation type for each site is described in Fig. 1. 
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At all sites, for both winter seasons, default SVS2-Crocus underestimates surface layer density (Fig. 7: 2022 & 2023: tundra 

RMSE: 202 kg m-3; deciduous shrubs RMSE: 141 kg m-3; forest RMSE: 106 kg m-3). Wind effect parameterisations applied 

to Arctic SVS2-Crocus are effective in compacting surface snow layers, reducing the RMSE at all sites (Fig. 7: 2022 & 2023: 

tundra RMSE: 138 kg m-3; deciduous shrubs RMSE: 97 kg m-3; forest RMSE: 84 kg m-3). The performance of the Arctic 290 

parameterisations are most effective at tundra and deciduous shrub sites where high wind speeds contribute to a significant 

proportion of surface snow compaction. At forest sites, the parameterisation of below-canopy wind speed reduces the ability 

of Arctic parameterisations to compact surface layers resulting in a smaller reduction in RMSE. Despite improvements in the 

RMSE by Arctic SVS2-Crocus, surface snow density is underestimated at all sites (Fig. 5, 6 & Appendix B). This remaining 

underestimation is likely due to uncertainties associated with wind speed within the HRDPS meteorological forcing data. The 295 

spread of the Arctic SVS2-Crocus ensemble (Fig. 7: 2022 & 2023: tundra SS: 0.34; deciduous shrubs SS: 0.54; forest SS: 

0.38) captures the variability in snow pit measurements better than default SVS2-Crocus (Fig. 7: 2022 & 2023: tundra SS: 

0.19; deciduous shrubs SS: 0.27; forest SS: 0.30) but both ensembles display under dispersion (SS < 1). The spread of both 

ensembles decreases from tundra to forest, similar to patterns observed within measurements (Fig. 7). 

 300 

 

 

Figure 7: RMSE and SS scores the simulation of density (kg m-3) and SSA (m2 kg-1) by default and Arctic SVS2-Crocus for different 

vegetation types (T: Tundra; DS: Deciduous Shrubs: F: Forest – described in section 3.2.1) for the 2021/22 and 2022/23 field campaigns. 

Scores are separated for depth hoar and wind slab. 305 
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Simulated basal layer densities by default and Arctic SVS2-Crocus range from ~150 kg m-3 to ~250 kg m-3 and are often too 

low in comparison to measurements. The RMSE of default SVS2-Crocus (Fig. 7; deciduous shrubs RMSE: 63 kg m-3; forest 

RMSE: 71 kg m-3) for the simulation of basal layer density is lower than that of Arctic SVS2-Crocus (Fig. 7; deciduous shrubs 

RMSE: 67 kg m-3; forest RMSE: 80 kg m-3) at deciduous shrub and forest sites for the 2021/22 and 2022/23 winters. Arctic 

SVS2-Crocus reduces the error at tundra sites (Fig. 7; default tundra RMSE: 72 kg m-3; Arctic tundra RMSE: 66 kg m-3). The 310 

parameterisations applied to Arctic SVS2-Crocus work to decrease basal layer density but are not effective in improving the 

overall error (Fig. 7). The compaction parameterisation within default SVS2-Crocus that simulates a profile of increasing 

density with snow depth results in basal densities that are in some cases similar to Arctic SVS2-Crocus despite the large 

underestimation in surface layer density (Fig. 5, 6 & 7, Appendix B). The SS of the Arctic SVS2-Crocus ensemble better 

captures the variability in measurements than of default SVS2-Crocus at forest sites (Fig. 6; default SS: 0.71; Arctic SS: 0.80). 315 

Similar SS scores are observed at tundra sites (Fig. 7; default SS: 0.62; Arctic SS: 0.63) and an improvement using default 

SVS2-Crocus is found at forest sites (Fig. 7; default SS: 0.77; Arctic SS: 0.57).  

 

Both default and Arctic SVS2-Crocus underestimate surface and basal layer SSA. Simulated SSA increases towards the 

surface, reaching a maximum value of 38 m2 kg-1 at Havikpak in March 2022, likely due to fresh snowfall and a reduced rate 320 

of wind-induced compaction resulting in lower density surface snow (Fig. 5 & 6, Appendix B). Arctic parametrisations 

contribute to a minor increase in the RMSE (Fig. 7; 2022 & 2023: tundra RMSE: 6 m2 kg-1; deciduous shrubs RMSE: 5 m2 kg-

1; forest RMSE: 4 m2 kg-1) in simulated basal layer SSA at all sites in comparison to default SVS2-Crocus (Fig. 7; 2022 & 

2023: tundra RMSE: 5 m2 kg-1; deciduous shrubs RMSE: 4 m2 kg-1; forest RMSE: 3 m2 kg-1). Both ensembles have similar 

error for simulation of surface layer SSA (Fig. 7; 2022 & 2023: tundra RMSE: 12.5 m2 kg-1; deciduous shrubs RMSE: 11 m2 325 

kg-1; forest RMSE: 9 m2 kg-1). Arctic SVS2-Crocus (Fig. 7; 2022 & 2023: tundra SS: 0.93; forest SS: 0.93) better captures the 

variability in basal layer SSA than default SVS2-Crocus at tundra and deciduous shrub sites (Fig. 7; 2022 & 2023: tundra SS: 

0.60; deciduous shrubs SS: 0.79), due to greater ensemble spread. Default SVS2-Crocus (Fig. 7; default SVS2-Crocus 2022 

& 2023: tundra SS: 0.83; forest SS: 0.78) exhibits greater skill in capturing variability in surface layer SSA at tundra and forest 

sites (Arctic SVS2-Crocus 2022 & 2023: tundra SS: 0.72; forest SS: 0.76) than at deciduous shrub. Simulated profiles of SSA 330 

exhibit a narrow spread in comparison to that of the measured profile, suggesting that the uncertainty in the metamorphism 

scheme is underestimated within SVS2-Crocus. 

 

 

 335 
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4.3 Simulated Ku-band backscatter 

The exponential microstructure model, used within SMRT to compute the scattering coefficient, characterizes snow 

microstructure using the exponential correlation length which can be derived from SSA and density (Eq. 1; Picard et al., 2018). 340 

As Arctic parameterisations work to modify both SSA and density and since Ku-band frequency is highly sensitive to the snow 

grain size (Lemmetyinen et al., 2014), we investigate the impact of SSA and density on a) the exponential correlation length 

(Fig. 8) and b) the resulting snow backscatter (Fig. 9). Small errors in simulated basal SSA, which is underestimated by both 

default and Arctic SVS2-Crocus result in large errors in the optical diameter and in the exponential correlation length (Fig. 8). 

Low basal SSA values result in a correlation length that is too long (0.6 x 10-3 - 0.8 x 10-3 m) for the base of the snowpack in 345 

comparison to measurements (0.2 x 10 -3 m). Errors in the simulation of surface layer SSA result in smaller errors in the 

exponential correlation length for the surface of the snowpack (Fig. 8). By substituting small simulated basal SSA values with 

larger snowpit measurements of SSA, the simulated exponential correlation length is shorter (0.2 x 10-3 - 0.3 x 10-3 m). 

 

 350 

 

Figure 8: Impact of density and optical diameter on the exponential correlation length at TVC (2021/22) simulated by Arctic SVS2-Crocus 

(Eq.1). 
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 355 

Figure 9: Comparison between pit simulated backscatter and SVS2-Crocus simulated backscatter for a multi-layer (A, ‘Original’) and 3-

layer (B, ‘Original’) radar equivalent snowpack (interquartile range, median) for the 2021/22 and 2022/23 winter seasons at Ku-band 

frequency (13.5 GHz). C & D) comparison using a SSA scaling factor of 0.63 (‘Scaled’) and E & F) comparison with a minimum SSA of 

8.7  m2 kg-1 (‘Minimum Value’; maximum optical diameter equivalent 0.75 mm). 

 360 

Figure 9 compares two sets of backscatter simulations at Ku-band frequency (13.5 GHz). The first set of simulations uses snow 

pit measurements as inputs to SMRT (‘Pit Simulated Backscatter’ in Fig. 9). The second set of simulations uses simulated 

snowpack properties from default and Arctic SVS2-Crocus as inputs to SMRT (‘Multi-Layer/3-Layer SVS2 Simulated 

Backscatter’ in Fig. 9). The error in simulated backscatter is greater when using Arctic SVS2-Crocus due to a larger 

underestimation in basal SSA which results in an overestimation of the exponential correlation length and increased scattering. 365 

Across all sites, pit simulated backscatter varies from -5.9 dB to -14.3 dB whereas SVS2-Crocus simulated backscatter varies 

from -2.7 dB to -13.4 dB (Fig. 9). Both default and Arctic SVS2-Crocus overestimate backscatter (Fig. 8; ranging from -5 to 

-10 dB) in comparison to simulated backscatter using snowpit measurements (Fig. 9; ranging from -10 to -14 dB). The RMSE 

when using default SVS2-Crocus is greatest at Upper Plateau (mean RMSE: 5.0 dB) whereas the RMSE for Arctic SVS2-

Crocus is greatest at sites Mixed Shrub and Shrub Tree (mean RMSE 6.6 dB). At Small Shrub and Shrub Tree, the difference 370 

in simulated basal SSA between default and Arctic SVS2-Crocus exceeds that of other sites (Fig. 5 & 6, Appendix B), leading 

to no overlap in ensemble ranges for backscatter simulation (Fig. 9), highlighting the impact of basal SSA errors. 

https://doi.org/10.5194/egusphere-2025-1498
Preprint. Discussion started: 12 May 2025
c© Author(s) 2025. CC BY 4.0 License.



19 

 

Table 1: Mean RMSE between simulated SVS2-Crocus backscatter and snowpit simulated backscatter (dB) for all seven sites for the 

2021/22 and 2022/23 winter seasons. Separated for default and Arctic SVS2-Crocus. Letters refer to panels on Fig. 9.  

 2022 2023 

 Arctic Default Arctic Default 

A) SVS2 Original 5.3 3.5 4.2 3.6 

B) 3-Layer Original 5.8 3.9 4.6 3.9 

C) SVS2 Scaled 2.7 1.6 2.4 1.8 

D) 3-Layer Scaled 2.6 1.7 2.5 1.8 

E) SVS2 Minimum 1.3 1.4 1.6 1.5 

F) 3-Layer Minimum 1.7 1.7 2.0 1.9 

 375 

 

As the underestimation in basal SSA values simulated by both default and Arctic SVS2-Crocus have a large impact on the 

simulation of snow backscatter, we investigated two methods to reduce this error. Method one reduces the scattering behaviour 

of the snow grains with a vertically averaged scaling factor of 0.63 (Brucker et al., 2011; Fig. 9c & 9d). The second method 

limits the minimum SSA of the snow grains to a value of 8.7 m2 kg-1 (average median DHF value from all pit measurements 380 

at all sites) to remove the impact of unrealistically low simulated values (Fig. 9e & 9f). By reducing the scattering effect of the 

snow grains which results in a weaker backscatter (values ranging from -8 to -13 dB), the vertically averaged scaling is effective 

in reducing the error in the simulation by both default and Arctic SVS2-Crocus for a multi-layer snowpack (Table 1c). 

 

Implementing a minimum SSA value removes the influence of large snow grains on the simulation of snow backscatter and 385 

allows the simulation of a weaker backscatter that is more representative of measurements (values ranging between -10 to -12 

dB). Applying a minimum SSA value also reduces the difference between default and Arctic SVS2-Crocus suggesting this 

method constrains a key model uncertainty that contributes towards the inaccurate simulation of snow backscatter (Fig. 9e & 

9f; Table 1e). The average RMSE of all sites is reduced when applying a minimum value by 59% for default SVS2-Crocus 

and 67% for Arctic SVS2-Crocus for 2021/22 and 2022/23. The reduction in the RMSE for Arctic SVS2-Crocus is greater 390 

than that of default SVS2-Crocus, suggesting the improved simulated density profile contributes to the improved simulation 

of backscatter when the large influence of low SSA values is removed.  

 

A radar-equivalent snowpack is able to replicate the scattering behaviour of the multi-layer snowpack, resulting in an RMSE 

below 1 dB (Table 1) at all sites except for Shrub Tree (RMSE: 1.32 dB) and Havikpak (RMSE: 1.30 dB) in 2022 where 395 

snowpacks are deeper and more complex than in 2023 (Fig. 4). The overestimation in simulated backscatter when compared 

to snowpit simulated backscatter is consistent between both multi-layer (Table 1a) and 3-layer simulations (Table 1b). Using 

a vertically averaged scaling factor also reduces the error for a radar-equivalent snowpack (Table 1d). Following the pattern 
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of the multi-layer snowpack, implementing a minimum SSA values reduce the RMSE at all sites when using a radar-equivalent 

snowpack by 54% (default SVS2-Crocus) and 65% (Arctic SVS2-Crocus) for 2021/22 and 2022/23. The computation time in 400 

SMRT simulations was reduced by 60% by simplifying the multi-layer snowpack (~20 layers) to a radar equivalent snowpack 

(3 layers). The radar-equivalent snowpack can therefore increase the computational efficiency for SWE retrieval algorithms 

without altering the scattering behaviour.  

5.0 Discussion 

Accurate simulation of profiles of snow density, and especially SSA, by physical snowpack models are crucial inputs to 405 

radiative transfer models for accurate estimation of SWE (Derksen et al., 2021; Tsang et al., 2022). Consequently, to assess 

the reliability of  Ku-band backscatter SWE retrievals, an evaluation of simulated density and SSA by SVS2-Crocus was first 

conducted across the forest-tundra ecotone to quantify uncertainties in the representation of physical snow properties (section 

5.1). Analysis then follows of the impact uncertainties in simulated density and SSA have on the simulation of Ku-band 

backscatter (section 5.2). 410 

5.1 Impact of vegetation on simulated snowpack properties 

Evaluation of SVS2-Crocus driven by HRDPS meteorological forcing data across the forest-tundra ecotone demonstrates that 

Arctic modifications are effective in representing the impact of vegetation by reducing the error in the simulation of bulk 

snowpack properties, enhancing the spatial transferability of Arctic SVS2-Crocus. Both default and Arctic SVS2-Crocus 

simulated the observed increase in snow depth that occurs across the forest-tundra ecotone where taller shrubs and sparse 415 

evergreen needleleaf forest canopies trap snow (Essery and Pomeroy, 2004) and reduce wind speed minimising snow 

redistribution (Roth and Nolin, 2017) and compaction (Gouttevin et al., 2018) within shrubs and beneath tree canopies. At 

tundra sites, where vegetation is low and wind speeds are high, Arctic modifications are effective in counteracting the 

dominance of compaction due to the weight of the overlying snow within SVS2-Crocus (Vionnet et al., 2012), working to 

decrease snow depth and increase bulk density in line with measurements (Woolley et al., 2024; Royer et al., 2021b; Lackner 420 

et al., 2022). The addition of a canopy module within SVS2-Crocus allowed for snow-forest interactions to be simulated but 

led to an underestimation in bulk density at all forested sites due to uncertainties in the HRDPS wind speed and in the 

parameterisation of below-canopy wind speed. Furthermore, SVS2-Crocus does not simulate the evolution of snow properties 

in the canopy due to metamorphism and classifies unloaded snow as fresh snowfall (Lumbrazo et al., 2022). Implementing a 

parameterisation that considers the density and microstructure of snow within the canopy may reduce the underestimation in 425 

simulated bulk density (Bouchard et al., 2024). As the sites selected for use within this study represent the edge of the forest-

tundra ecotone where forest canopies are sparse (< 15 %) and wind speed plays a role in shaping the snowpack (Derksen et 

al., 2014), current parameterisations designed for dense canopies may be inappropriate for these environments.  
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Coupling of SVS2-Crocus and HRDPS successfully simulated snowpack properties at sites where in-situ meteorological data 

were not available, supporting the use of the coupling within future studies and the need for such datasets for research at remote 430 

sites. Implementing wind effect modifications into Arctic SVS2-Crocus reduced the error in the simulation of surface snow 

density at all sites across the forest-tundra ecotone by an average of 29%. Parameterising wind-induced compaction, the impact 

of wind on fresh snow density, and raising the maximum density impacted by wind in surface layers, reduced the error in 

Arctic SVS2-Crocus simulations in comparison to default SVS2-Crocus, confirming the ability of Arctic SVS2-Crocus to 

generate more realistic simulations of surface layer density at a wide range of sites across the forest-tundra ecotone. As Arctic 435 

SVS2-Crocus exhibits an improved ensemble dispersion (SS value closer to 1) at all sites, it suggests that the optimal skill of 

the Arctic parameterisations are better suited to Arctic environments when compared to default SVS2-Crocus. Although wind 

effect modifications work to improve the simulation of surface snow density in comparison to default SVS2-Crocus, simulated 

values are still underestimated when compared to measurements. Comparing Arctic SVS2-Crocus simulations at TVC using 

in-situ meteorological data (see Fig. 6 of Woolley et al., 2024) with simulations using HRDPS forcing within this study 440 

(Appendix B), we find a 43 % increase in RMSE for surface layer density. The decreased accuracy indicates that the simulated 

results deviate more from observed values when relying on HRDPS meteorological forcing data, suggesting an underestimation 

in HRDPS wind speed and associated wind-induced compaction. At non-forested sites, the reduction in the RMSE is greater 

(31 %; tundra and deciduous shrubs) than at forest sites (21 %; forest) as the compaction effects of the Arctic parameterisations 

at forested sites are inhibited by the parameterisation of below-canopy wind speed. Despite inclusion of a canopy 445 

parameterisation that incorporates a weighted average of the wind profile in open and closed environments (Mazzotti et al., 

2024), the reduction in wind speed was too high for sparse canopies, reducing the rate of wind-induced compaction, leading 

to an underestimation in surface layer density.  

 

Statistically, basal vegetation effect modifications do not improve the simulation of basal layer density when compared to 450 

default SVS2-Crocus, but modifications are necessary to simulate a physically representative density profile in an Arctic 

environment. Without the basal vegetation effect modifications, default SVS2-Crocus would simulate a profile of increasing 

density due to the dominance of compaction, which when combined with the wind effect modifications would lead to basal 

densities that are overestimated. The statistical analysis of basal vegetation effect modifications within this study is limited as 

density measurements in layers close to the base of the snowpack are often impeded by shrubs. The ability to select the height 455 

of polar vegetation with Arctic SVS2-Crocus simulations is a key feature that allows for the impact of differing shrub height 

between sites to be represented that is not considered within default SVS2-Crocus. The polar vegetation heights selected for 

use within this study were similar to measurements during the March 2021/22 and 2022/23 field campaigns and represent 

bending of shrubs due to the weight of the overlying snow (Belke-Brea et al., 2020; Ménard et al., 2014). However, some 

simulated profiles can be shallower than measured profiles as a function of the precipitation inputs meaning some polar 460 

vegetation heights encompass much of the simulated profile. This is particularly evident at sites Small shrub and Mixed shrub, 

where the selected height of polar vegetation causes the basal vegetation effect modifications to activate at greater snow depths 
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(Fig. 5 & 6, Appendix B). As a result, the basal vegetation effect modifications work to counteract wind-induced compaction 

and reduce the impact of the wind effect modifications. Future work could focus on revising the parameterisation of basal 

vegetation modifications. Considering the effect of polar vegetation within the base of an Arctic snowpack is crucial as 465 

shrubification of the Arctic is expected with a warming climate (Sturm et al., 2001; Nill et al., 2022). 

 

Much previous work illustrating the need for Arctic specific parameterisations for the simulation of snowpack properties has 

focused on improving the density profile, supporting simulations of soil temperatures and permafrost modelling (Royer et al., 

2021b; Lackner et al., 2022; Barrere et al., 2017; Gouttevin et al., 2018). Uncertainties in simulations of SSA highlighted 470 

within this study now push the focus towards the importance of improving parameterisations of snow metamorphism for SWE 

retrieval (Derksen et al., 2021; Tsang et al., 2022) and data assimilation (Larue et al., 2018). Although IceCube may 

overestimate measurements of SSA for depth hoar grains (Martin and Schneebeli, 2023), simulated SSA by both default and 

Arctic SVS2-Crocus lie outside the range of typical measurements found within the Arctic (Montpetit et al., 2024; Woolley et 

al., 2024; Rutter et al., 2019). Uncertainties in the simulation of SSA by SVS2-Crocus could stem from the growth of depth 475 

hoar in the metamorphism scheme (Marbouty, 1980) or the optical diameter (Carmagnola et al., 2014; Libois et al., 2014; 

Morin et al., 2013). The parameterisation of Marbouty (1980) is not well suited to simulate the optical size of depth hoar grains 

and should be revised for Arctic snowpacks with strong temperature gradients. Tundra sites, TVC and Valley, experience the 

largest underestimation in SSA suggesting the shallow snowpacks (mean TVC SD: 0.37 m; mean Valley SD: 0.41 m) generate 

strong temperature gradients and further increase the rate of metamorphism (Wang and Baker, 2014).  480 

5.2 Capacity to simulate snow backscatter 

Low basal layer SSA values simulated by both default and Arctic SVS2-Crocus have a large impact on modelled Ku-band 

backscatter. The short wavelength at Ku-band (13.5 GHz) is sensitive to the coarse and large basal snow grains simulated by 

SVS2-Crocus as their size is comparable to the wavelength, scattering the radar signal more effectively and enhancing the 

backscatter signal through Mie scattering (Fung, 1994). Shallow snowpacks further enhance the effect of Mie scattering from 485 

large snow grains and reduce the available contribution to volume scattering in Arctic tundra environments (King et al., 2015; 

Tsang et al., 2022). This is evident at sites with shallow snow depths and the most pronounced underestimation in SSA (Valley 

and Upper Plateau), where the RMSE in simulated backscatter is highest. Although density is known to contribute to scattering 

within the snowpack by altering the ice-air interfaces (King et al., 2015), the impact on the exponential correlation length is 

secondary to that of SSA as it does not directly influence the spatial arrangement of the snow crystals (Fig. 8; Rott et al., 2009; 490 

Tsang et al., 2022). Reducing the number of SVS2-Crocus simulated layers through the approach of Meloche et al. (2024) 

preserves snowpack scattering characteristics and ensures snow backscatter simulations are reproduced within 1 dB accuracy. 

A 60% increase in computational gain using the radar-equivalent snowpack suggests that this approach can effectively increase 

the computational efficiency needed for SWE retrieval algorithms.   

 495 
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An improved simulation of snow backscatter can be achieved by optimizing the SSA of snow grains with a scaling factor of 

0.63 or by implementing a minimum SSA value of 8.7 m2 kg-1. Both options work to reduce the scattering effects of the 

snowpack. As implementing a minimum SSA value removes the influence of large snow grains and constrains a key model 

uncertainty, it is recommended that this approach is implemented to constrain the uncertainty in simulated backscatter. The 

scaling factor of 0.63 accounts for the bias in SSA but also for the polydispersity of the snow grains that was set at a constant 500 

value of 1 within this study. Typical polydispersity values based upon measurements in tundra snow range from 0.6 - 0.75 for 

rounded grains and 1.1 - 1.9 for depth hoar (Montpetit et al., 2024; Picard et al., 2022; Sandells et al., 2024), which relate to 

the two-layer nature of an Arctic snowpack (Derksen et al., 2014). However, few studies have applied a polydispersity 

parameter to modelled output, where typical Arctic depth hoar polydispersity (1.1 - 1.9) values amplify the influence of larger 

simulated snow grains (low SSA/high optical diameter), shortening the exponential correlation length and increasing 505 

scattering. Before accounting for polydispersity in SVS2-Crocus, the SSA must be accurately estimated. The vertically 

averaged value of 0.63 proposed by Brucker et al. (2011) was successful in reducing the scattering behaviour of the SVS2-

Crocus simulated snowpack, by compensating for the bias in SSA, resulting in a weaker backscatter and a reduction in the 

RMSE. Although based upon measurements of snow in Quebec where the depth hoar percentage is much lower than that of 

the Arctic, as the value is vertically averaged it is believed to compensate for the observed differences in both wind slab and 510 

depth hoar. It is also one of the only documented values that has been directly applied to Crocus output.  

 

Implementing a minimum SSA value further reduces the error in the simulation of backscatter by both default and Arctic 

SVS2-Crocus by directly reducing the grain size and scattering effect of the snowpack, resulting in a weaker backscatter that 

is more representative of measurements. Although reducing the scattering effect of large snow grains allows density to 515 

contribute to the simulation of backscatter, basal vegetation effect modifications do not improve basal layer density, resulting 

in backscatter simulations remaining similar for both default and Arctic SVS2-Crocus. The spread of simulated backscatter 

with a minimum SSA value exhibits less variability compared to pit simulated backscatter. As the SVS2-Crocus simulated 

SSA and density profiles (Fig. 5 & 6) show less variability than measured profiles, removing values below 8.7 m2 kg-1 further 

reduces the variability, making the SVS2-Crocus spread appear flatter relative to the pit simulated backscatter. However, as 520 

the variability in backscatter for both the default and Arctic SVS2-Crocus ensemble is reduced by reducing the scattering 

effects of the snowpack at all sites, it is suggested that the impact of low SSA values on the simulation of snow backscatter are 

greater than the snow model uncertainty due to parameterisation of snow processes captured by default and Arctic SVS2-

Crocus (Woolley et al., 2024; Lafaysse et al., 2017). Furthermore, addressing uncertainties that contribute to an inaccurate 

simulation of SSA will reduce the error in the simulation of snow backscatter (Carmagnola et al., 2014; Libois et al., 2014) 525 

and will enable better estimates of snow microstructure properties for accurate retrieval of SWE (Derksen et al., 2021; Larue 

et al., 2018).  
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6.0 Conclusion 

Through evaluation of the simulation of snowpack properties at 7 sites across the forest-tundra ecotone for two winter seasons 

(2021/22 & 2022/23), the spatial transferability of Arctic SVS2-Crocus from Woolley et al (2024) driven by HRDPS 530 

meteorological forcing has been assessed. Implementing wind effect modifications in Arctic SVS2-Crocus improves the 

simulation of surface snow density at all sites across the forest-tundra ecotone and contributes to an improved simulation of 

snow depth and bulk density by capturing the effects of wind-induced compaction. Simulations at sites with no forest canopy, 

tundra and deciduous shrub, yield the largest reduction in the RMSE (31 %) of surface snow layers as wind speed is a dominant 

driver in the formation of wind slab snow layers. The addition of a forest canopy module within SVS2-Crocus allows for the 535 

simulation of snow-forest interactions which is an important feature for large-scale simulations that include forested 

environments. Despite this, the parameterisation of below-canopy wind speed inhibits the ability of the wind effect 

modifications to compact the surface layers of the snowpack and should be revised for areas of low canopy density (< 20 %), 

where wind speed plays a large part in compacting surface layers.  

 540 

The basal vegetation effect modifications do not statistically improve the simulation of low-density basal layers but are 

necessary to simulate a physically representative Arctic density profile without parameterisation of water vapour flux. The 

ability to dynamically change the height of polar vegetation is a key feature of Arctic SVS2-Crocus, not available in default 

SVS2-Crocus, which represents the impact of polar low vegetation (shrubs) on basal layer density. Both default and Arctic 

SVS2-Crocus underestimate basal and surface layer SSA at all sites across the forest-tundra ecotone in comparison to 545 

measurements due to uncertainties in the metamorphism scheme which should be revised for Arctic environments. Expansion 

of shrubs and increased vegetation density across the Arctic is projected (Mekonnen et al., 2021; Ernakovich et al., 2014) and 

so the ability to simulate the impact of changing vegetation on snowpack properties using Arctic SVS2-Crocus is important to 

understand future impacts of climate change in a rapidly warming region.  

 550 

Scaling the scattering effect of snowpack microstructure by applying a scaling factor of 0.63 or implementing a minimum SSA 

(8.7 m2 kg-1) improved the simulation of snow backscatter at Ku-band frequency at all sites across the forest-tundra ecotone. 

The simulation of snow backscatter was found to be highly sensitive to low simulated SSA values leading to large errors and 

an overestimation in backscatter when compared to backscatter simulations initialized with snow pit measurements. This is in 

part due to the sensitivity of Ku-band to snowpack properties in basal layers, but also due to uncertainties in the SVS2-Crocus 555 

snow metamorphism scheme. The ability to provide an improved simulation of backscatter using the coupling of SVS2-Crocus 

and SMRT is a requirement to SWE retrieval algorithms for potential future radar missions. Reducing the number of SVS2-

Crocus simulated layers through the approach of Meloche et al. (2024) retained the scattering behaviour of the snowpack and 

produced an accurate simulation of snow backscatter that was within 1 dB of the multi-layer snowpack, contributing to a 

reduction in computational complexity (60 %) for SWE retrieval. As satellite remote sensing is our only means to monitor 560 
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SWE at continental scales, improvements to simulation of snow SSA and Ku-band backscatter progress our capacity to retrieve 

SWE from satellites, which will be crucial for understanding the impact of climate change in seasonally snow-covered 

environments.  

 

Appendix A: The canopy module in SVS2-Crocus 565 

The canopy module within SVS2-Crocus includes two options to represent the canopy energy balance: (i) a one-layer module 

similar to the module available in the FSM2 model (Mazzotti et al., 2020b; Essery et al., 2024) and (ii) a zero-layer module 

relying on meteorological transfer functions by means of which above-canopy meteorological data are modified to represent 

sub-canopy meteorological states (Ellis et al., 2010; Strasser et al., 2024). Mazzotti et al. (2024) used the zero-layer approach 

to couple FSM2 with Crocus to simulate snowpack properties in forested environments. This approach is used in our study 570 

and is described in this appendix. 

 

Canopy in SVS2-Crocus is defined by three structure parameters: (i) canopy height (ℎ𝑡𝑜𝑝), (ii) canopy closure (𝑉𝑑𝑒𝑛𝑠) and (iii) 

average vegetation area index (VAI) of trees composing the canopy. VAI includes leaves, stems, and branches, and is expressed as 

a one-sided leaf area per unit ground area of closed forest. The product 𝑉𝑑𝑒𝑛𝑠𝑉𝐴𝐼 converts the VAI per unit ground of closed forest 575 

to an effective VAI per unit ground of canopy that accounts for closure. The skyview factor of the canopy (SVF) is derived from 

𝑉𝑑𝑒𝑛𝑠 and VAI (Essery et al., 2008): 

 

𝑆𝑉𝐹 = exp (−𝑉𝑑𝑒𝑛𝑠Ω𝑉𝐴𝐼)                                                                                                                                                          (1) 

where Ω is a clumping parameter that accounts for leaves being vertically stacked in a canopy (Essery et al., 2008; Musselman et 580 

al., 2015). Ω depends on the type of trees. In SVS2-Crocus, it is taken equal to 0.5 as proposed by Bartlett et al. (2006) for needle-

leaf trees. When applied in point-scale mode, ℎ𝑡𝑜𝑝 and 𝑉𝑑𝑒𝑛𝑠 are provided by the model user as detailed on Fig. 1 for this study. VAI 

is derived from a look-up table as a function of the vegetation type specified by the user. 

 

The presence of canopy in SVS2-Crocus modifies the energy and mass fluxes received by the snowpack below the canopy. 585 

The zero-layer approach assumes that canopy temperature is equal to air temperature (Ta) (Rutter et al., 2023). The longwave 

and shortwave radiation received at the surface below the canopy can be expressed as: 

  

𝐿𝑊𝑏𝑣 =  𝐿𝑊𝑖𝑛𝜏𝑑𝑖𝑓 + (1 −  𝜏𝑑𝑖𝑓)𝜎𝑇𝑎
4                                                                                                                                  (2) 

𝑆𝑊𝑏𝑣 =  𝑆𝑊𝑑𝑖𝑟 𝜏𝑑𝑖𝑟 + 𝑆𝑊𝑑𝑖𝑓𝜏𝑑𝑖𝑓                                                                                                       (3) 590 
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with 𝐿𝑊𝑖𝑛 the longwave radiation above the canopy (W m-2) and 𝑆𝑊𝑑𝑖𝑟 and 𝑆𝑊𝑑𝑖𝑓 the direct and diffuse shortwave radiation 

above the canopy. 𝜏𝑑𝑖𝑓 the transmissivity of diffuse radiation through the canopy is equal to the skyview factor (e.g. Musselman 

et al., 2015) and 𝜏𝑑𝑖𝑟  is the direct transmissivity of shortwave radiation defined as in Pomeroy and Dion (1996). 

𝜏𝑑𝑖𝑟 = 𝑒−𝑘𝑒𝑥𝑡𝑉𝑑𝑒𝑛𝑠𝑉𝐴𝐼Ω/sin (θ)                                                                                                                                                     (4) 595 

where 𝑘𝑒𝑥𝑡 is an extinction coefficient taken equal to 0.5 for randomly oriented canopy elements and 𝜃 is the solar angle (rad). 

 

Turbulent fluxes of sensible and latent heat above the snow surface below canopy are computed using wind speed, air temperature 

and specific humidity taken at a below-canopy reference level, ℎ𝑏𝑐 (set to 1.5 m). Air temperature and specific humidity are taken 

directly from the meteorological forcing at the same height. For the wind speed, the canopy modifies the wind profile close to the 600 

surface and affects turbulent exchanges between the snow surface below the canopy and the atmosphere. As in Mazzotti et al. (2024), 

the wind speed below the canopy, 𝑈𝑏𝑐, accounts for canopy closure and is taken as a weighted average of the wind speed in open 

terrain (unperturbed by the canopy), 𝑈𝑜𝑝𝑛, and the wind speed below dense canopy, 𝑈𝑑𝑐: 

 

𝑈𝑏𝑐(ℎ𝑏𝑐) = (1 − 𝑉𝑑𝑒𝑛𝑠
0.5 ) 𝑈𝑜𝑝𝑛(ℎ𝑏𝑐) +  𝑉𝑑𝑒𝑛𝑠

0.5 𝑈𝑑𝑐(ℎ𝑏𝑐)                                                                                                    (5) 605 

The wind profile in the dense canopy is assumed to be logarithmic above the canopy and exponential within the canopy: 

𝑈𝑏𝑐(ℎ𝑏𝑐) =  𝑈𝑡𝑜𝑝 exp [𝑤𝑐𝑎𝑛 (
ℎ𝑏𝑐

ℎ𝑡𝑜𝑝
− 1)]  with 𝑈𝑡𝑜𝑝 =  𝑈𝑎Ιn (

𝑧−𝑑

𝑧0𝑚𝑣
) [Ιn (

𝑧𝑈−𝒹

𝑧0𝑚𝑣
)]

−1

                                                     (6) 

where ℎ𝑡𝑜𝑝 is canopy height (m), 𝑈𝑎 is wind speed (m s−1) at the forcing height 𝑧𝑈 (m) (above the ground, 𝑧𝑈 > ℎ𝑡𝑜𝑝), 𝑈𝑡𝑜𝑝 is wind 

speed at the top of the canopy (m s−1), 𝑧0𝑚𝑣 is momentum roughness length of the canopy (m) and 𝒹 is the zero plane displacement 

height (m). 𝑧0𝑚𝑣  and 𝒹 depend on the canopy height following: 𝑧0𝑚𝑣  = 0.1ℎ𝑡𝑜𝑝 and d = 0.67ℎ𝑡𝑜𝑝. The factor 𝑤𝑐𝑎𝑛 characterizes 610 

attenuation of wind speed in the dense canopy and depends on canopy structure with 𝑤𝑐𝑎𝑛 =  𝛽Ω𝑉𝐴𝐼, with β = 0.9 as in Liston and 

Elder (2006). In addition to the turbulent fluxes, 𝑈𝑏𝑐 is also used in SVS2-Crocus to compute properties of falling snow, wind-

induced compaction and mass loss due to blowing snow sublimation for the snowpack below the canopy. SVS2-Crocus simulates 

snow interception by the canopy using the method of Hedstrom and Pomeroy (1998). The amount of snowfall intercepted by the 

canopy, 𝛪𝑠𝑣  (kg m-2 s-1), is computed as:  615 

𝛪𝑠𝑣 = (𝑆𝑛𝑣
𝑚𝑎𝑥 −  𝑆𝑛𝑣)/ ∆𝑡 (1 − exp (−𝑉𝑑𝑒𝑛𝑠𝑆𝑅∆𝑡/𝑊𝑠𝑣

𝑚𝑎𝑥))                                                                                          (7) 

where 𝑆𝑅 is the snowfall rate (kg m-2 s-1), 𝑆𝑛𝑣 is the intercepted snow mass (kg) and 𝑆𝑛𝑣
𝑚𝑎𝑥 is the maximum snow holding capacity 

of the canopy. 𝑆𝑛𝑣
𝑚𝑎𝑥 varies with air temperature (𝑇𝑎, °𝐶) as in Andreadis et al. (2009):  
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𝑆𝑛𝑣
𝑚𝑎𝑥 =  {

4𝑚𝑠𝑐𝑎𝑝𝑉𝑑𝑒𝑛𝑠𝐿𝐴𝐼,                                                         𝑖𝑓 𝑇𝑎 >  −1°𝐶 

(1.5𝑇𝑎 − 5.5)𝑚𝑠𝑐𝑎𝑝𝑉𝑑𝑒𝑛𝑠𝐿𝐴𝐼,               𝑖𝑓 − 3°𝐶 <  𝑇𝑎 ≤  −1°𝐶

𝑚𝑠𝑐𝑎𝑝𝑉𝑑𝑒𝑛𝑠𝐿𝐴𝐼                                                                    𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                               (8) 

where 𝑚𝑠𝑐𝑎𝑝 is a coefficient fixed to 5 (Andreadis et al., 2009). The dependency on air temperature 𝑆𝑛𝑣
𝑚𝑎𝑥 allows the model to capture 620 

the increase in snow loading resulting from increased adhesion and cohesion above −3°𝐶 as recommended by Lundquist et al. 

(2021). Snow unloading from trees follows the simple approach of Mazzotti et al. (2020a) with 𝑈𝑠𝑣 =  𝑆𝑛𝑣
∆𝑡

𝜏
 , with ∆𝑡 the model 

time step (s) and 𝜏 a relaxation time constant (s). This time constant is taken equal to 240 h for cold snow or 48 h for melting snow. 

Finally, the sublimation of intercepted snow is estimated following Pomeroy et al. (1998) and Essery et al. (2003). In the version of 

SVS2-Crocus used within this paper, unloaded snow is added to the snowfall and has the same physical properties (density and 625 

microstructure) as falling snow (Mazzotti et al., 2024). 
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Appendix B: Profiles of density and SSA at TVC, Valley, Mixed Shrub and Shrub Tree  650 

 

 

Figure B1. Comparison of measured and simulated vertical profiles of density (kg m-3, median, interquartile range) and SSA (m2 kg-1, 

median, interquartile range) by default and Arctic SVS2-Crocus from the March 2022 winter field campaign. Black and grey lines indicate 

different pit profiles. Vegetation type for each site is described in Fig. 1. 655 
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Figure B2. Comparison of measured and simulated vertical profiles of density (kg m-3, median, interquartile range) and SSA (m2 kg-1, 

median, interquartile range) by default and Arctic SVS2-Crocus from the March 2023 winter field campaign. Black and grey lines indicate 

different pit profiles. Vegetation type for each site is described in Fig. 1. 660 
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Code and data availability. Code, simulated output and measurements to produce figures and meteorological forcing data are 665 

available at: https://doi.org/10.5281/zenodo.15091024 (Woolley, 2025a). The version of Arctic SVS2-Crocus used within this 

study is available at: https://doi.org/10.5281/zenodo.15091095 (Woolley, 2025b) 
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