
1. Introduction
The distribution of the seasonal snow cover plays a crucial role in the Earth's climate system due to its 
impact on the energy and water balance. Therefore, an accurate representation of the snow cover in pro-
cess-based land surface models (LSMs) is a key to assess the effect of climate change on both local eco-
systems and global atmospheric circulation (Pörtner et al., 2019). Climate change is most pronounced in 
the Arctic, warming at twice the global average rate (Osborne et al., 2018) and with rainfall projected to 
become the dominant form of precipitation in the future (Bintanja & Andry,  2017). Currently, parts of 
the Arctic are already experiencing an increase in rain-on-snow (ROS) events and wintertime warm spells 
(Hansen et al., 2014; Vikhamar-Schuler et al., 2016). Especially ROS events can have significant impacts 
on ecosystems due to basal ice formation, preventing herbivores from accessing pastures (e.g., Putkonen & 
Roe, 2003; Vikhamar-Schuler et al., 2013) or accelerating warming and degradation of permafrost (Wester-
mann et al., 2011).

The snow cover exhibits large variations in both spatial extent, duration and amount (measured as snow 
water equivalent, SWE). The spatial distribution of snow within a landscape is the product of different 
processes acting on a hierarchy of spatial scales (Clark et al., 2011). Variations in snowfall rates are usually 
controlled by the interplay between atmospheric circulation and topography and vary on spatial scales of 
kilometers and more. On the other hand, postdepositional redistribution of snow through wind transport 
acts on more local scales, often on the orders of tens to hundreds of meters. In many areas, this produces 
a complex pattern of snow depths that is difficult to reproduce by models. Weather models and climate 
reanalysis products can capture the regional distribution of snowfall, but their spatial resolution is far too 
coarse to implement local-scale processes like drifting snow. Currently, a number of efforts to account for 
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such snow-wind interaction in various environments have been proposed (e.g., Essery et al., 1999; Fang 
& Pomeroy, 2009; Libois et al., 2014; Liston & Sturm, 1998; MacDonald et al., 2009; Pomeroy et al., 1997; 
Winstral et al., 2013). Indeed, dedicated snow models such as Alpine3D (Lehning et al., 2006) are capable 
of resolving the local redistribution of snow by using a much finer grid, but such approaches are computa-
tionally expensive, making application over larger regions challenging.

The spatial distribution of snow is especially pronounced in Arctic and Alpine environments, where the 
sparse vegetation cover is insufficient to inhibit snow transport. Already snow depths of less than 1  m 
have been shown to effectively decouple the ground temperature regime from the atmosphere (Hachem 
et al., 2012), keeping ground surface temperatures (GST) higher than near-surface air temperatures during 
winter (Trofaier et al., 2017). Therefore, the spatial pattern of snow depths in alpine and arctic environments 
results in pronounced small-scale variations of winter GST and snow cover duration (Gisnås et al., 2014) 
which give rise to significant local variations in vegetation cover, ground temperatures and active layer 
thickness in permafrost areas. Furthermore, the snow distribution modulates the thermal impact of ROS 
and winter melt events, with low snow areas potentially melting out completely, while basal ice layers form 
in locations with more snow. To adequately capture such processes, a transient representation of the spatial 
evolution of snow depths within a landscape is desirable. This highlights the importance of a physically 
based representation of the snow cover in LSMs, which can account for the governing processes at relevant 
spatial and temporal scales.

In this study, we extend the predictive capabilities of the CryoGrid 3 permafrost model (Westermann 
et al., 2016) with a process-based scheme that can simulate the lateral redistribution of snow due to wind 
drift. In particular, we aim for a scheme that can realistically reflect the observed subgrid variability of snow 
pack evolution and ground surface temperatures. This is achieved by exploiting existing parameterizations 
for two critical processes governing subgrid variability of SWE: wind redistribution of snow, and topogra-
phy-driven lateral flow of liquid water within the snow cover. In this study, key parametrizations from the 
snow microphysics scheme CROCUS (Brun et al., 1989; Vionnet et al., 2012) have been implemented in the 
tiled version of CryoGrid 3 (Nitzbon et al., 2019), allowing for a physically based representation of wind ero-
sion and deposition of snow. The model describes lateral exchange of snow and water between designated 
model realizations (denoted tiles) which represent the first-order topographic characteristics of the study 
site in a low relief permafrost environment on Svalbard.

2. Study Site and Measurements
Our study focuses on a ca. 500  ×  500  m area around the Bayelva high Arctic permafrost research site 
(78°55 N, 11°50 E) (Boike et al., 2018), close to the Ny-Ålesund research settlement on Svalbard (Figure 1). 
The study area is bordered by the floodplain of the Bayelva river and is characterized by ridges and hills 
with low relief and elevations between 10 and 50 m a.s.l. (Figures 1 and 2). Around half of the soil surface 
is covered by low vascular plants, interrupted by mudboils and unvegetated patches and a high surface rock 
content (Boike et al., 2018). The climate is high Arctic with a maritime influence, featuring a mean annual 
air temperature of −5.2°C in Ny-Ålesund (1981–2010), with winter temperatures showing the largest vari-
ability (Førland et al., 2011). Three main wind directions have been identified in the Bayelva area; E (110°), 
S (180°), and N-NW (310–350°) (Westermann et al., 2009). The precipitation in the area is variable: manual 
observations in Ny-Ålesund indicate a total precipitation between 350 and 450 mm/yr, while automated 
measurements of rainfall at the Bayelva site (Figure 1) show between 150 and 350 mm/yr of liquid precip-
itation (Boike et al., 2018; Førland et al., 2011). The snow season in the Bayelva area typically extends from 
September until May.

The entire Svalbard region has been subject to accelerated climate change the last few decades. An increase 
of surface air temperature is observed at all monitoring sites on Svalbard over the last 4  decades, with 
the most pronounced change occurring in winter (Hanssen-Bauer et al., 2019). This includes Ny-Ålesund, 
where annual mean temperatures have increased by 0.71°C/decade over this period, with an even strong-
er increase in winter (December–February) temperatures (1.35°C/decade). Since 2006, the fjords in West 
Spitsbergen, including Kongsfjorden (Figure 1), have been largely ice-free during winter, but also the sea 
ice cover in the East and North of Svalbard has declined (Hanssen-Bauer et al., 2019). This impacts local 
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meteorological conditions through heat and moisture fluxes from ocean to the atmosphere, and is accompa-
nied by an increase in days with rain during winter (ROS-events; Hanssen-Bauer et al., 2019).

At the Bayelva research site, we utilize spatially distributed field measurements of snow depth and ground 
surface temperatures for the hydrological years 2017, 2018, and 2019 that can capture small-scale variations 
of the thermal regime in a statistically sound fashion. For this purpose, 109 iButton miniloggers (accuracy 
around 0.2°C) have been installed 2–3 cm below the ground surface at preselected, randomly distributed 
locations within the study area (Figure 1; Gisnås et al., 2014). Temperatures are measured with 4 h intervals, 
and at least 90 loggers were operational at any time in the study period. The ensemble of obtained records 
represents the transient evolution of the spatial variability in GST in the study area. As the measurements 
represent random locations within a continuum of terrain-induced snow accumulation and hereof result-
ing GSTs, it is not feasible to assign the individual locations to the three landscape units presented in Sec-
tion 3.3. The measurement array is described in more detail in Gisnås et al. (2014).

The GST measurements are complemented by annual snow surveys toward the end of the snow accumu-
lation season (May 11, 2017, April 19, 2018 and April 25, 2019). These surveys consisted of manual obser-
vations of the thickness of the snow cover at all 109 sites, as well as 3–10 detailed snow density profiles 
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Figure 1. (a) Orthophoto of the Bayelva study area with the red star indicating the location of the Bayelva high Arctic permafrost research site. Blue dots show 
the location of the ground temperature measurements used in this study, while Profile 1 and Profile 2 refer to the terrain profiles presented in Figure 2. (b) 
The location of the Bayelva study area on the Brøgger peninsula, and (c) overview of the Svalbard archipelago with the location of the Ny-Ålesund research 
settlement. The contour lines in (a) indicate the elevation in m a.s.l., maps and orthophoto courtesy of the Norwegian Polar Institute (www.npolar.no).
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across the range of observed snow depths (throughout this study, we use 
the term “snow depth” to refer to the combined thickness of the snow 
column and the basal ice thickness). From the snow density profiles, the 
mean bulk snow density is derived for each year. At the majority of sites, 
the basal ice thickness was recorded manually, but this was not always 
possible especially for sites with deeper snow cover. The basal ice obser-
vations were limited to 0.21 m by the length of the available coring equip-
ment. SWE is computed as the sum of the snow and the basal ice' water 
equivalent using a mean snow density determined from several snow pits 
within the study area and the density of pure ice. For sites without ba-
sal ice measurements, we use the average dice of the respective year as a 
first-order estimate.

3. Model Implementation
Here, we describe the extended capabilities of the CryoGrid 3 model, 
originally presented by Westermann et al. (2016). In this study, we add a 
more advanced representation of internal snow processes and snow mi-
crophysics, based on the parametrizations of the CROCUS snow scheme 
(Vionnet et al., 2012). The snow scheme of the original CryoGrid 3 model 
is referred to as “CG simple snow,” while the version with the new snow 

scheme is referred to as “CG Crocus.” Further, we build on the multitile version of CryoGrid 3 described 
in Nitzbon et al. (2019), and implement lateral fluxes of snow due to wind drift and water percolation. To-
gether, these amendments facilitate a process-based representation of internal and lateral snow processes.

3.1. CG Crocus Snow Scheme

In this study, we use a layered snow scheme tailored for the CryoGrid 3 modeling framework, introducing 
snow microphysics parameterizations from the CROCUS snow scheme (Vionnet et al., 2012) in CG sim-
ple snow. A comparison of the employed process parametrizations for both snow schemes is presented in 
Table 1. Following Vionnet et al. (2012), the snow microstructure is described by the snow variables den-
dricity, d (unitless, range 0–1), sphericity, s (unitless, range 0–1), and grain size, gs (mm). A more detailed 
description of internal snow processes and snow microstructure is required to quantitatively determine the 
potential for wind erosion of the snow layers (Section 3.2).

In CG Crocus, fresh snow is added with temperature- and wind-speed-dependent properties and densities 
following Vionnet et al. (2012). Once deposited, snow metamorphism is described by quantitative laws de-
tailing the evolution of microstructure of each layer through time depending on temperature gradients and 
liquid water contents (Vionnet et al., 2012).
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Figure 2. Terrain profiles 1 and 2 (see Figure 1c) with the 
conceptualization in landscape units as defined in Section 3.3: Red-Ridge; 
Yellow-Snowbed; Green-Ambient.

CG simple snow CG Crocus

Short-wave radiation transmission Single band; Equation 9 in Westermann et al. (2016) Three spectral bands; Equations 13 and 14, and 
Table 4 in Vionnet et al. (2012)

Transient albedo Equations 7.18 and 7.29 in ECMWF (2007) Table 4 in Vionnet et al. (2012)

Transient densitya Not included Equations 5–12, and Table 3 in Vionnet et al. (2012)

Metamorphism Not included Tables 1–3 in Vionnet et al. (2012)

Mechanical settling Not included Equations 5–9 in Vionnet et al. (2012)

Wind compaction Not included Equations 10–12, and Table 3 in Vionnet et al. (2012)
aRefreezing of melt-/rainwater is included in both snow schemes.

Table 1 
Overview of the Snow Processes for Which This Study (CG Crocus) Differs From the Parameterizations Used in Nitzbon et al. (2019; CG Simple Snow)
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Incoming solar radiation in CG Crocus is split in three different spectral bands for which reflection and 
transmission are handled individually (Vionnet et al., 2012). For each band, a spectral albedo for the surface 
and an absorption coefficient for each layer is calculated from the snow properties, using the snow mi-
crostructure variables. Solar radiation that penetrates in the snowpack is gradually absorbed based on the 
layer-specific absorption coefficient as it passes through the snowpack (Vionnet et al., 2012). At the base of 
the snowpack, the energy from the remaining solar radiation is added to the lowest snow cell.

Following Vionnet et al. (2012), two mechanical processes that increase the density of snow are included in 
CG Crocus: (1) mechanical settling due to overburden pressure, and (2) modification of snow particles by 
wind drift. The former gives a compaction of each layer expressed by the vertical stress of overlying layers 
and the viscosity of the layers, while wind drift increases snow densities in the upper parts of the snowpack 
due to breakup and rounding of snow particles. For each time step, a mobility index (MO) is calculated for 
all layers based on their microstructural properties, quantifying their potential for wind erosion:
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where F(ρ) = 1.25–0.0042 m3/kg*(max(ρmin,ρ)−ρmin) and ρmin = 50 kg/m3. From the mobility index and the 
wind speed (U), the driftability index (SI) is computed for each layer:

      2.868 exp 0.085 / 1I OS s m U M (2)

The driftability index discriminates between events of snow drifting (SI > 0) and no snowdrift (SI <= 0). 
In practice, the effect of snow drift is limited to the upper parts of the snow pack by introducing of a time 
characteristic of snow drift under wind transport (τi), for each layer i:
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where τ is an empirically determined time constant and zi is a pseudo depth that takes into account previous 
hardening of above lying snow layers. From τi the wind induced change of density and microstructure is 
calculated for each layer (Vionnet et al., 2012). τi is thus an indirect measure of the amount of snow that 
undergoes changes due wind drift, under the assumption that erosion and deposition are equal. We use this 
in the following section to derive erosion rates for lateral transport of snow.

The primary goal of CG Crocus is to simulate the ground thermal regime. Other than in the original 
CROCUS implementation described by Vionnet et al.  (2012), we employ a simpler regridding scheme 
and do not assign a specific snow layer to a snowfall event. Instead, new snow is added to the uppermost 
grid cell in each timestep, assigning the weighted average between old and new snow for all model vari-
ables (g, s, gs, density, etc.). As weighting factor, the amount of ice is employed. When a grid cell exceeds 
a certain target SWE (0.01 m), it is split in two cells, with resulting grid cell sizes on the order of a few 
centimeters. With this procedure, small features like weak layers in the snow pack cannot be resolved, 
but a forcing-dependent density structure develops (which remains consistent when reducing the grid 
cell size). Vertical water infiltration in the snow pack is handled with a bucket scheme as in CG simple 
snow (Nitzbon et al., 2019).

3.2. Lateral Fluxes of Snow and Water

Building on the setup described in Nitzbon et al. (2019), the aim of the model modifications is to represent 
the subgrid distribution of snow and wetness using several model realizations that are coupled by lateral 
fluxes of snow and water. The modeled overall area is divided in tiles representing distinct terrain units 
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featuring an area A and an altitude arel relative to the forcing altitude, and a wind exposure e. Each tile is 
hydrologically connected to its neighbors by hydraulic distances, Dhy, and contact lengths, L. Based on this 
simple setup we calculate bulk lateral fluxes, which are applied after a lateral interaction timestep, Δtlat, 
which facilitates coupling between different model realizations.

Lateral snow fluxes: In Nitzbon et al. (2019), snow redistribution between tiles is prescribed purely based 
on differences in altitude and vegetation height between the tiles, disregarding the effect of different wind 
speeds and snow properties on the erodability of snow layers. This procedure necessarily leads to a spatially 
variable snow accumulation, even if the snow falls as slush, as typical during warm spells and ROS events 
on Svalbard (e.g., Eckerstorfer & Christiansen, 2011).

We therefore utilize the wind compaction parameterizations from CROCUS to describe potential snow ero-
sion in a more physically based way. For each layer i the fraction of snow that is mobile within a lateral 
interaction timestep Δtlat is quantified as




 drif
mobile, lat* Δt

i
i

N t (4)

where we introduce an empirical drift factor, Ndrift, relating the depth-dependent time characteristic of each 
layer (Equation 4) to the amount of snow that can be removed per time interval. Example erosion rates 
resulting from this parameterization are provided in the supporting information for typical snow types and 
wind speeds. The underlying assumption that the flux of removed snow is inversely proportional to the time 
characteristic of snow undergoing wind-induced grain and density change is not confirmed by experimen-
tal studies. However, it is a simple first-order approximation in qualitative agreement with the original one 
dimensional version of CROCUS, in which wind drifting only occurs for positive driftability indices and 
increases with both driftability index and proximity to the snow surface.

Whether a tile loses or gains snow due to wind transport depends on its exposure, e, which is a quasialtitude 
given by e(t) = einit + dsnow(t). During each interaction time step, a snow exchange index, Idrift, is calculated 
by the normalized difference of the total area with a higher exposure, Aabove, and lower exposure, Abelow, than 
the respective tile (i):

  



above below

drift
above below

i
A AI e
A A (5)

Tiles with negative snow exchange index loose snow equal to −θmobile * Idrift for each mobile layer, i.e. the 
most exposed tile loses all snow that is mobile given the current wind speed. To prevent snow fluxes due to 
negligibly small differences in tile elevation, a tile is defined to be above (below) the current tile if its expo-
sure is more (less) than a threshold exposure difference, δe, than the current tiles. All eroded snow is added 
to a pool of “drifting snow” within which the extensive state variables (energy, mass) are summed and the 
snow properties (d, s, gs, snow density) are linearly mixed based on the ice mass eroded from each layer. The 
drifting snow is finally distributed among the receiving tiles based on normalization of their snow exchange 
index, which assumes that the horizontal dimensions of the modeled area are smaller than the transport 
distance for blowing snow. As tiles with lower exposure receive more snow, this redistribution results in a 
gradual leveling of the exposures within the different tiles.

Lateral water fluxes: Lateral flow of water between unfrozen soil columns of adjacent tiles is implemented 
as in Nitzbon et al. (2019). In an effort to capture the spread of basal ice thickness and GST to ROS events, 
a similar scheme for water exchange between snow-covered tiles is introduced, taking only the snow cover 
into account, as the ground is generally frozen when a snow cover is present. Any water in excess of the 
snows field capacity is assumed to drain from the system as surface water. Similarly, for snow-free tiles, we 
assume drainage of water in excess of the field capacity of the ground/soil. Lateral water fluxes occur only 
between tiles if both feature a snow cover, or both are snow-free and unfrozen (i.e., they feature an unfrozen 
surface grid cell).

When a water table is present within the snowpack, lateral water fluxes (qα) to tile α are calculated from 
Darcy's law, as in Nitzbon et al. (2019):
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snowK  denotes the saturated hydraulic conductivity of snow, w the water table, and f the elevation of the 

lowest snow cell with mobile water. Hαβ, Dhy
αβ and Lαβ are the contact height, hydraulic distance and contact 

length between two tiles α and β, respectively. The bulk fluxes are scaled to not exceed the available water at 
the tile that is drained. Water is added to the receiving tile by pooling it up from the base of the snowpack. 
The underlying assumption that water flow occurs at the base of the snowpack disregards observations of 
water flow along permeability barriers (e.g., ice layers) within the snowpack (e.g., Webb et al., 2020). How-
ever, the presented scheme for lateral exchange of water within the snow cover does reproduce the buildup 
of spatially variable basal ice thicknesses, which is the most prominent feature of ROS-events in our study 
area. Lateral advection of heat through water fluxes between tiles is not included.

3.3. Model Setup

The goal of the model setup is to capture the end-members of the snow distribution by representing key 
features of the local topography of the Bayelva area. We divide the study area into three landscape units, 
exposed ridges (R), snowbeds (S) in depressions and adjacent to slopes, and the ambient (A) surrounding 
flat terrain. These units are connected to each other in a two-dimensional fashion (Figure 2), and we assume 
translational symmetry in the third spatial dimension. Both areas, distances and contact lengths assigned 
to each tile are loosely based on the profiles in Figure 2, which is a two-dimensional setup that can rep-
resent the typical ridge-valley-plain topography of the study area, including typical elevation differences. 
This partitioning of the landscape does not capture the true distribution of the terrain in the Bayelva area, 
and processes occurring in the transition zone between the selected topographic features are naturally not 
included. While this simple setup does not account for the control of wind direction on snow redistribution, 
it is adequate considering that the study area is characterized by winds from three opposing directions 
(Westermann et al., 2009), and that snow drifts are observed to form for a range of expositions in all years 
(Aalstad et al., 2020).

The hydrological setup is schematically presented in Figure 3, with the attributes of each tile summarized 
in Table 2. We further set the wind exposure to the relative altitude, so that redistribution of snow only 
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Figure 3. Schematic cross-section of the setup of the laterally connected three-tile system. Translational symmetry in 
the second horizontal dimension is assumed.



Journal of Geophysical Research: Earth Surface

occurs from higher to lower elevations. This implies that the wind di-
rection and the formation of snow drifts at lee sides of slopes cannot be 
reproduced. The hydrological setup is adapted for an environment with 
elevation differences of tens of meters, so in contrast to the lowland setup 
of Nitzbon et al.  (2019), we do not include an external water reservoir 
in our study and instead remove excess water from the system when the 
uppermost grid cell is saturated. To assess the added insight of the three-
tile simulations we run a standalone control simulation without lateral 
fluxes (referred to as single-tile control simulation), featuring the same 
configurations as the ambient tile.

The modeled soil domain consists of 5 m of sediments overlying bedrock, 
which extends down to 100 m below the surface. The stratigraphies (Tables 3 & 4) of the tiles are deduced 
from Boike et al. (2018), and differ only in one aspect, that is, no organic layer is assigned to the ridge tile, 
in agreement with field observations. At the lower boundary condition of the model domain, a geothermal 
heat flux of 0.05 W/m2 is applied.

Soil and snow parameters are presented in Table  5, and are to the extent possible taken from Boike 
et al. (2018), while snow parameters associated with the CROCUS scheme are set to the default value of 
Vionnet et al. (2012).

3.4. Forcing Data

For the Bayelva site, we used forcing data from the AROME-Arctic NWP model, which provides high-res-
olution (2.5 km) meteorological forecasts especially tailored for the Arctic (Müller et al., 2017). Although 
AROME-Arctic performs better than other comparable models (Køltzow et al., 2019), its forecast quality is 
challenged by the general sparsity of observations in the Arctic. This is especially true for precipitation, the 
evaluation of which is challenging due to shortcomings in measuring solid precipitation in wind-exposed 
areas as typical for Svalbard.

Our setup requires near-surface meteorological data as forcing at the upper boundary of the model domain, 
including shortwave radiation, longwave radiation, air temperature, humidity, wind speed, pressure, rain 
and snowfall. Time series of the required variables are extracted for the closest grid cell with a surface 
altitude (aforcing = 21 m a.s.l.) comparable to the study area (10–50 m. a.s.l) from https://thredds.met.no/
thredds/catalog/aromearcticarchive/catalog.html. We duplicate this forcing data set to facilitate a spin up 
of the model, yielding eight years of forcing data. We initialize the simulations with a temperature profile 
for late fall derived from measurements from a nearby, instrumented borehole (Boike et al., 2018): 0 m, 5°C; 
−1.7 m, 0°C; −10 m, −2.5°C. We fix the base of the permafrost to 100 m depth, which is a typical value for 
coastal areas on Svalbard (Liestøl, 1975).

A comparison of this forcing data and observations from the Bayelva station (Figure 1) reveals a generally 
good agreement for most variables (e.g., temperature, humidity, pressure, longwave- & shortwave radia-
tion). Wind speeds derived from AROME-Arctic NWP (10 m above surface) are higher than those recorded 
at the station (<3 m above ground), which largely can be explained by their difference in height and, for 
some wind directions, shielding by the terrain around the measurement location. The use of 10 m wind 
speeds is in line with the original implementation of CROCUS (Vionnet et al., 2012), and model values that 
are representative for a larger area are suitable for our spatial setup. A direct comparison of precipitation 

rates is not feasible, as the Bayelva station only records liquid precipita-
tion (summer rainfall).

4. Results
4.1. Process-Based Lateral Redistribution of Snow and Water

We illustrate the differential buildup of the snow cover that is simulat-
ed by the newly implemented lateral transport processes in CG Crocus. 
The key novel feature of CG Crocus is the process-based redistribution 
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Parameter Symbol Unit Ridge Snowbed Ambient

Area A m2 100 100 300

Relative altitude arel M 10 −1.5 0

Exposure E M 10 −1.5 0

Hydraulic distance Dhy M 100 200

Table 2 
Parameters for Topography and Hydraulic Connections of the Tiling 
Scheme

Depth 
(m)

Mineral 
fraction

Organic 
fraction

Field 
capacity

Soil 
type

Initial water 
fraction

0–0.1 0.5 0.05 0.2 Sand 0.45

0.1–5 0.5 0 0.2 Sand 0.5

5–100 0.97 0 0.03 Sand 0.03

Table 3 
Subsurface Stratigraphy of the Snowbed and Ambient Tiles

https://thredds.met.no/thredds/catalog/aromearcticarchive/catalog.html
https://thredds.met.no/thredds/catalog/aromearcticarchive/catalog.html
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of snow from higher to lower elevations, of which an example is provid-
ed in Figure 4. During calm conditions around February 18, 2019 (event 
1 in Figure 4), a thin layer of low-density snow accumulates across all 
tiles. Preferential deposition during snowfall accompanied by high wind 
speeds is not explicitly handled in our model, but with a lateral inter-
action timestep of 1  h, the accumulation of more and denser snow in 
the snowbed tile is captured (event 2 in Figure 4). The thin snow cover 
on the ridge tile is subject to erosion by several windy events, and com-
pletely disappears by March 9 (event 3 in Figure 4). The explicit handling 

of snow redistribution distinguishes our approach from previous tiling approaches which scale incoming 
snowfall to obtain a differential snow cover (e.g., Aas et al., 2017).

Another novel feature of CG Crocus is the lateral exchange of water between snow covered tiles. Figure 5 
displays an example of the response of the different tiles to a pronounced ROS-event in April 2019. Note 
that before the event, there is no ice layer in the ridge tile, while the ambient and snowbed tile already fea-
ture basal ice layers (10 and 20 cm, respectively). During a smaller ROS-event, the liquid water is retained 
within the snowpack (event 1 in Figure 5). When rainfall is heavier, the water percolates to the base of the 
snowpack where it pools up (event 2 in Figure 5) and gradually drains to the snowbed tile. The resulting 
bottom water layer is subsequently insulated from the colder surface temperatures by the thick snow cover, 
preventing it from refreezing (event 3 in Figure 5) and resulting in a long-lasting increase in GST for the 
snowbed tile. Inclusion of this process is key to reproduce the differential buildup of basal ice layers, and 
the grounds thermal response to ROS-events.

4.2. Subgrid Evolution of Snow Depth and SWE

Here, we compare the transient three-tile simulations against single-tile reference runs and evaluate the 
simulated end-of-season snow properties to field observations from the Bayelva study site. A comparison 
of the snow pack evolution for the three simulated snow seasons is presented in Figure 6. The ambient tile 
closely follows the single-tile control simulation, as its exposure is equal to zero in our setup which prevents 
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Depth 
(m)

Mineral 
fraction

Organic 
fraction

Field 
capacity

Soil 
type

Initial water 
fraction

0–5 0.4 0 0.2 Sand 0.5

5–100 0.97 0 0.03 Sand 0.03

Table 4 
Subsurface Stratigraphy of the Ridge Tile

Parameter Symbol Value Unit Reference

Soil

Albedo αsoil 0.15 [–] Boike et al. (2018)

Emissivity Ε 0.99 [–]

Roughness length z0 0.001 m Boike et al. (2018)

Root depth DT 0.05 m

Evaporation depth DE 0.05 m

Hydraulic conductivity Khy 0.00001 m/s Boike et al. (2018)

Snow

Emissivity Ε 0.99 [–]

Roughness length z0 0.0001 M Boike et al. (2018)

Field capacity θfc 0.05 [–] Pahaut (1976)

Hydraulic conductivity hy
snowK 0.001 m/s Boike et al. (2018)

Time-scale wind drift Τ 48 hours Vionnet et al. (2012)

Lateral

Lateral interaction time step Δtlat 1 hour

Exposure threshold difference Δe 0.1 m This study

Drift factor Ndrift 5 [–] This study

Table 5 
Model Parameters and Settings for all Simulations
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redistribution of snow (Equation 5). The small difference in snow depth between the ambient and 1D sim-
ulation is a consequence of ROS-events, during which water cannot drain from the 1D simulation resulting 
in a higher snow viscosity for the wet snow and subsequent higher compaction rates. The snowbed and 
ridge tile, on the other hand, differ strongly from the single-tile control simulation. The ridge tile experienc-
es multiple cycles of accumulation and subsequent erosion of a thin snow cover, while a thick snow cover 
accumulates in the snowbed throughout the season. It is also notable that the three-tiled simulations yield 
a difference of around a month in the melt-out date of the ridge and snowbed tile, which is in broad agree-
ment with satellite derived melt-out curves for the Bayelva area (Aalstad et al., 2018, 2020).

Simulated snow depth and SWE are compared to in-situ observations from the Bayelva area (Figure 7). 
While snow depth is primarily affected by wind redistribution, SWE is a result of lateral exchange of both 
snow and water. In the majority of years, the three-tile simulations agree very well with the in situ meas-
urements for both the width and center of the distribution for snow depth and SWE. The simulations also 
capture interannual variations between the years, with the snowbed tile closely following the observed max-
imum for both snow depth and SWE. The ambient tile, which represents the largest area in the simulations, 
produces snow depths and SWE close to the peak of the observed distributions for all years except 2017. A 
quantitative comparison of simulated and measured basal ice thicknesses is not feasible, as this parameter 
was not as rigorously sampled as snow depths and GSTs. However, for the last two simulated snow seasons, 
more than 80% of the locations were surveyed, showing thicknesses of similar magnitudes to those simulat-
ed. In 2018, ¾ of the sites had less than 10 cm of basal ice while 1/8 of the sites had more than 20 cm at the 
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Figure 4. Example situation for meteorological conditions (3-hourly forcing data; year 2019; top panel) leading to 
different accumulation and erosion for the three-tile simulation (three lower panels). “ICE LAYER” indicates areas with 
densities >900 kg/m3.
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date of the snow survey. For the ridge, ambient and snowbed tiles, the simulated ice thicknesses are 0, 9, and 
28 cm, respectively. For 2019, the corresponding numbers are 1/5 with less than 10 cm and 1/5 with more 
than 20 cm of basal ice, while the ridge, ambient and snowbed tiles display ice thickness of 2, 8, and 34 cm.

4.3. Subgrid Evolution of Ground Surface Temperatures

We compare simulated GSTs against transient in-situ measurements the Bayelva area for the hydrological 
years 2017, 2018, and 2019. In Figure 8, simulated GSTs from the three-tile system are compared to selected 
quantiles of measurements from more than 90 randomly distributed locations. Throughout most of the year, 
the simulated GST capture the observed spread very well, showing the influence of topographic features on 
the thermal regime in the study area. The observations reveal large temporal variations in the spatial differ-
ences in wintertime GST, being largest toward the end of winter, a behavior also present in the simulations. 
The tiling approach is capable to reproduce the observed GST increases to around zero degrees during ROS 
events, while evolving differently afterward depending on the preceding snow conditions. Furthermore, the 
time difference in the final snow melt-out (indicated by the transition of GST to positive values) is repre-
sented well in the simulations. During summer, the spatial variation in GSTs is comparatively small, both 
for the observations and the three-tile simulations. In 2017, the simulated GSTs of both the snowbed and 
ambient tile are warmer than the observations after a mid-winter ROS-event, which is likely linked to a too 
thick snow cover in the simulations. Observations from Ny-Ålesund record total precipitation comparable 
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Figure 5. Example of meteorological conditions (top panel) and snow cover response in the three tiles (lower three 
panels) during and after a heavy ROS-event in 2019. The text ICE LAYER indicates areas with densities >900 kg/m3. 
The black line shows the 0°C isotherm, delineating the area where liquid water is present.
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Figure 6. Modeled daily snow depth evolution (left axis) and ROS-events (right axis), revealing differences in duration 
and amount of snow cover for the three simulated winters. The black dots indicate the time of the annual snow survey.

Figure 7. Histograms of observed SWE (left column) and snow depth (right column) for the hydrological years 
2017–2019, based on 109 (2017 and 2019) and 108 (2018) measurements conducted around the time of peak snow 
accumulation. The colored diamonds indicate the corresponding values from the three-tile simulation.
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to the output from AROME-Arctic for January (71 and 82 mm, respectively), but indicate no net increase in 
snow depth (MET.no, 2020), while the ambient and snowbed tile experience a respective increase of 34 and 
56 cm. This triggers a substantially different response to the ROS-event in the first week of February, for 
which the station record from Ny-Ålesund shows a complete melting of the snow cover, while snow with 
trapped liquid water persists in the simulations for the ambient and snowbed tile.

Figure 9 shows a systematic comparison between the simulated and observed spatial spread in daily average 
GST. Although the three-tile setup on average underestimates the spread for days with large spatial GST 
differences, the simulations can largely represent the observed spatial GST variations in the study area. The 

spread is reproduced well for the large majority of the days.

The performance of the tiling approach to reproduce the observed spatial 
variability is evident when comparing to results of the single-tile control 
simulation (Table 6). The observed temporal averages of GST differ by 
several degrees within the study area, which is generally well captured 
by the three-tile setup. The single-tile control run, on the other hand, can 
by design not reproduce the extremes of the GST distribution, which for 
these sites results in an over or underestimation of up to 3°C. In particu-
lar, the three-tile model reproduces the positive average GSTs observed 
for the warm edge of the distribution, which could indicate the onset of 
permafrost degradation at localized spots within the study area (if the 
GST pattern persisted for more years). The single-tile simulations, on the 
other hand, can only deliver a single GST value which suggests warm, but 
thermally stable permafrost (Table 6).

A more detailed comparison of simulated and observed mean annual 
ground surface temperature (MAGST), freezing degree-days (FDD) and 
thawing degree-days (TDD) is shown in Figure 10. In general, the tiling 
approach is able to reproduce the annual spatial range and year-to-year 
variations of these metrics. During winter, the ambient tile is generally 
warmer than the average of the measured distribution, most notably in 
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Figure 8. Observed and simulated GST for the hydrological years 2017–2019 (left axis) and ROS-events (right axis). 
The lines show the simulated daily GSTs, while colored areas respectively delineate the 25–75 and 5–95 quantiles, as 
well as the minima and maxima of observed daily average GSTs.

Figure 9. Simulated versus observed spread (difference between highest 
and lowest temperature) of 1,096 daily GSTs for bins of 2°C (left axis). The 
error bars indicate the standard deviation of the simulated values within 
a bin. The 1:1 line is indicated in black. Histogram: Fraction of days with 
observed spread in each bin (right axis).
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2017. As the spread in summer temperatures is small, TDDs are primarily controlled by the timing of the 
melt-out in spring, which is captured by the simulations (Figure 8).

5. Discussion
5.1. Simulating Snow Cover and Snow-Wind Interaction

In CG Crocus, we use parameterizations from the detailed snow scheme CROCUS (Vionnet et al., 2012) 
to simulate snow microstructure. This scheme has been applied for a wide range of climatic conditions 
(Brun et al., 2013), but since its microphysics were originally developed for applications in Alpine environ-
ments, application in other climatic settings requires caution. For example, the density evolution of CRO-
CUS is driven by compaction, and does not include density modulations due to vertical water vapor fluxes, 
which might be problematic at high-Arctic sites where the latter process dominates the density stratification 
(Domine et al., 2016). As the thermal conductivity of snow layers in CROCUS is derived from layer density 
(Vionnet et al., 2012), the stratigraphy of thermal conductivities will be affected by such misrepresentations. 
However, for the purpose of simulating near-surface ground temperatures, the total thermal insulation of 
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Observations Simulations, three-tile Simulations, single-tile

Quantile Average GST Tile Average GST Difference Average GST Difference

5% −3.90°C Ridge −3.23°C −0.67°C – −3.03°C

50% −1.56°C Ambient −0.51°C −1.05°C −0.87°C −0.69°C

95% 0.63°C Snowbed 0.49°C 0.14°C – 1.50°C

Table 6 
Comparison of Simulated (Three-Tile and Single-Tile Reference Simulations) and Observed Average GST for the Entire 
Study Period (2017–2019) for Selected Quantiles of the Observed Distribution

Figure 10. Results from the three-tile simulation (colored diamonds) and histograms of observed MAGST, FDD, and 
TDD for the hydrological years 2017–2019. Only observations from loggers which provide valid measurements for at 
least 360 days of each of the year are included, yielding 92 GST loggers in 2017, 85 in 2018, and 92 in 2019.
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the snowpack is most relevant, and CROCUS has been demonstrated to adequately capture this property 
even for high-Arctic sites (Domine et al., 2019). For the Bayelva area, qualitative field observations indicate 
that the effect of water vapor fluxes on density are overridden by the multiple ROS-events occurring in the 
three simulated snow seasons. Indeed, grain types produced by strong vertical vapor fluxes, such as depth 
hoar and faceted crystals, were only rarely observed in the study area, and mostly integrated within melt-
freeze crusts or basal ice layers.

A wide range of approaches to simulate the effect of wind on the spatial distribution of snow depths have 
been proposed (e.g., Essery et al., 1999; Fang & Pomeroy, 2009; Libois et al., 2014; Liston & Sturm, 1998; 
MacDonald et al., 2009; Pomeroy et al., 1997; Winstral et al., 2013). Many of these are designed for hydro-
logical purposes, where representation of the snow distribution at peak accumulation, and the subsequent 
ablation, is the primary objective. While such models have proven successful for catchment sized basins 
(e.g. Essery et al., 1999; Fang & Pomeroy, 2009; Pomeroy et al., 1997), they do not adequately resolve the 
subgrid snow distribution, which is necessary to simulate local GST variability. Some approaches have how-
ever proven capable of simulating the end-of-season snow distribution across spatial scales similar to those 
of the Bayelva area. Winstral et al. (2013) are indeed able to reproduce the spatially variable snow pattern 
caused by snow-wind interaction over the course of multiple snow storms at a greater detail than CG Crocus 
with a three-tile-setup would. However, the approach by Winstral et al. (2013) produces a monotonically 
increasing snow cover at all sites, while in reality areas with low end-of-season snow depths can experience 
multiple cycles of accumulation and subsequent erosion of the snow cover through the snow season. The 
use of simple approaches to achieve local variations in end-of-season snow cover, which do not explicitly 
account for the dynamics of wind-redistribution, can impact the reliability of GST simulations. Indeed, 
Martin et al. (2019) specifically attribute their cold bias in MAGST for exposed sites to their simple scheme 
for attaining a differential snow cover, where snowfall is scaled with a threshold to reproduce spring snow 
depths. The physically based snow transport scheme in CG Crocus is able to reproduce how snow temporal-
ly accumulates in the most exposed tile (Figures 4 and 6).

The performance of snow modeling schemes is influenced by uncertainties in the available forcing data. 
We have forced CG Crocus using data from the AROME-Arctic NWP model, which is demonstrated to per-
form well in the Arctic (Køltzow et al., 2019), but also this model is limited by sparse observations for data 
assimilation and validation (Müller et al., 2017). Our application is especially sensitive to snowfall rates 
and wind speeds, as these are key to simulate the wind redistribution of snow. Thus, Figure 7 suggests that 
AROME-Arctic produces realistic estimates of accumulated wintertime precipitation and wind speed, as 
the center and range of the SWE distribution are successfully reproduced. Nevertheless, the forcing data are 
likely a limiting factor for model performance at the study area.

5.2. Representing Snow Cover Variability with Laterally Coupled Tiles

In the three-tile setup of CG Crocus, lateral fluxes of snow and water are simulated between idealized 
tiles which represent the spatial variability of the terrain in a simplified way as a ridge-depression-plain 
system. Ground and surface properties in the simulations are similar for all tiles, so that the effect of 
lateral snow and water fluxes can easily be identified. Figure 6 provides clear evidence that this setup 
can yield crucial additional information on the spatial variability of snow cover compared to the sin-
gle-tile control case. Despite of the simple geometric setup, the three-tile setup of CG Crocus is able to 
reproduce the key characteristics of the spatial variations in GST (Figures 8–10), with a smaller spread 
during summer and in the early snow season, while the spread in GST is large following mid-winter ROS 
events and during spring melt out. This transient, process-based representation of subgrid variability is 
a novel feature not possible with standard one-dimensional (i.e., single-tile) land surface models (e.g., 
Westermann et al., 2016).

A more accurate way to model subgrid snow distribution would be to resolve the lateral process in a true 
two- or three-dimensional fashion on a meter-scale model grid. Such approaches provide a much more 
complete representation of the subgrid variability (e.g., Alpine3D, Lehning et al., 2006), but are computa-
tionally expensive and therefore challenging to apply over large areas and/or long time series. An example 
of a gridded model featuring snow redistribution which successfully has been applied over large areas is 
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SnowModel (Liston & Elder, 2006), but here the snow transport is only determined by the meteorolog-
ical forcing and empirical vegetation parameters and does not take spatial and temporal differences in 
erodability due to snow microstructure into account. With the presented three-tile setup, the compu-
tational cost of CG Crocus is roughly increased by factor of three compared to the single-tile control 
simulation. However, each model realization can be run on a separate core in a parallel computing 
environment, so that it only inflicts a limited additional computing time.

Many model approaches that incorporate the effect of subgrid snow distribution require observations 
of the snow distribution as input (e.g., Gisnås et al., 2014), or scale the snowfall based on a prede-
fined distribution function (e.g., Aas et  al.,  2017; Obu et  al.,  2019). A weakness of such statistical 
approaches is the underlying assumption that the snow distribution function is constant throughout 
the development of the snow cover, while in reality it evolves transiently depending on meteorological 
conditions. In CG Crocus, snowfall covers the landscape uniformly, and is only redistributed when 
snow properties and meteorological conditions permit wind drift of snow. The bulk effect of snow re-
distribution is a function of the topological parameters assigned to the tiles (Table 2), and these need 
to be selected to fit the landscape characteristics of the study area, based on topographic information. 
Rather than prescribing a snow distribution, CG Crocus produces forcing-dependent estimates of the 
mean and the end-members of observed snow depth and SWE distribution (e.g., Figure 7).

The representation of lateral exchange in CG Crocus reveals obvious shortcomings, which likely ex-
plain some of the discrepancies between observed and modeled GSTs (Figure 8). Lateral water fluxes 
do not occur between snow-covered and snow-free tiles, which implies that the ridge tile does not 
drain downslope in the roughly one month long period when the ridge is already snow-free, but the 
snowbed tile is still snow-covered. Still, for most years, the ridge tile captures the high GST observed 
in early summer for already snow-free surfaces, with the remaining difference possibly due to the as-
sumption of flat and horizontal surfaces, while differences in slope and aspect do occur in reality. In 
the three-tile configuration, CG Crocus only accounts for first-order processes governing local snow 
and GST distribution, while a true representation of the subgrid variation in surface texture and expo-
sition would require strongly increasing the number of tiles and thus computation time.

Furthermore, the representation of GST during ground freezing is limited by the assumption of effec-
tive and instantaneous drainage of surface water (i.e., excess water when the soil column is saturated), 
while water likely pools up at some locations in reality (as observed in the field in September/October 
2009). An example is the period mid-September to mid-October 2018 when all tiles feature subzero 
temperature, while observations show 0°C at some locations. This could be improved by implement-
ing formation (and freezing) of a temporary layer of surface water, but would also require additional 
parameterizations for drainage. In addition, CG Crocus does not capture the cold near-zero GST re-
corded after melt out in some locations (Figure 8), which might be related to lateral advection of snow 
melt water from still snow-covered locations, which is not accounted for in CG Crocus.

In the parameterization of lateral snow transport, a drift factor, Ndrift, is introduced to relate the pa-
rameterizations from CROCUS to the snow amount eroded during a lateral interaction timestep. Ndrift 
is a purely empirical constant which is set to 5 in our simulations to reproduce the observed spread 
in snow depths. While the exact value is by no means determined by this study alone, we note that 
the sensitivity of Ndrift toward GST is not strong. In the example of 2019, a doubling of Ndrift to 10 
increases the MAGST of the snowbed tile by 0.125°C and decreases the MAGST of the ridge tile by 
0.035°C. If Ndrift is halved to 2.5, the MAGST is decreased by 0.182°C for the snowbed and increased by 
0.545°C for the ridge tile. The most pronounced effect of changing the Ndrift is found at the ridge, as it 
primarily controls the efficiency at which erodable snow is evacuated (see Supporting Information 1). 
At the ridge a lowering of the drift factor results in longer periods with a thin snow layer covering 
the ground, while increasing the drift factor beyond Ndrift = 5 has a marginal effect as the amount of 
available snow is already the limiting factor. The snow depth fluctuates between <3 and 15 cm during 
winter for all the presented drift factors, which is in qualitative agreement with observations from 
Svalbard. In principle, this drift factor could be determined from observations of wind speed and 
snow erosion in conjunction with predrift surveys of the snow properties, either in the field and/or 
lab environments.
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The representation of  wind speeds has a pronounced effect on simulated snow depths and con-
sequently GSTs in the simulations with CG Crocus. Wind speeds modulate snow depths both 
through compaction of  surface layers and through redistribution among the model tiles. For 
both processes, not only the average is important, but especially the representation of  the higher 
wind speeds which have the strongest impacts. Depending on snow properties, snow drift and 
wind compaction start at threshold wind speeds of  around of  4–5 m/s and higher for typically 
polar snow (see Table S2). A sensitivity test with wind speeds reduced by 25% produced by a fac-
tor 2–3 higher snow depths for the ridge tile, while the relative effect on the other tiles was less 
pronounced. Nevertheless, even with reduced wind speeds, the simulations captured the overall 
snow depth patterns with lower snow depths on ridges and higher snow depths in depressions 
and snow drifts, which would not be possible with single-tile simulations. In addition, GSTs 
were influenced for all tiles, especially since wind speed also affects the one-dimensional wind 
compaction of  the snow in CG Crocus, leading to lower densities and thus better insulation of 
the snow pack. In the sensitivity test, average GSTs (Table  6) were increased by about 1°C for 
the ridge and ambient tiles, while only a small GST change was found for the snowbed tile, for 
which the effects of  reduced snow deposition from the other tiles and reduced wind compaction 
counteracted each other. This highlights the role of  wind speed for reliable simulations of  the 
snow cover and its impact on GST with CG Crocus. Depending on the study area, the assumption 
of  a uniform wind speed area is likely not valid as it is influenced by the local terrain. Indeed, 
other studies which simulate small scale variations in snow cover have used wind speeds that 
are modulated according to the present micro-topography to obtain realistic snow depths (Liston 
& Elder,  2006). Such formulations could in principle be implemented in CG Crocus and likely 
improve simulation results at least for some applications and study areas.

The representation of  the Bayelva study area by only three landscape units cannot capture the 
true distribution of  the lateral processes. A critical point is the assumption that the exposure 
einit (see Table 2) of  each tile is only determined by its relative altitude, which necessarily makes 
the snowbed tile the receiver of  both redistributed snow and percolating water. While this is in 
agreement with high snow depths in in topographic depressions, snowbeds are also observed at 
the lee-sides of  slopes, which cannot be represented with the simple altitude-dependent expo-
sure formulation. In situations where lateral water percolation occurs, a snowbed located on a 
lee-side would experience a throughput of  water from higher to lower elevations, whereas the 
snowbed in the three-tile simulation is the receiver of  water from all adjacent tiles. Thus, the 
simulated snowbed is subject to accumulation of  liquid water, which gives rise to a prolonged 
zero-degree curtain effect while water refreezes. This could partly explain why the simulated 
GSTs for the snowbed tile are higher than the observed maxima of  GST following pronounced 
ROS events (e.g., winter 2018 in Figure 8). Future improvements of  CG Crocus should therefore 
target a more realistic formulation for the exposure, taking especially the wind direction during 
drift events and the relative position of  adjacent tiles into account.

In CG Crocus, the total mass of  snow within the computational domain is conserved during drift 
events, not accounting for increased sublimation. Tabler (1994) found that more than half  of  the 
drifting snow sublimated over fetches of  3  km, which needs to be considered in particular for 
systems with greater transport distances. This can be achieved by removing snow from a “drifting 
snow pool” following Gordon et al. (2006), or by empirically prescribing a transport distance—
sublimation loss dependency (Tabler, 1994). In addition to sublimation losses, conservation of 
snow mass also relies on the assumption of  net zero exchange of  snow between the simulated 
domain and its surroundings. It is unclear to what extent drifting snow is conserved within the 
wider Bayelva area, but sites with other landscape characteristics, especially above cliffs/terrain 
edges or near ice-free water bodies, clearly experience a significant net loss of  snow for certain 
wind directions. Such loss of  snow to the surroundings could be simulated in CG Crocus by 
adding a “ghost” tile with a prescribed negative exposure whose only function is to remove snow 
from the system. Inclusion of  these processes might amend the previously mentioned discrepan-
cies between observed (in Ny-Ålesund) and simulated snow accumulation during January 2017, 
despite observed and modeled precipitation of  similar magnitude (Section 4.3).
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5.3. Outlook

The tiling setup of CG Crocus makes it possible to simulate observed small-scale differences in snow depth, 
basal ice layers and GST in a more physically based fashion than traditional one-dimensional models. It 
builds on the excellent capabilities of the snow microphysics scheme CROCUS (Vionnet et al., 2012), which 
has been successfully applied in a wide range of climate conditions (e.g., Brun et al., 2013). Therefore, the 
tiled version of CG Crocus can potentially perform well also in other environments with cold climate which 
should be investigated in future studies.

The simple three-tile setup presented in this study can become a tool to assess the extended environmental 
impacts of ROS-events in a much more realistic fashion than single-tile models. In a realistic terrain config-
uration, CG Crocus simulations could broadly identify the terrain features experiencing complete melt out, 
basal ice formation or internal refreezing during and after ROS-events, which could help quantifying the 
stress on plant communities by basal ice formation, increased ground surface temperatures or exposure to 
the atmosphere in case of melt out. Thus, CG Crocus might be able to resolve a variety of processes relevant 
for Arctic browning at an appropriate scale (Phoenix & Bjerke, 2016; Treharne et al., 2019), making it a 
useful tool for process-based studies of this phenomenon. In addition, the approach can quantify the extent 
and distribution of “ice-locked pastures," that is, the area inaccessible for herbivore grazing due to basal ice 
presence. Studies focusing on these effects often rely on measurements of snow properties toward the end 
of the snow season (e.g., Hansen et al., 2011; Loe et al., 2016; Putkonen et al., 2009), while CG Crocus could 
in addition shed light on the time evolution of ROS-impacts.

In addition, the presented model setup with laterally coupled tiles shows significant potential to improve 
simulations of permafrost thaw. The simulated GSTs suggest that the three-tile setup are capable to detect 
spatially localized thaw (Table 6), which would be obscured in traditional single-tile simulations. While 
simulations cannot deliver the full spatial distribution of temperatures at and below the ground surface 
(e.g., MAGST, Figure 10), they can represent the edges of the distribution, so that localized onset of per-
mafrost thaw can be detected. In principle, more model tiles could be added to eventually yield a full tem-
perature distribution, but such an ensemble would have to be carefully selected for each study area, while 
increasing complexity and computation time. For many applications, the three-tile setup might therefore be 
a reasonable compromise between model complexity and its capacity to reproduce observations.

In particular, CG Crocus could improve thermal simulations of selected landforms in permafrost regions. 
The thaw dynamics of polygonal tundra, thermokarst lakes, peat plateaus and palsas have previously been 
simulated with tiled version of CryoGrid 3 and other land surface schemes, including different formula-
tions to achieve spatially variable snow depths. Aas et al. (2019) scaled incoming snowfall, while Martin 
et al.,  (2019) removed snow above an observed threshold and Nitzbon et al.  (2019) phenomenologically 
calculated lateral snow transport based only on differences in surface elevation during snowfall. The first 
two approaches require observations of snow depths, while the latter disregards the control of internal 
snow properties on its erodability. It is highly likely that CG Crocus could simulate snow accumulation and 
snow internal processes for these landforms in a much more process based way than previous approaches. 
We emphasize that the tile areas and relative altitudes can be adapted for each landscape or landform (Aas 
et al., 2019; Nitzbon et al., 2019) which underlines its potential to perform well in a range of environments.

In principle, the presented tiling setup could also be expanded to simulate larger areas by adding more 
coupled tiles, although obtaining accurate enough wind speeds may be a limiting factor. For the Bayelva 
area, the key terrain features defining the model tiles were selected manually, while an automated routine 
would be required for more extensive or complex landscapes. Clustering techniques as presented by Fiddes 
and Gruber (2012) could, for example, be applied for both forcing data and terrain features (e.g., defined by 
slope, aspect, curvature and relative elevation) which could be an objective way to define model tiles. For 
large areas where the assumption of uniform meteorological conditions is no longer applicable, tiles can 
be assigned different model forcing which could facilitate a smooth transition between the spatial scales of 
available forcing data and representative landscape units.

The presented model framework holds significant potential for more realistic projections on the impacts 
of climate change in cold environments. Instead of prescribing lateral fluxes of snow independent of 
snow and weather conditions (as e.g., in Nitzbon et al., 2019), CG Crocus takes the impact of the changing 
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meteorological forcing on snow transport explicitly into account. As parts the Arctic are projected to expe-
rience an increase in winter rainfall in the future (Bintanja & Andry, 2017), the erodability of the snow is 
likely to change, which in turn affects the resulting spatial distribution of snow depth and SWE. By utilizing 
simple, yet process-based exchange formulations for snow and water, CG Crocus has the potential to en-
hance our predictive capabilities on climate change impacts on snow-dominated ecosystems.

6. Conclusion
Snow microphysics parametrizations from the CROCUS snow scheme (Vionnet et  al.,  2012) are imple-
mented in the CryoGrid 3 permafrost model to facilitate a more realistic evolution of the snow cover. Using 
the tiling capabilities of CryoGrid, lateral fluxes of snow and water are exchanged between three parallel 
realizations to simulate subgrid variations in snow cover. Snow removal rates depend on microstructural 
properties of the snow, as well as the wind speed. Modeled snow pack properties and ground surface tem-
peratures are compared to spatially distributed observations at the Bayelva high Arctic research site on 
Svalbard, using a single-tile control simulation to benchmark model improvements. From this study, the 
following main conclusions can be drawn:

1.  During wind drift events, snow is removed from the high-lying model tile and deposited in the low-lying 
model tile which produces spatial differences in snow depth in a process-based fashion

2.  Rain-on-snow events lead to spatially different basal ice layers, with ice thickness being lowest for the 
high-lying model tile

3.  Redistribution of snow to a large extent reproduces the end-members and center the observed distribu-
tions of snow cover and ground surface temperatures

The presented scheme can provide a process-based representation of snow cover variability, which consti-
tutes a novel tool for investigating the climate change impacts on permafrost and high-latitude ecosystems. 
The scheme is flexible and can be adapted for application over larger areas, other geographic regions, spe-
cific landforms or topographic settings.
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