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Abstract. As a straightforward solution to improve the one-dimensional physics-based multi-layer snow model SNOWPACK, a
C++ interface is implemented for a tight coupling between SNOWPACK and OpenFOAM with the aim to investigate natural
convection in real snow covers. OpenFOAM simulates convection in two dimensions based on SNOWPACK snow profiles and
feeds the convective vapor fluxes back to SNOWPACK. Among different snow covers, significant convection events that are well
synchronized with cold events are numerically observed by the SNOWPACK-OpenFOAM coupler for a herb tundra permafrost
at Bylot Island only if we neglect wind slab formation for surface layers. We find significant sublimation in downward flow
regions and that convection generates a low-density path extending vertically almost through the whole snow column. The
strong footprint of convection on snow density and temperature with significant lateral variations up to 90 kg m~3 and 5 K
respectively makes a consistent representation in the SNOWPACK one-dimensional profile difficult. But the most prominent
effect of convection on the snow density profile, namely a low density foot and high density top, corresponds qualitatively to
observations. Further work is required to adapt physical parameterizations in conventional snow models to represent this effect

and its interaction with snow settling and metamorphism.

1 Introduction

Water vapor transport is a significant dynamical process for shaping snow layers in snowpacks under strong temperature
gradients, such as the Arctic and Subarctic ones (Trabant and Benson, 1972; Johnson and Bens, 1987; Alley et al., 1990; Sturm
and Johnson, 1991; Domine et al., 2016, 2018). Strong temperature gradients (i.e low surface temperatures and comparably high
base temperatures) in the snowpack produce strong gradients in water vapor density to develop a snow cover with a significant
fraction of depth hoar layers (Derksen et al., 2009; Sturm and Benson, 1997; Taillandier et al., 2006; Domine et al., 2015).
Measurements (Trabant and Benson, 1972; Alley et al., 1990; Sturm and Benson, 1997) suggest a continuous vapor flux from
the soil into the basal snow layers, which are then losing vapor to upper layers. Sturm and Benson (1997) suggest that water

vapor fluxes between snow layers result in mass change over finite distances and also change in layer density.
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Water vapor diffusion alone is not sufficient for significant mass transfer at the base (Jafari et al., 2020; Domine et al., 2016)
and convection is often considered as a dominant mechanism (Trabant and Benson, 1972; Johnson and Bens, 1987; Alley
et al., 1990; Sturm and Johnson, 1991; Domine et al., 2016, 2018) for substantial mass transfer, which is an order of magnitude
higher than calculated diffusive vapor fluxes (Trabant and Benson, 1972). However, convection of water vapor is not captured
in convectional snow models leading to large errors in simulated snow properties. Domine et al. (2016) have underlined the
difficulties of existing snowpack models to accurately simulate Subarctic snowpack layering, namely high density layers on
top and lower density layers at the bottom. This is significant as such a profile enhances the insulating properties of the winter
snow cover (Brun et al., 2009) and facilitates movement of animals over the hard surface snow (Vikhamar-Schuler et al., 2013).
Recent field experiments further support that subnivean space created by low-conductivity basal snow is a critical thermal refuge
for Arctic small mammals (Poirier et al., 2021). Moreover, snowpack stratigraphy directly affects species’ winter habitat choice
and predator avoidance (Reid et al., 2011; Duchesne et al., 2011), highlighting the ecological importance of accurately modeling

snow density layering.

Jafari et al. (2020) studied the effects of diffusive water vapor transport on snow density for different snow covers by
implementing vapor diffusion in SNOWPACK as a one-dimensional physics-based multi-layer snow model (Lehning et al., 1999;
Bartelt and Lehning, 2002; Lehning et al., 2002b, a). However, the combined effects of convection and diffusion for water vapor
transport have never been numerically investigated in combination with a full snow evolution model. In their study of a two-
dimensional idealized snowpack, Jafari et al. (2022) employed a new physical model, named as snowpackBuoyantPimpleFoam
(Jafari and Lehning, 2021), implemented in OpenFOAM 5.0 (www.openfoam.org), to analyze how convection of water vapor

changes the snow structure laterally and vertically.

Significant differences remain between the observed and simulated snow density profiles, even when convection effects are
included (as shown later in section 3). This indicates that the snow model itself requires adjustments for Arctic conditions,
specifically through improvements in processes such as snow settling and wind compaction (Jafari, 2022). The convection model
used in this paper is a direct numerical solution that shows an accuracy between 3% to 10% (Jafari et al., 2022). Therefore,
to make meaningful comparisons between simulations and measurements, these processes need to be modeled with a similar
level of accuracy, which currently cannot be achieved. It is important to explicitly state a key assumption underlying this study:
the simulations conducted here adopt the default density stratification evolution of SNOWPACK, which are tailored to Alpine
conditions. Arctic snowpacks, such as those found on Samoylov Island, are substantially influenced by wind compaction—a
process for which no physically accurate, widely accepted model exists. The current parameterizations, including those proposed
by Gouttevin et al. (2018), offer only a rough approximation. Including wind compaction in the simulation would likely result in
a high-density surface layer that suppresses the formation of convection cells, rendering natural convection negligible. Therefore,
we intentionally excluded wind compaction to isolate and analyze the effects of convection under conditions where it can
dominate, namely persistent low surface temperatures and moderate snow depths (typically <1 m) that drive strong vertical

temperature gradients. While this choice limits direct applicability to Arctic snow covers, it allows us to quantify the upper-bound



60

65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2025-3035
Preprint. Discussion started: 7 July 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

effects of vapor convection and to establish a framework for future modeling efforts that include wind compaction with similar

physical rigor.

Since modeling convection in one-dimensional snow models is not possible, a direct solution to take into account the effects of
convection for snow covers is to couple SNOWPACK with OpenFOAM. In this regard, the work presented in this paper brings us
valuable insights: (1) the details in flow velocity, thermal, and phase change regimes can be analyzed for later parameterization
of convection in one-dimensional snow models with no need to directly use OpenFOAM, (2) the effects of convection do not
only substantially change the snow density vertically, but also induce a considerable and transient lateral heterogeneity in snow
structure, (3) the induced lateral heterogeneity has a direct feedback on snow properties linked to the snow density such as the
effective thermal conductivity and compaction, (4) the large difference between the temperature profiles in the upward and
downward flow of a convection cell causes the temperature-dependent processes such as metamorphism and melting-refreezing

to vary and actually also take place laterally in the snowpack.

2 Materials and Methods

As a straightforward solution to improve the one-dimensional physics-based multi-layer snow model, a C++ interface (dynamic
library) is implemented for a tight coupling between SNOWPACK and OpenFOAM. Note that the detailed explanations,
derivations, and model choices constituting the final set of equations for the convection simulation can be found in Jafari
et al. (2022). As presented in Figure 1, the coupling procedure works as: (1) one SNOWPACK time step is solved taking into
account all important processes such as settling, metamorphism, and melting-refreezing, (Lehning et al., 1999; Bartelt and
Lehning, 2002; Lehning et al., 2002b, a) and (2) the snow height in OpenFOAM is dynamically synchronized with the new
snow height from the SNOWPACK solution. Note that the dynamic mesh strategy used in the OpenFOAM solution is adding
or removing layers only from the top. The minimum and maximum layer thicknesses are the thresholds given by the user to
control the process for removing and adding a layer. Since the changes in both ice and water contents are updated from the
SNOWPACK solution, there is no need to change the size of internal elements in the OpenFOAM. (3) the snow density change
will be interpolated from the SNOWPACK solution to the OpenFOAM domain uniformly in the lateral direction as will be
explained later in item (i), (4) after the information exchange between the two solvers, the two-dimensional natural convection is
solved by OpenFOAM to update the snow density change due to vapor transport. (5) the horizontal average of the snow density
change rate in OpenFOAM is interpolated for each element of SNOWPACK. The assumptions and limitations considered for
SNOWPACK-OpenFOAM coupling are explained as follows:

(i) For new snow elements in the OpenFOAM domain, all the snow parameters are directly interpolated from the SNOWPACK
output with uniform distribution in the lateral direction. For previously formed snow elements, the snow density change
due to snow compaction (settling), water transport, and melting-refreezing process from the SNOWPACK solution is
considered as: (1) In the OpenFOAM domain, the cumulative changes in both ice and water volumetric contents due

to vapor transport are stored as A6; cum,,,,0F and Aby cum,,,,0F respectively, (2) the absolute changes in both ice
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(i)

(iii)

and water volumetric contents due to vapor transport in the SNOWPACK solution (already given from the OpenFOAM
solution) are stored as Af; yqp sy and Aby, ,qp, sy respectively, (3) then, these absolute and cumulative changes due
to vapor transport are subtracted from the new ice and water content calculated in SNOWPACK as 6; sn and 0y, sy
respectively, (4) finally, after the SNOWPACK solution, the new ice and water content in the OpenFOAM domain
may be calculated as 0; o = 0; s8 — Ab; vap, s8N + A0 cumop,0F a0 Oy 0F = O s8N — A0y vap,sN + A0 cumya,,0F
repressively. Note further that for any required quantities for the information exchange between the SNOWPACK and
OpenFOAM domains, the interpolation process is done by comparing the height of an element in OpenFOAM with element
heights in SNOWPACK. This implies that the interpolation from the SNOWPACK solution is done uniformly in the lateral
direction into the OpenFOAM domain. Adding or removing layers is governed by criterion of minimum and maximum
layer thicknesses, chosen as 0.005 m and 0.01 m, respectively. These values are consistent with a chosen value of 0.0075
mm for the height of a new element in SNOWPACK to have almost the same number of elements in both SNOWPACK
and OpenFOAM, which is important to preserve layer properties in the profiles when interpolating between SNOWPACK
and OpenFOAM.

The only feedback from OpenFOAM to SNOWPACK is laterally-averaged snow density change rate due to water vapor
transport. However, because of convection effects, laterally-averaged temperature profiles would be different from the
SNOWPACK solution. In the future, (1) the averaged temperature profiles from the OpenFOAM solution can be used
as an initial temperature profile for the next time step of SNOWPACK, and (2) the interpolated density change rate due
to vapor transport from the OpenFOAM solution will be used for the metamorphism calculation in SNOWPACK. Note
that thermal boundary conditions in OpenFOAM for the top and bottom boundaries will be set from the SNOWPACK
solution. It is worth mentioning that it would theoretically be possible to use several parallel SNOWPACK solutions in
the lateral direction in the OpenFOAM domain. Because of lateral heterogeneity in snow density (as discussed later in
section 3), the snow compaction is different and this would result in different snow heights for each SNOWPACK solution.
This makes a discontinuity on the top boundary and prevents the use of the same dynamic mesh strategy in OpenFOAM
used in this paper (only one SNOWPACK solution for the whole OpenFOAM domain). To address this problem for
the future work, from the numerical modeling perspective in OpenFOAM it is possible for each SNOWPACK domain
to have its own mesh which is disconnected from the neighbouring meshes (the neighbouring SNOWPACK domains).
However, careful attention needs to be made (1) to meaningfully set up the thermal and flow boundary conditions at the
discontinuity patches on top, and (2) for the information exchange between neighbouring meshes (each SNOWPACK
solution) in the OpenFOAM domain. Note that in the SNOWPACK-OpenFOAM coupling, the soil part is only considered
in SNOWPACK as convection is unlikely to occur in the soil. However, when using several parallel SNOWPACK solutions
in the lateral direction of the OpenFOAM domain, it will be possible to represent the lateral thermal variations at the

bottom of snowpack for the OpenFOAM solution as suggested by (Jafari and Lehning, 2023).

In case of melting-refreezing and water transport, (1) the water transport is only modelled by SNOWPACK, (2) the phase

change calculation for melting-refreezing process in SNOWPACK is treated explicitly and therefore the temperature
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is forced to be the melting temperature in SNOWPACK, (3) however, in OpenFOAM, thermal equilibrium is assumed
between the ice and water while the local thermal non-equilibrium model is still considered between the ice-water mixture
and the gas phase. Similarly, for melting-refreezing process in OpenFOAM, melting temperature is assigned for the
ice-water mixture. Note that in case the short wave radiation is large enough to increase the ice temperature in OpenFOAM
above melting, we limit it by the melting temperature (as it is explicitly done in SNOWPACK for melting-refreezing
process) and therefore we do not directly use the heat source/sink term from melting-refreezing in OpenFOAM. The heat
transfer equations for the ice-water mixture and the gas phase are similar to those presented in Jafari et al. (2022) except
for the changes due to presence of water and the heat source/sink term from shortwave radiation absorption. The energy
equations with above mentioned changes compared to ones in Jafari et al. (2022) in terms of temperature for the gas phase

and ice-water mixture are presented as:

o ea (00} g (1)) V() g (T (U,)) = V' (eghans¥ {T,)7)
ey (P {U) - (Py)? =9 [T, (e —pa) ()

+ heas (<Tg>g (wg—1) — <Tz>lwz) + (Miy + My ) Cpo <Tg>g (1

0 7 7 7 7
a(picpiei <Tz> +pwcpw€w <Tz> ) =V (eikeﬁ,iv<Ti> +6wkeff,wv <1—1L> )

— hots [((T;)? (1w, = 1) = (T3) wy)|
- mivcpv(<Tg>g wg + <Tz>l wz) - miv (Cpi - va)Tref - mivLiv
- m;i)vcptz(<Tg>g wWqg + <Ti>i wz) — My (pr - va)Tref — Moy Loy

+ QS’U)T (2)

In the above equations, respectively, €;, €,, €4 are the volume fractions for ice, water, and gas phase, m,, and m);, are
the rates of phase change from water to vapor and from ice to vapor, p;, p., pg are the densities for ice, water, and gas
phase, ¢, cpw, and ¢4 are the specific heat capacities for ice, water, and gas phase, (Tl>l is the temperature of water-ice
mixture and it is the ice temperature if the water is absent, keg i, keff w, and kg 4 are the effective thermal conductivities
of ice, water, and the gas phase in snow, (U ;) is the bulk gas-phase velocity vector, (P;)” is the gas pressure, A, is the
heat transfer coefficient, a is the specific surface area, T;..f = 273.15 K is the reference temperature, and finally Q) s, is
the heat source due to shortwave radiation absorption. Many of the parameters defined here are the same as presented in
Jafari et al. (2022). Note that (1) the thermal conductivities are calculated by a parametrization presented in Lehning et al.

(2002b) and used in SNOWPACK and they are indeed extracted from the definition of the effective thermal conductivity of
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(v)

)

(vi)

SNOW as Keff s = €keft,i + €wketf w + €gker,g (Calonne et al., 2012; Hansen and Foslien, 2015), (2) the calculation of the
mass transfer coefficient between ice and vapor, introduced as h,, in Jafari et al. (2022), is also assumed the same between
water and vapor, and (3) the specific surface area a; is calculated as explained in Jafari et al. (2020) when both water and

ice are present.

For the calculation of all parameters dependent on the grain diameter such as specific surface area, the pore Reynolds
number and snow permeability, we use the "classical" grain size not the optical grain diameter. SNOWPACK provides both
the classical (heuristic) grain size as r4 and optical grain size as 7,54 which is directly linked to the specific surface area
(Calonne et al., 2012) but only a parameterized quantity in SNOWPACK. Based on the simulations in this paper, the values
for 7,54 are often smaller in particular at the bottom of snowpack by a factor of two. For the calculation of permeability

and other flow properties, classical grain size is considered more pertinent than optical grain size.

Within one time step of SNOWPACK (15 min is chosen in this study), OpenFOAM integrates over several smaller
adjustable time steps based on the maximum Courant number of 5. Note that it is possible to use the PIMPLE algorithm
for higher values of the maximum Courant number in OpenFOAM as employed in Jafari et al. (2022), but as the thermal
boundary condition is changing through the SNOWPACK solution and therefore there is a transient thermal process, it is
faster to use the smaller maximum Courant number of 5 (numerically stable) with the PISO algorithm (Moukalled et al.,
2016). Note that within a 15 min time interval for coupling, for the first few minutes in OpenFOAM there are transient
changes for the thermal regime and the flow velocity and after that it will be often (not always) a near steady-state process
till the end of 15 min time interval. Therefore, to avoid computational cost, it is possible to freeze the thermal and flow
calculation in OpenFOAM for the steady-state part of a 15 min time interval and only update the snow density change
due to vapor transport. We call this strategy a "flow-freezing" time integration and we use the threshold of 60 s after
which the thermal and flow calculation in OpenFOAM is stopped till the end of 15 min time interval. We performed
simulations with full transient time integration and compared it to "flow freezing" for only the first two months of a winter
season in Bylot herb tundra. We found that (1) it takes 21 hours (with four MPI processors) of computer runtime while it
takes only 5 hours with "flow-freezing" and (2) the averaged cumulative density changes have shown acceptably small
differences. It is further important to mention that the calculated snow density change rate due to vapor transport from
OpenFOAM to SNOWPACK is chosen at the end of 15 min time interval and not averaged over 15 min, based on the
same assumption that a quasi-steady state situation is attained. Time averaged snow density change rates over 15 min time

interval in OpenFOAM would be a better choice if transient effects within the 15 minutes time step are important.

Thermal dispersion and hydrodynamic dispersion (for mass transfer) are not considered in this study. Thermal and
hydrodynamic dispersion coefficients are often considered as an additional tensorial term added to the effective thermal
conductivity and vapor diffusivity, respectively. These coefficients are important for strong advection and convection,
i.e. when the pore Péclet number Pe, = ScRe, > 1 with Sc the Schmidt number and Re,, the pore Reynolds number
(Bear, 1961, 1988; Calonne et al., 2015). For convection in idealized snowpacks as reported by Jafari et al. (2022), the

pore Reynolds number and consequently Péclet number are smaller than 1. However, based on the results in this paper
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for convection in real snowpacks (Bylot herb tundra), for the first few centimeters from the bottom of the snowpack in
downward flow and only when convection forms low density patches there, the pore Péclet number can reach values up
to 10. Note that as mentioned in item (iv), these results are based on the classical grain size which often induces larger
190 snow permeability and flow velocity. Using the optical grain size (lower snow permeability and flow velocity), the pore
Péclet number would remain smaller up to 2.8. For the gas flow in the porous medium with randomly packed spheres
based on Delgado (2007), the ratio of hydrodynamic dispersivity to diffusivity is on the order of the Péclet number for
1 < Pe,, < 10. Thus, effects of dispersion could be locally important and should further be explored. Nield and Bejan
(2017); Kvernvold and Tyvand (1980) discuss that thermal dispersion does not affect the critical Rayleigh number which is
195 based of effective molecular diffusivity but it can influence the flow structure in a convection cell (Nield and Bejan, 2017,

Wen et al., 2018; Fahs et al., 2020).

In summary, for the OpenFOAM solution as presented in detail in Jafari et al. (2022), an Eulerian—Eulerian two-phase
approach is used to solve mass conservation equations for the gas mixture (humid air), water vapor component, and mixture of
ice and water phases, the momentum equation for the gas mixture, and finally the temperature-based energy equations for the

200 gas, and mixture of ice and water phases. Therefore, the numerical output from the OpenFOAM solver provides solutions for
water vapor and air densities, snow porosity and density, the gas flow velocity, the diffusive water vapor flux, the phase change
rate between the mixture of ice and water phases and vapor, and finally the temperature for the gas and mixture of ice and water

phases.

Start of time integration /

l

SNOWPACK solution

|

SNOWPACK-OpenFOAM mesh synchronization

l

SNOWPACK to OpenFOAM interpolation

|

OpenFOAM solution

l

OpenFOAM to SNOWPACK interpolation

l

End of time integration

Figure 1. The coupling procedure between SNOWPACK and OpenFOAM.
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3 Results and Discussion

For thick snow covers (e.g. Alpine and sub-arctic), no convection of water vapor has been observed in our numerical analysis
because of both insufficient temperature gradients and high snow density. However, for a herb tundra permafrost site, situated at
Bylot Island, Canadian high Arctic, conditions to trigger convection are at least partially fulfilled. Forcing data from observations
for snow depth and surface temperature (Domine et al., 2021) are used to drive the SNOWPACK model. The following results
presented for Bylot herb tundra are based on assumptions and limitations explained in section 2. As mentioned in item (iv) of
section 2, the normal grain size from SNOWPACK is used, which is often larger than the optical grain size. Obviously, using
the optical grain size would induce lower flow velocities and the results will be quantitatively different. Also, we used the
measured snow heights and surface temperatures to drive the SNOWPACK model. Using the precipitation and heat fluxes to
drive SNOWPACK often leads to much colder temperature regimes.

Here, we analyse the effects of convective water vapor transport at Bylot over tundra permafrost for three winter seasons.
The time series for the temperature profiles due to only diffusive vapor transport from SNOWPACK simulations are shown in
figure 2. As can be seen in this figure, there are several persistent cold events, some of which have been active for a few months.
For instance, during the winter season 2017-2018, there were three main cold events, the second of which began on December

15 and lasted for three months and a half with almost no change in the snow height.
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Figure 2. The time series of snow temperature from SNOWPACK silulation with only diffusion in Bylot herb tundra for (a) winter season
2014-2015, (b) winter season 2016-2017, and (c) winter season 2017-2018. The insets show the vertical profiles on early January for all three

years. Black color refers to zero values.
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SNOWPACK simulations with only diffusion are compared to those with convection from SNOWPACK-OpenFOAM
simulations, as shown in figure 3 and figure 4 for cumulative density change and in figure 5 and figure 6 for density change rate
due to water vapor transport. At Bylot, a large enough temperature difference and low enough snow density fulfill the conditions
for significant and persistent convection events that are well synchronized with cold events. For example, during these cold
events, SNOWPACK-OpenFOAM simulations show higher values of snow density change rate compared to SNOWPACK
simulations (comparing figure 5a with figure 5b for winter season 2016-2017, and figure 6a with figure 6b for winter season
2017-2018). This also shows a meaningful difference in snow density change when compared to diffusion from SNOWPACK
simulations, particularly for the snow density increase in the deposition zone. For example, the cumulative snow density change
is increased by 35 kg m~? in the winter season 2017-2018 whereas the increase by diffusion from SNOWPACK simulations
is small and around 5 kg m~3 (comparing figure 4a to figure 4b). This would be even larger and around 55 kg m~3 for local
cumulative density change as is shown in figure 9f for two-dimensional profiles. Note that as explained by Jafari et al. (2020),
cumulative snow density is introduced as the summation of snow density change due to the sublimation and deposition of water
vapor for each element over all time steps.

More cumulative density change with a different profile is also observed from SNOWPACK-OpenFOAM results compared
to diffusion alone from SNOWPACK simulations. This can be seen by comparing the subplots of figure 3 for winter season
2016-2017 and figure 4 for winter season 2017-2018. Moreover, an effective depth of about 10-20 cm is observed for decreased
snow density by convective vapor transport (figure 7a and e) while for diffusive vapor transport, the reduced snow density is
mainly observed for a thin layer close to the ground (figure 7a, ¢ and e). Similarly, the density profiles observed before the melt
season from SNOWPACK-OpenFOAM simulations, have an obvious shift and decrease compared to diffusion-only results
(figure 7b, d and f). A decrease in density is not limited only to layers close to the ground and it can be seen almost through the

whole lower snow column, amounting up to 60 kg m—2 (figure 7a, d, and f).

10
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and (b) SNOWPACK-OpenFOAM simulation with convection. The insets in (a) and (b) show the vertical profiles on 4 January 2017 18:00:00.
Black color refers to zero values. 11
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Figure 4. The time series of cumulative density change for winter 2017-2018 in Bylot herb tundra, (a) SNOWPACK simulation with diffusion
and (b) SNOWPACK-OpenFOAM simulation with convection. The insets in (a) and (b) show the vertical profiles on 1 January 2018 18:00:00.
Black color refers to zero values. 12
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Figure 5. The time series of snow density change rate due to vapor transport for winter 2016-2017 in Bylot herb tundra, (a) SNOWPACK
simulation with diffusion and (b) SNOWPACK-OpenFOAM simulation with convection. The insets in (a) and (b) show the vertical profiles on
4 January 2017 18:00:00. Black color refers to zero values. 13
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Figure 7. Comparison between diffusion from SNOWPACK simulation and convection from SNOWPACK-OpenFOAM simulation for
cumulative snow density change and snow density profiles on 12 April 2015 12:00:00 for winter season 2014-2015, 13 May 2017 12:00:00 for
winter season 2016-2017, and 14 April 2018 12:00:00 for winter season 2017-2018.

As an example, we focus on the winter season 2017-2018 to explore the effects of convection on the thermal and phase
change regimes and how it laterally and vertically changes the snow density and temperature. To do this, the two-dimensional
profiles for snow density are shown in figure 8 at the end of second cold event on March 11. As can be seen, the convection cells
have the same lateral pattern for shaping the snow density profile. Time snapshots to show the evolution in snow density due to
convective water vapor transport for the beginning (December 14), middle (January 26), and end (March 11) of the second cold
event are shown in figure 9. For the first snapshot, we do not see a large footprint of convection in the snow density (figure 9a)

but we can already observe the initial changes in the cumulative snow density (figure 9d). As indicated in figure 9 for phase

15
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Figure 8. Simulated two-dimensional plots from SNOWPACK-OpenFOAM coupling on 11 March 2018 12:00:00 for (a) snow density, (b) the
gas phase temperature, and (c) the phase change rate from ice to vapor.

2017-12-14 2018-01-26 2018-03-11

Figure 9. Evolution of snow density, cumulative snow density change, and phase change rate from ice to vapor for different dates as December
14, January 26, and March 11 in the winter season 2017-2018. The white arrows show the flow direction and are not scaled with the velocity
magnitude.
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Figure 10. Lateral variations in a convection cell for the snow density, temperature, and cumulative snow density change due to water vapor
transport. These profiles are plotted over three vertical lines as drawn in figure 9c on March 11 in winter seasons 2017-2018.
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change from ice to vapor, for all three snapshots, we can see that sublimation is significant for the whole downward flow and not
only for the layer close to the ground. This is different from what we observed for the effective sublimation zone in idealized
snowpacks discussed in Jafari et al. (2022). For the second time snapshot (middle of the second cold event on December 14), the
sublimation can already create a vertical low density path through a significant depth of the snow to consequently have increased
flow velocity in the whole downward flow. This process continues till the end of the second cold event such that the convection
cells gets stronger and more stable over time and stay at their initial location. Here, we do not see the lateral displacement of the
convection cells, which is again different from what we indicated for idealized snowpacks in Jafari et al. (2022).

One more different observation for convection in SNOWPACK generated snow covers from the one in idealized snowpacks is
that the deposition zone often expected to be on top in the upward flow is increasingly distorted toward the region of downward
flow as time progresses. Although the convection cells do not migrate laterally, the flow-blocking process in upward flow due to
deposition still distorts the deposition zone toward the region on top between downward and upward flows (figure 9c).

Furthermore, as can also be seen from figure 10, significant lateral variations within a convection cell are present on
OpenFOAM-SNOWPACK coupling for snow density, cumulative snow density change, and snow temperature. In figure 10,
profiles are plotted over three different vertical lines (as drawn in figure 9c¢) i.e. line 1 for upward flow, line 2 between upward and
downward flows, and finally line 3 for downward flow. For example, lateral differences up to 90 kg m—3 (115%) are observed
for snow density (figure 10b and c) and up to 5 K (30%) for snow temperature (figure 10f and g) at the end (March 10) of the
second cold event in the winter season 2017-2018.

The sensitivity analysis on the horizontal domain length shows that the smaller domain length has a small effect on snow
density (figure 11). This is important as it helps considerably to reduce computational time. As explained in item (v) of section 2,
to reduce computational time, the "flow freezing" strategy is used. Figure 12 shows that the difference from "full integration"
case is small for snow density. We point out, however, that the snow density change rate and flow velocity are similar only for
moderate convection events and they are quite different for the strong convection events observed at the end of the second month
in the winter season. These values are smaller for "flow-freezing" again in particular at the bottom of the snowpack (smaller by a
factor of two), where strong grain growth leads to stronger convection. This implies that we may underestimate the effects of
convection when using "flow-freezing". Further sensitivity studies are needed to explore this effect together with the grain size

representation.

4 Conclusions, Limitations and Outlook

In this paper, convective vapor transport in herb tundra snow covers and its effects on snowpack structure have been investigated
numerically, assuming no wind compaction occurs to increase snow density at the surface. This assumption was made to
isolate the influence of natural convection, given that no physics-based model currently exists for wind compaction with
a level of accuracy comparable to the convection model employed. Including wind compaction, for example via available
parameterizations, would result in a high-density surface layer that suppresses convection almost entirely. As such, the results

presented should be interpreted as representing the upper limit of convective effects, particularly under conditions characterized
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Figure 11. The sensitivity analysis on the horizontal domain length for winter 2017-2018 on 14 April 2018 12:00:00 in Bylot herb tundra, (a)
cumulative density change and (b) snow density. Here, L is the horizontal domain length.

by persistent cold surface temperatures and moderate snow depths (typically less than 1 m), where strong temperature gradients
promote natural convection. To that end, a C++ interface has been implemented for a tight coupling between SNOWPACK and
OpenFOAM.

Looking at time series of temperature profiles, it is found that strong snow density change rates due to sustained convection are
strongly linked to persistent cold events observed for Bylot tundra. Compared to diffusion results, a larger increase in cumulative
snow density change up to 55 kg m~3 is observed close to the snow surface. Furthermore, it is shown that a significant decrease
in snow density due to convective vapor transport (up to 60 kg m~3) is not limited only to a small layer at the base but it has an
effective depth of about 10-20 cm, which corresponds better to observations. However, even under the unrealistic assumption of
low density surface snow, the density changes both negative at the foot and positive at the surface are insufficient to fully explain

observed profiles.
Investigating lateral and vertical effects of convection on the thermal and phase change regimes for Bylot, it is found that

convection cells qualitatively have the same lateral footprint on the snowpack structure. Different from what observed for

convection in idealized snowpacks, it is further found that (1) sublimation is significant for the whole downward flow not
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Figure 12. The sensitivity analysis for the difference between "flow freezing" and "full integration" strategies for winter 2017-2018 on 14
April 2018 12:00:00 in Bylot herb tundra, (a) cumulative density change and (b) snow density.

only for the layer close to the ground, (2) the convection cells become more stable over time and do not move laterally, and
(3) flow-blocking due to deposition may still move the deposition zone toward the region on top between downward and
upward flows. Lateral variations up to 90 kg m~3 (115%) for snow density and up to 5 K (30%) for snow temperature indicate
major gradients within a convection cell, which may substantially influence secondary processes such as metamorphism and

melt-refreeze to laterally vary in the snowpack.

By using SNOWPACK-OpenFOAM coupling, we tested the hypothesis that one-dimensional snow models need to take into
account water vapor transport to better capture snow profiles often observed for Arctic snowpacks (i.e. high density on top
and lower density in the bottom). The model system simulated in this study leads to a better understanding of the potential
impacts of convection in snow covers and how it changes the snow structure, as earlier reported. However, results show a
significant difference between observed snow density profiles and simulated ones even when the effects of convection are
included (figure 7b, d and f). This shows that the snow model itself needs to be adjusted for Arctic snow covers by further
improvements of other important processes shaping the snow profiles such as snow settling and wind compaction. The numerical
model used for convection is a direct numerical solution that requires accurate thermo-physical properties, and its comparison

with benchmark results shows a numerical accuracy of less than 10% (Jafari et al., 2022). Therefore, to make meaningful
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comparisons between simulations and measurements, all snow processes need to be modeled with a similar level of accuracy,
which we currently cannot achieve. For Samoylov, as discussed in Jafari et al. (2020), some adjustments for these processes
have been already used to have a better representation of snow profiles. Therefore, we need to make the cautionary remark that a
realistic high snow density on top - if simulated correctly - could prevent convection, which is a clear limitation of the results
discussed above. It needs to be subject of further research, which is not easy as the dynamics of wind compaction are not fully
understood and no physics-based model exists, apart from parameterizations as in Gouttevin et al. (2018). As for the Arctic site
situated at Samoylov Island, Russia, if we include the effects of wind compaction by using this tailor-made parametrization for
new snow density, a layer of high density forms on top. In this case, numerical analysis by SNOWPACK-OpenFOAM coupling
shows that if convection occurs, the cells are formed only in the bottom and as a result the net effects of convection are almost
negligible. This coupling model only makes sense if tuning and adjustments for these processes (e.g snow settling and wind
compaction) do not already include the effects of convection otherwise these effects would be accounted for twice. The lateral
variations in snow density within a convection cell, which can reach up to 90 kg m~2 (115%), indicate significant gradients
within a convection cell in the snowpack. These gradients can substantially influence secondary processes such as metamorphism
and melt-refreeze, causing them to vary laterally within the snowpack. As a result, the snow profile can be significantly different
depending on where it is measured, i.e., in upward or downward flow. However, making a systematic comparison between
simulation and measurement is difficult, if not impossible, due to the complex interplay of different processes affecting the snow
structure. This highlights the need for more accurate and comprehensive modeling of all relevant processes, including convection,
snow settling, and wind compaction, to better understand the dynamics of snow covers. In this respect, we acknowledge that
the results presented in this study may show the upper limit for the effects of convection since (1) the classical grain size is
used which induces higher flow velocities than using the optical grain size, (2) the dispersion effects on the thermal and mass
transport regimes are not considered which may be important for the bottom of snowpack where the Péclet number is locally
greater than 1, and (3) the effects of wind compaction is not considered as discussed above. In any case, future work should

address these problems and the current work may serve as a first step into this uncharted land.
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