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Abstract. As a direct solution to improve the one-
dimensional physics-based multi-layer snow model SNOW-
PACK, a C+ + interface is implemented for a tight cou-
pling between SNOWPACK and OpenFOAM with the aim
to investigate natural convection in real snow covers. Open-
FOAM simulates convection in two dimensions based on
SNOWPACK snow profiles and feeds the convective vapor
fluxes back to SNOWPACK. Among different snow covers
and conditions, significant convection events that are well
synchronized with cold events are numerically simulated by
the SNOWPACK-OpenFOAM coupler for a herb tundra per-
mafrost at Bylot Island only if we neglect wind slab for-
mation 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 90kgm~3 and 5K respectively makes a consistent repre-
sentation in the SNOWPACK one-dimensional profile diffi-
cult. 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 achieve the full magnitude of observed density
differences and to adapt physical parameterizations in con-
ventional snow models to represent this effect in particular
for snow settling and metamorphism.

1 Introduction

Water vapor transport is a significant dynamical process for
shaping snow layers in snowpacks under strong tempera-
ture gradients, such as the Arctic and subarctic ones (Tra-

bant 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 lay-
ers. Sturm and Benson (1997) suggest that water vapor fluxes
between snow layers result in mass change over finite dis-
tances and also changes in layer density.

Water vapor diffusion alone is not sufficient for significant
mass transfer at the base (Jafari et al., 2020; Domine et al.,
2016) and convection within the snowpack is often hypothe-
sized as a dominant mechanism (Trabant and Benson, 1972;
Johnson and Bens, 1987; Alley et al., 1990; Sturm and John-
son, 1991; Domine et al., 2016, 2018) for substantial mass
transfer, which is an order of magnitude higher than cal-
culated diffusive vapor fluxes (Trabant and Benson, 1972).
However, convection of water vapor, the buoyant movement
of air and moisture driven by temperature and air density gra-
dients, is not captured in conventional 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 high Arctic snowpack layer-
ing, namely high density layers on top and lower density lay-
ers at the bottom. This is significant as such a profile en-
hances the insulating properties of the winter snow cover
(Armstrong and Brun, 2009) and facilitates movement of an-
imals over the hard surface snow (Vikhamar-Schuler et al.,
2013). Recent field experiments further support that sub-
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nivean space created by low-conductivity basal snow is a
critical thermal refuge for Arctic small mammals (Poirier
et al., 2021). Moreover, snowpack stratigraphy directly af-
fects 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, a one-
dimensional physics-based multi-layer snow model (Lehn-
ing 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 numeri-
cally investigated in combination with a full snow evolution
model. In their study of a two-dimensional idealized snow-
pack, Jafari et al. (2022) employed a new physical model,
named as snowpackBuoyantPimpleFoam (Jafari and Lehn-
ing, 2021), implemented in OpenFOAM 5.0 (https://www.
openfoam.org, last access: 26 February 2026), 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 ef-
fects are included (as described later in Sect. 3). This indi-
cates that the snow model itself requires adjustments for Arc-
tic and subarctic conditions, specifically through improve-
ments in processes such as snow settling and wind com-
paction (Jafari, 2022). The convection model used in this
paper is a direct numerical solution (DNS) that solves the
full set of coupled mass and energy transport equations, of-
fering a high-fidelity alternative to traditional parameteriza-
tions. Arctic snowpacks 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) and re-
cent studies by Keenan et al. (2021) and Wever et al. (2023)
for drifting-snow compaction, offer only a rough approxi-
mation (partially physically accurate). Including wind com-
paction in the simulation results in a high-density surface
layer that suppresses the formation of convection cells, ren-
dering natural convection driven by buoyancy forces less ac-
tive.

Since modeling convection in one-dimensional snow mod-
els is not possible as one-dimensional models cannot cap-
ture the spontaneous formation and lateral flow fields of two
dimensional convection cells, a direct solution to take into
account the effects of convection for snow covers is to cou-
ple SNOWPACK with OpenFOAM. In this regard, the work
presented in this paper brings us valuable insights: (1) the de-
tails 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 Open-
FOAM, (2) the effects of convection do not only substantially
change the snow density vertically, but also induce a consid-
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erable 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 effec-
tive thermal conductivity and compaction, (4) the large dif-
ference 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. In this paper, we focus on two core research ques-
tions: To what extent does two-dimensional natural convec-
tion, simulated by the full SNOWPACK-OpenFOAM model,
modify the one-dimensional temperature and density pro-
files of an Arctic tundra snow cover compared to standard
diffusion-only models? and how do realistic snow physics,
specifically wind slab formation (drifting-snow compaction),
influence the occurrence and overall impact of natural con-
vection in Arctic tundra snowpacks, thereby defining a lower
bound for convective effects?.

2 Materials and Methods

As a direct solution to improve the one-dimensional physics-
based multi-layer snow model, a C4++ interface (dynamic
library) is implemented for a tight coupling between SNOW-
PACK and OpenFOAM named as SNOWPACKFoam. Note
that the detailed explanations, derivations, and model choices
constituting the final set of equations for the convection sim-
ulation can be found in Jafari et al. (2022). As presented in
Fig. 1, the coupling procedure works as: (1) one SNOW-
PACK time step is solved taking into account all impor-
tant processes such as settling, metamorphism, and melting-
refreezing (Lehning et al., 1999; Bartelt and Lehning, 2002;
Lehning et al., 2002b, a), (2) the snow height in OpenFOAM
is dynamically synchronized with the new snow height from
the SNOWPACK solution. Note that the dynamic mesh strat-
egy used in the OpenFOAM solution is adding or remov-
ing layers only from the top. The minimum and maximum
layer thicknesses are the thresholds given by the user to con-
trol 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 computational elements in the OpenFOAM, (3) the
snow density change will be interpolated from the SNOW-
PACK solution to the OpenFOAM domain uniformly in the
lateral direction as will be explained later in item (ii) be-
low, (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 and (5) the horizontal average of the snow density
change rate in OpenFOAM is interpolated for each element
of SNOWPACK. The assumptions and limitations consid-
ered for SNOWPACK-OpenFOAM coupling are explained
as follows:
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i.

ii.

The overall simulation period runs from the beginning
of September to the 1st of July for all six years. SNOW-
PACK is initialized using a .sno file that defines the ini-
tial conditions for the soil of three meters, with an initial
temperature of 274.87 K and specified volumetric frac-
tions for air of 12.5 %, water of 25 %, ice of 0 %, and
soil of 62.5 % and no pre-existing snow cover. SNOW-
PACK primarily acts as the one-dimensional thermo-
mechanical driver. In a single SNOWPACK time step, it
solves for processes like settlement, liquid water trans-
port, compaction (including drifting-snow compaction),
and the long-term temperature evolution in both the
soil and the snowpack (Lehning et al., 1999, 2002a, b;
Bartelt and Lehning, 2002). We explicitly delegate all
vapor transport processes (diffusion and convection)
solely to the OpenFOAM solver, which provides a
spatially-resolved two-dimensional solution.

OpenFOAM only models the snowpack part of the
domain, as convection in the underlying soil is as-
sumed negligible. The temperature profile computed
by SNOWPACK is used to set the thermal bound-
ary conditions (at the top and base of the snow
layer) and to initialize the internal temperature field
for the two-dimensional OpenFOAM domain. The side
boundaries in OpenFOAM two-dimensional domain
are defined as cyclic or periodic. Synchronization is
achieved via a dynamic mesh strategy implemented
using the SNOWPACK-OpenFOAM coupling library.
The vertical snow density and layer heights computed
by SNOWPACK are continuously used to reconstruct
OpenFOAM'’s computational mesh. Physical informa-
tion transferred to OpenFOAM includes the updated
mesh geometry, the updated temperature profile, and
the updated density field and volumetric content of air,
ice, and water components in snow. After OpenFOAM
solves for the two-dimensional air flow and vapor trans-
port (sublimation and vapor deposition), the resulting
density change is averaged horizontally across the two-
dimensional domain for each specified height and fed
back to SNOWPACK to update its internal state for the
next mechanical/thermal step.

For previously formed snow elements, applying the
mass and volume changes from the two mod-
els is intricate because we must preserve the lat-
eral two-dimensional variability generated by Open-
FOAM’s convection solution while simultaneously up-
dating the background state using SNOWPACK’s one-
dimensional processes (settling, compaction, melting,
etc). To achieve this necessary separation of processes,
we implement a tracking procedure:

First, SNOWPACK calculates the new total ice/wa-
ter content (6; sN) based only on its one-dimensional
thermo-mechanical processes. Please note that the sub-
script OF and SN refer to OpenFOAM and SNOW-
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PACK, respectively. Simultaneously, the OpenFOAM
coupling library tracks the cumulative two-dimensional
change in ice/water content due exclusively to vapor
transport (AGi,Cumvap,OF) at every mesh cell. The final
ice/water content in the OpenFOAM domain (6; oF) is
then calculated by applying the one-dimensional change
from SNOWPACK to the initial OpenFOAM density
distribution and then re-adding OpenFOAM’s locally
tracked cumulative two-dimensional vapor change. This
intricate tracking ensures that the spatial footprint of
convection is preserved without double-counting the va-
por transport effect, as the mesh is continually updated.

For new snow elements in the OpenFOAM domain,
all snow parameters are directly interpolated from the
SNOWPACK output with uniform distribution in the
lateral direction. Adding or removing layers is governed
by criteria of minimum and maximum layer thicknesses
(0.005 and 0.01 m, respectively). This range is chosen
to maintain layer properties in the profiles when inter-
polating between SNOWPACK and OpenFOAM.

Currently, OpenFOAM provides only the laterally-
averaged snow density change rate (due to vapor trans-
port) to SNOWPACK. Future work will enhance this by
incorporating the laterally-averaged temperature pro-
files from OpenFOAM back into SNOWPACK’s ini-
tial conditions and using the density change rate di-
rectly in SNOWPACK’s metamorphism calculation. It
is theoretically possible to use multiple parallel SNOW-
PACK columns across the OpenFOAM domain to cap-
ture lateral heterogeneity. However, the resulting differ-
ences in compaction and snow height would create sur-
face discontinuities, complicating the current dynamic
mesh strategy. Numerically, this challenge can be ad-
dressed by using separate, disconnected meshes for each
SNOWPACK domain, though careful attention would
be required for defining boundary conditions and infor-
mation exchange across these discontinuities. This in-
cludes taking into account the different soil columns
modeled by the different SNOWPACK domains. 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 (2023a). Note that
in the SNOWPACK-OpenFOAM coupling, the soil part
is only considered in SNOWPACK as convection is un-
likely to occur in the soil.

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 there-
fore the temperature is forced to be the melting tem-
perature in SNOWPACK, (3) however, in OpenFOAM,
thermal equilibrium is assumed between the ice and wa-
ter while the local thermal non-equilibrium model is
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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 ra-
diation is large enough to increase the ice temperature
in OpenFOAM above melting, we limit it by the melt-
ing 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 simi-
lar to those presented in Jafari et al. (2022), but have
been modified to account for the presence of water and
the heat source/sink term from shortwave radiation ab-
sorption, which is taken from the SNOWPACK simu-
lation. The resulting modified energy equations for the
gas phase and ice-water mixture, essential for the repro-
ducibility of our coupled solver, are presented as:

2 alneenlTil) + 7 (ouPene (U
= V- (egketr,g V(T)") + Gg%(Pg)g +{Uy)
V(P =V [(Te) (cpy = cpa) (10)]
o+ heas [ (T (g = D) = (T wp) |
+ (riiy + tity ) cpy( T @)

%(picpieim)i + pwpwew(Ti)) = V
- (€iketr,i VATR) + €wketr.w V(T3
— hea [(Te)f (wg = 1) — (1) wp) |
— ritiyepy (Te)fwg + (T;) wi)

— iy (cpi — Cpv) Tret — Miv Liy
— ritwypy (T )Fwg + (T3 wi)
— itwy (Cpw — Cpv) Tref — Hiwy Ly

+ OQswr @

In the above equations, respectively, €, €w, € are the
volume fractions for ice, water, and gas phase, n1yy and
mjy are the rates of phase change from water to vapor
and from ice to vapor, pj, pw, pg are the densities for
ice, water, and gas phase, ¢pi, Cpw, and cpg are the spe-
cific heat capacities for ice, water, and gas phase, (Jy)
is the diffusive water vapor flux, (7})! is the tempera-
ture of water-ice mixture and it is the ice temperature
if the water is absent, Keff i, keff,w, and kegr, s are the ef-
fective thermal conductivities of ice, water, and the gas
phase in snow, (U g) is the bulk gas-phase velocity vec-
tor, (Pg)g is the gas pressure, A is the heat transfer coef-
ficient, ay is the specific surface area, T = 273.15K is
the reference temperature,and finally Qg is the heat
source due to shortwave radiation absorption. Many
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vi.

of the parameters defined here are the same as pre-
sented in Jafari et al. (2022). Note that (1) the thermal
conductivities are calculated by a parametrization pre-
sented in Lehning et al. (2002b) and used in SNOW-
PACK and they are indeed extracted from the defini-
tion of the effective thermal conductivity of snow as
ketf,s = €ikeft,i +€wket,w +€gkett, ¢ (Calonne et al., 2012;
Hansen and Foslien, 2015), (2) the calculation of the
mass transfer coefficient between ice and vapor, intro-
duced as Ay, in Jafari et al. (2022), is also assumed the
same between water and vapor, and (3) the specific sur-
face area ag 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 diame-
ter. SNOWPACK provides both the classical (heuristic)
grain size as ry and optical grain size as rosg Which is di-
rectly linked to the specific surface area (Calonne et al.,
2012) but only a parameterized quantity in SNOW-
PACK. Based on the simulations in this paper, the values
for rosg are often smaller in particular at the bottom of
snowpack by a factor of two. For the calculation of per-
meability and other flow properties, classical grain size
is considered more pertinent than optical grain size.

Within one time step of SNOWPACK (15 min is cho-
sen 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 (a hybrid pressure-velocity coupling
algorithm for solving incompressible flows) 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 SNOW-
PACK solution and therefore there is a transient ther-
mal 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 min-
utes 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 strat-
egy a “flow-freezing” time integration and we use the
threshold of 60 s after which the thermal and flow cal-
culation in OpenFOAM is stopped till the end of 15 min
time interval. We performed simulations with full tran-
sient time integration and compared it to “flow freez-
ing” for only the first two months of a winter season
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in Bylot herb tundra. We found that (1) the simulation
required approximately 21h of wall-clock time using
four MPI processes (i.e., about 84 core-hours in total),
whereas the “flow-freezing” approach reduced this to
about 5 h of wall-clock time, and (2) the averaged cumu-
lative density changes exhibited acceptably small dif-
ferences as shown later in Fig. 12 the maximum differ-
ence in snow density is only between 5 and 10kgm™3.
As introduced by Jafari et al. (2020), cumulative den-
sity change is the summation of snow density change
due to the sublimation and deposition of water vapor
for each element over all time steps. It is further impor-
tant to mention that the calculated snow density change
rate due to vapor transport from OpenFOAM to SNOW-
PACK is chosen at the end of 15 min time interval and
not averaged over 15 min, based on the same assump-
tion 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 tran-
sient effects within the 15 min time step are important.

vii. Thermal dispersion and hydrodynamic dispersion (for
mass transfer) are not considered in this study. Ther-
mal and hydrodynamic dispersion coefficients are of-
ten considered as an additional tensorial term added to
the effective thermal conductivity and vapor diffusiv-
ity, respectively. These coefficients are important for
strong advection and convection, i.e. when the pore
Péclet number Pe, = ScRep > 1 with Sc the Schmidt
number and Rep the pore Reynolds number (Bear,
1961, 1988; Calonne et al., 2015). For convection in ide-
alized snowpacks as reported by Jafari et al. (2022), the
pore Reynolds number and consequently Péclet num-
ber are smaller than 1. However, based on the results in
this paper 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 con-
vection forms low density patches there, the pore Péclet
number can reach values up to 10. Note that as men-
tioned in item (v) above, these results are based on the
classical grain size which often induces larger snow per-
meability and flow velocity. Using the optical grain size
(lower snow permeability and flow velocity), the pore
Péclet number would remain smaller than 2.8. For the
gas flow in the porous medium with randomly packed
spheres based on Delgado (2007), the ratio of hydrody-
namic dispersivity to diffusivity is on the order of the
Péclet number for 1 < Pep < 10. Thus, effects of dis-
persion 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 based of ef-
fective 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).
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viii. We neglect the effect of wind pumping (forced advec-
tion) in all our simulations. As concluded in the quanti-
tative analysis by Jafari et al. (2022), the effect of venti-
lation (wind pumping) on the snow density change pro-
file is minor compared to the effect of natural convec-
tion. This is because typical ventilation velocities are
at least one order of magnitude smaller than the nat-
ural convective velocity scale (Ucony). Given the low-
permeability hard slab in our lower-bound scenario, the
minimal penetration of wind pumping is further guaran-
teed, which justifies its exclusion and allows us to focus
solely on the effects of natural convection.

ix. Forcing data of snow depth and surface temperature
from field observations (Domine et al., 2021) are used
to drive the SNOWPACK model.

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 mix-
ture of ice and water phases, the momentum equation for the
gas mixture, and finally the temperature-based energy equa-
tions for the gas, and mixture of ice and water phases. There-
fore, the numerical output from the OpenFOAM solver pro-
vides solutions for water vapor and air densities, Snow poros-
ity and density, the gas flow velocity, the diffusive water va-
por 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.

3 Results and Discussion

For thick snow covers (e.g., Alpine and sub-arctic), no con-
vection of water vapor has been observed in our numeri-
cal analysis because of both insufficient temperature gradi-
ents and high snow density. However, for a herb tundra per-
mafrost site, situated at Bylot Island, Canadian High Arc-
tic, conditions to trigger convection are at least partially ful-
filled. This finding is consistent with observations from sub-
arctic sites, where water vapor convection was reported as
continuous in thin snowpacks but as sporadic in years with
thicker snowpacks (Sturm and Johnson, 1991). 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.

The following analysis aims to identify the physical limits
of convection within tundra snowpacks. Based on both simu-
lations and field measurements, two distinct regimes emerge.
First, snowpacks without wind slabs — where drifting-snow
compaction is absent — retain a more open and permeable
structure, allowing convection to develop freely. These repre-
sent the upper bound of convection. Second, snowpacks con-
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Figure 1. The coupling procedure between SNOWPACK and OpenFOAM.

taining wind slabs formed by drifting-snow compaction are
dense and mechanically stiff, thereby restricting convective
flow. These represent the lower bound of convection.

As it is shown in Fig. 2, both the SNOWPACK-
OpenFOAM simulations (with convection and drifting-snow
compaction) and the SNOWPACK-only simulations (with
vapor diffusion, without drifting-snow compaction) deviate
somewhat from the measurements. However, the coupled
model reproduces the measured density structure slightly
better, particularly in capturing high-density layers associ-
ated with wind slabs. During the 2017-2018 winter, the
purely diffusive SNOWPACK simulation without drifting-
snow compaction as shown in Fig. 2d agreed reasonably
well with observations except near the surface. Also, for
the snow height, both the SNOWPACK-OpenFOAM simu-
lations (with convection and drifting-snow compaction) and
the SNOWPACK-only simulations (with vapor diffusion,
without drifting-snow compaction) agreed reasonably well
with observations except for the melting period in the win-
ter season 2013-2014 as shown in Fig. 3a. We note that
even with the massive computational effort of the coupled
framework, the density profiles initially had error compared
to field measurements. This discrepancy is why we chose to
work with (1) a upper bound scenario for which the wind
compaction is not considered and (2) the lower bound sce-
nario where convection is limited with drifting-snow com-
paction. This finding demonstrates a key result of this work:

The Cryosphere, 20, 2439-2467, 2026

accurate convection modeling requires that snow conditions
(wind compaction) be captured.

3.1 Upper bound of convection without drifting-snow
compaction model

Here, we analyze the effects of convective water-vapor trans-
port at Bylot over tundra permafrost for three winter seasons.
The time series for the temperature profiles from purely dif-
fusive SNOWPACK simulations are shown in Fig. 4. As seen
in this figure, several persistent cold events occurred, some
lasting multiple months. For instance, during the 2017-2018
winter, three major cold events were recorded, the second be-
ginning on 15 December and lasting roughly three and a half
months, with almost no change in snow height.
SNOWPACK simulations with only diffusion are com-
pared to those with convection from SNOWPACK-
OpenFOAM simulations, as shown in Fig. 5 for cumulative
density change and in Fig. 6 for density change rate due to
water vapor transport. As introduced by Jafari et al. (2020),
cumulative density change is the summation of snow density
change due to the sublimation and deposition of water va-
por for each element over all time steps. 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 ex-
ample, during these cold events, SNOWPACK-OpenFOAM
simulations show higher values of snow density change rate

https://doi.org/10.5194/tc-20-2439-2026
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Figure 2. The snow density profiles for SNOWPACK-OpenFOAM simulations with convection and drifting-snow compaction model active
in SNOWPACK, SNOWPACK simulations with only diffusion of water vapor with no drifting-snow compaction active, and measurement.

compared to SNOWPACK simulations (comparing Fig. 6a
with Fig. 6¢ for winter season 2016-2017, and Fig. 6b with
Fig. 6d for winter season 2017-2018). This also shows a
meaningful difference in snow density change when com-
pared to diffusion from SNOWPACK simulations, particu-
larly for the snow density increase in the deposition zone. For
example, the cumulative snow density change is increased by
35kgm™ in the winter season 2017-2018 whereas the in-
crease by diffusion from SNOWPACK simulations is small
and around 5kgm™> (comparing Fig. 5b to d). This would
be even larger and around 55kgm™3 for local cumulative
density change as is shown in Fig. 9f for two-dimensional
profiles.

https://doi.org/10.5194/tc-20-2439-2026

More cumulative density change with a different profile is
also observed from SNOWPACK-OpenFOAM results com-
pared to diffusion alone from SNOWPACK simulations. This
can be seen by comparing the subplots of Fig. 5a and c for
winter season 2016-2017 and Fig. 5b and d for winter season
2017-2018. Moreover, an effective depth of about 10-20 cm
is observed for decreased snow density by convective vapor
transport (Fig. 7a and e) while for diffusive vapor transport,
the reduced snow density is mainly observed for a thin layer
close to the ground (Fig. 7a, c 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 (Fig. 7b, d and f). A de-
crease in density is not limited only to layers close to the

The Cryosphere, 20, 2439-2467, 2026
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Figure 3. The time series of snow height for six winter years from 2013-2014 till 2018-2019 in Bylot herb tundra, the SNOWPACK-
OpenFOAM simulations (with convection and drifting-snow compaction) and the SNOWPACK-only simulations (with vapor diffusion,
without drifting-snow compaction).
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Figure 4. The time series of snow temperature from SNOWPACK
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January for all three years. Black color refers to zero values.
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ground and it can be seen almost through the whole lower
snow column, amounting up to 60 kg m~3 (Fig. 7a, d, and ).

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 verti-
cally changes the snow density and temperature. To do this,
the two-dimensional profiles for snow density are shown in
Fig. 8 at the end of second cold event on 11 March. 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 (14 December), middle (26 Jan-
uary), and end (11 March) of the second cold event are shown
in Fig. 9. For the first snapshot, we do not see a large foot-
print of convection in the snow density (Fig. 9a) but we can
already observe the initial changes in the cumulative snow
density (Fig. 9d). As indicated in Fig. 9 for phase 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 14
December), the sublimation can already create a vertical low
density path through a significant depth of the snow to conse-
quently 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 SNOW-
PACK 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 de-
position zone toward the region on top between downward
and upward flows (Fig. 9c).

Furthermore, as can also be seen from Fig. 10, signifi-
cant lateral variations within a convection cell are present on
OpenFOAM-SNOWPACK coupling for snow density, cumu-
lative snow density change, and snow temperature. In Fig. 10,
profiles are plotted over three different vertical lines (as
drawn in Fig. 9¢) i.e. line 1 for upward flow, line 2 between
upward and downward flows, and finally line 3 for down-
ward flow. For example, lateral differences up to 90 kgm™3
(115 %) are observed for snow density (Fig. 10b and c) and
up to 5 K (30 %) for snow temperature (Fig. 10f and g) at the
end (10 March) of the second cold event in the winter sea-
son 2017-2018. These large lateral temperature differences
are consistent with the observations of Sturm and Johnson
(1991).

The Cryosphere, 20, 2439-2467, 2026
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Figure 5. The time series of cumulative density change in Bylot herb tundra for (a) winter 2016-2017 and (b) winter 2017-2018 for
SNOWPACK simulation with diffusion and for (¢) winter 2016-2017 and (d) winter 2017-2018 for SNOWPACK-OpenFOAM simulation
with convection. The insets in (a), (b), (¢), and (d) show the vertical profiles on early January for both years. Black color refers to zero values.

The sensitivity analysis on the horizontal domain length
shows that the smaller domain length has a small effect on
snow density (Fig. 11). This is important as it helps consider-
ably to reduce computational time. As explained in item (vi)
of Sect. 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 and cumu-
lative snow density change, with the maximum difference in
snow density being only between 5 and 10kgm™3 (1.3 %—
3.6 % of the hard slab 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 dif-
ferent 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

The Cryosphere, 20, 2439-2467, 2026

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 ex-
plore this effect together with the grain size representation.

3.2 Lower bound of convection with drifting-snow
compaction model

Having established the upper bound of convection intensity,
we now examine the lower bound obtained under Arctic con-
ditions with drifting-snow compaction. In this scenario, the
snow surface does not remain loosely structured, thereby pre-
venting the development of natural convection due to me-
chanical suppression by wind slabs. The resulting simula-
tions highlight the minimum potential effects of convective
vapor transport on snow density, temperature, and associated
snowpack properties.

https://doi.org/10.5194/tc-20-2439-2026
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Figure 6. The time series of snow density change rate due to vapor transport in Bylot herb tundra for (a) winter 2016-2017 and (b) win-
ter 2017-2018 for SNOWPACK simulation with diffusion and for (c¢) winter 2016-2017 and (d) winter 2017-2018 for SNOWPACK-
OpenFOAM simulation with convection. The insets in (a), (b), (c), and (d) show the vertical profiles on early January for both years. Black
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To represent the lower bound of convection intensity, sim-
ulations were carried out with the drifting-snow compaction
model activated in SNOWPACK. The drifting-snow com-
paction scheme, introduced by Keenan et al. (2021); Wever
et al. (2023), removes a few centimetres of surface snow and
redeposits it into a denser layer. The resulting snow density
depends primarily on the local wind speed. We analyzed six
winter seasons (2013-2014 to 2018-2019) at the Bylot tun-
dra permafrost site (Domine et al., 2021), focusing on the
time series of snow density and the averaged convective-flow
velocity shown in Figs. 13 and 15 respectively all from the
coupled SNOWPACK-OpenFOAM simulations. The time
series for wind speed for these six years are shown in Fig. 14.
For wind speeds exceeding about 7ms~!, rapid and local-
ized increases in snow density shown in Fig. 13 are con-
sistently observed and these are clear signatures of wind-

https://doi.org/10.5194/tc-20-2439-2026

compaction events. These dense wind slabs dominate the ver-
tical snow-structure evolution. Occasional density increases
from early melt episodes were also identified but had a sec-
ondary effect compared with wind compaction.

The drifting-snow compaction process is transient, pro-
ducing abrupt density increases within short timescales,
comparing Fig. 14 for time series of wind speed from the
forcing data (Domine et al., 2021) with the time series of
snow density from the SNOWPACK-OpenFOAM simula-
tions shown in Fig. 13. In contrast, convective vapour trans-
port is gradual and of much lower magnitude. Examination
of the time series of snow density (Fig. 13) and averaged con-
vection velocity (Fig. 15) shows that convection plays a mi-
nor role compared with wind compaction. Only during pro-
longed cold periods with calm intervals between strong wind
events — and when the averaged convective velocity exceeds

The Cryosphere, 20, 2439-2467, 2026



2450

—— SNOWPACK

(a)

M. Jafari and M. Lehning: Simulating the effect of natural convection in a tundra snow cover

—— SNOWPACK-OpenFOAM

354
30+
254
20+
154
10

2014 - 2015

Snow height[cm]

(b)

@

401

30+

20+

2016 — 2017

10

Snow height[cm]

40 1

30+

20+

2017 - 2018

104

Snow height[cm]

2000 75 50 25 0
ApPs, cum [kg m=3]

125

25 50

150 200 250

ps [kg m~3]

100 300

Figure 7. Comparison between diffusion from SNOWPACK simulation (without drifting-snow compaction) and convection from
SNOWPACK-OpenFOAM simulation (without drifting-snow compaction) for cumulative snow density change (Aps cum) and snow den-
sity (ps) 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
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about 0.015 mm s~! — small-scale convective patterns appear
within the snow column.

By comparing the time series of snow density profiles with
those of the averaged convective-flow velocity (Fig. 13 com-
pared to Fig. 15), we find that convection generally occurs
early in the season when the snow density is still low, before
the onset of strong wind events. Once wind events stronger
than about 7ms~! occur, the newly formed high-density
slabs suppress convection. Nevertheless, individual convec-
tion episodes can be identified and visualized through the
two-dimensional SNOWPACK-OpenFOAM fields of flow
velocity, air temperature, snow density, and cumulative snow
density change due to vapor transport for specific winter sea-
sons and they are analyzed as follows:

i. 2013-2014. A distinct convection cell developed
throughout the snow column on 16 November 2013
(as shown for snow density in Fig. 13a and for aver-
aged convective flow velocity in Fig. 15a), shortly be-

The Cryosphere, 20, 2439-2467, 2026

ii.

fore a wind event suppressed further convection. The
horizontal cell scale was approximately equal to the
snow height (10cm) as shown Fig. 16a for the two-
dimensional SNOWPACK-OpenFOAM fields of flow
velocity.

2014-2015. Two short convection episodes were found,
one around 16 October 2014 and another ending 20
March 2015 (comparing averaged convective flow ve-
locity in Fig. 15b with the corresponding snow density
in Fig. 13b). The first affected mainly the upper half of
the snowpack and showed lateral variations in flow ve-
locity and air temperature (Fig. 17a and b respectively)
but little imprint on snow density. The second con-
vection event formed gear-shaped cells (2.5 cm radius)
within a low-density surface layer (around 50kgm™!)
as shown in Fig. 18a.

https://doi.org/10.5194/tc-20-2439-2026
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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 Fig. 9c on 11 March in winter seasons 2017-2018.

iii. 2015-2016. A single convection event was observed
between 2 and 25 December 2015. As shown in
Fig. 19, convection cells formed above a 5cm-thick
high-density layer (likely a wind slab) and extended
to the surface. Lateral gradients in air temperature and
vapour-induced density change were visible, although
the event ended before leaving a strong structural im-
print.

iv. 2016-2017. Three convection episodes occurred — start-
ing 23 October, a persistent one from 23 November
2016 to 21 February 2017, and a third around 28 April
2017 as shown in Fig. 15d. The second and third events
(Fig. 20 and figure 21 respectively) were strong enough
to leave a clear signature in snow density and cumu-
lative vapour-transport-induced densification, showing
that even with drifting-snow compaction active, con-

The Cryosphere, 20, 2439-2467, 2026

vection can still generate noticeable lateral and verti-
cal variability in snow density, temperature, and related
properties such as effective conductivity.

v. 2018-2019. Two pronounced convection events were
detected, centred on 12 November 2018 and 21 April
2019 (comparing averaged convective flow velocity
in Fig. 15f with the corresponding snow density in
Fig. 13f). The first produced well-defined convection
cells near the base of the snowpack (shown in Fig. 22),
while the late-season event (shown in Fig. 23), af-
ter roughly five months of quiescence, generated small
gear-like cells (around 2.5 cm radius) within a 5cm-
thick low-density surface layer.

Overall, these observations show that convection events
can arise even under the restrictive influence of drifting-snow
compaction, but they are intermittent, short-lived, and eas-
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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.

ily suppressed by subsequent wind activity. From this com-
parison, we conclude that activating the drifting-snow com-
paction model effectively constrains convective transport,
defining the lower bound of convection activity. The snow-
pack remains largely diffusion-dominated, with density strat-
ification controlled mainly by wind-slab formation rather
than by convective redistribution of water vapor.

https://doi.org/10.5194/tc-20-2439-2026

4 Conclusions, Limitations and Outlook

Convection in snow has long been hypothesised to be at least
partially responsible for the typical high-latitude snow pro-
file with a weak (low density) foot and a sturdy (high den-
sity) top. Such profiles are to date not successfully repro-
duced by numerical snow models. Recent progress in ide-
alised simulations of convection in snow (Jafari et al., 2022)
now opens the possibility to investigate the process in more
realistic settings. This paper makes a first step by guiding
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Figure 13. The time series of snow density for six winter years from 2013-2014 till 2018-2019 in Bylot herb tundra, SNOWPACK-

OpenFOAM simulations with convection and drifting-snow compaction model active in SNOWPACK. The insets show vertical profiles
on early January for all six years.
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Figure 15. The time series of averaged convection flow velocity for six winter years from 2013-2014 till 2018-2019 in Bylot herb tundra,
SNOWPACK-OpenFOAM simulations with convection and drifting-snow compaction model active in SNOWPACK. The insets show vertical

profiles on early January for all six years.
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[BYL-2013-2014, SNOWPACK-OpenFOAM with drifting-snow compaction on 16 November 2013
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Figure 16. Simulated two-dimensional plots on 16 November 2013 from SNOWPACK-OpenFOAM simulations with convection and with
drifting-snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 3, (b) the gas phase
temperature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport, and (e) the phase change rate from

ice to vapor.

two-dimensional simulations of convection in OpenFOAM
through a detailed SNOWPACK simulation for full snow
seasons at the Arctic Bylot site. Using a SNOWPACK ver-
sion where surface wind compaction has been turned-off, we
show that significant convection happens throughout the sea-
son but that this does not move sufficient mass to form the
hard and dense surface snow slab as observed. When using
the SNOWPACK variant with wind-induced surface com-

https://doi.org/10.5194/tc-20-2439-2026

paction (Keenan et al., 2021; Wever et al., 2023), convection
is inhibited significantly but still occurs over extended pe-
riods of time and for cells with varying vertical extent. We
regard the tests without wind compaction as showing the up-
per bound of potential convection effects and the ones with
wind compaction as showing the lower bound. Our simula-
tions also indirectly confirm the importance of wind for the
hard surface slab (Sommer et al., 2018).

The Cryosphere, 20, 2439-2467, 2026



2458 M. Jafari and M. Lehning: Simulating the effect of natural convection in a tundra snow cover

BYL-2014-2015, SNOWPACK-OpenFOAM with drifting-snow compaction on 16 October 2014
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Figure 17. Simulated two-dimensional plots on 16 October 2014 from SNOWPACK-OpenFOAM simulations with convection and with
drifting-snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 5, (b) the gas phase

temperature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport, and (e) the phase change rate from
ice to vapor.
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|BYL—2014-2015, SNOWPACK-OpenFOAM with drifting-snow compaction on 20 March 2015
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Figure 18. Simulated two-dimensional plots on 20 March 2015 from SNOWPACK-OpenFOAM simulations with convection and with
drifting-snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 15, (b) the gas phase
temperature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport.
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| BYL-2015-2016, SNOWPACK-OpenFOAM with drifting-snow compaction on 12 December 2015 |
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Figure 19. Simulated two-dimensional plots on 12 December 2015 from SNOWPACK-OpenFOAM simulations with convection and with
drifting-snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 10, (b) the gas phase
temperature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport.
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|BYL-2016-2017, SNOWPACK-OpenFOAM with drifting-snow compaction on 5 January 2017|
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Figure 20. Simulated two-dimensional plots on 5 January 2017 from SNOWPACK-OpenFOAM simulations with convection and with
drifting-snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 5, (b) the gas phase
temperature, (c¢) the snow density, (d) the cumulative snow density change due to water vapor transport.
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| BYL-2016-2017, SNOWPACK-OpenFOAM with drifting-snow compaction on 28 April 2017|
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Figure 21. Simulated two-dimensional plots on 28 April 2017 from SNOWPACK-OpenFOAM simulations with convection and with drifting-
snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 5, (b) the gas phase temper-
ature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport.
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BYL-2018-2019, SNOWPACK-OpenFOAM with drifting-snow compaction on 12 November 2018
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Figure 22. Simulated two-dimensional plots on 12 November 2018 from SNOWPACK-OpenFOAM simulations with convection and with
drifting-snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 2, (b) the gas phase
temperature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport.
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| BYL-2018-2019, SNOWPACK-OpenFOAM with drifting-snow compaction on 21 April 2019 |
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Figure 23. Simulated two-dimensional plots on 21 April 2019 from SNOWPACK-OpenFOAM simulations with convection and with drifting-
snow compaction model active in SNOWPACK for (a) the convective flow velocity vector scaled by a factor of 3, (b) the gas phase temper-
ature, (c) the snow density, (d) the cumulative snow density change due to water vapor transport.
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Investigating lateral and vertical effects of convection on
the thermal and phase change regimes for Bylot, it is found
that convection cells qualitatively have similar lateral and
vertical footprints 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 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 be-
tween downward and upward flows. Lateral variations up to
90kgm~3 (115 %) for snow density and up to 5 K (30 %) for
snow temperature indicate major gradients within a convec-
tion cell, which may substantially influence secondary pro-
cesses such as metamorphism and melt-refreeze to laterally
vary in the snowpack.

Looking at time series of temperature profiles, it is found
that strong snow density change rates due to sustained con-
vection are strongly linked to persistent cold events observed
for Bylot tundra. Compared to diffusion only, a larger in-
crease in cumulative snow density change up to 55 kgm~3 is
observed close to the snow surface. Furthermore, it is shown
that a significant decrease in snow density due to convec-
tive 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. How-
ever, 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 ob-
served profiles. This could be due to limitations of the study
set-up. We recall that the coupling between SNOWPACK
and OpenFOAM cannot be made fully consistent as the one-
dimensional SNOWPACK profile changes need to be uni-
formly applied to the two-dimensional OpenFOAM domain,
which is not realistic. Another limitation is that the current
set-up does not use the convective vapor fluxes from Open-
FOAM to drive metamorphism, in particular grain growth,
in SNOWPACK. This could clearly lead to rapid growth of
grains at the foot of the snow cover facilitating convection. In
general, all process representations in SNOWPACK would
have to be adapted to be consistent with the explicit con-
sideration of convective vapor fluxes. This concerns next to
metamorphism also settling. We have further neglected wind
pumping (forced convection) throughout this study, as quan-
titative analysis by Jafari et al. (2022) shows its effect on
snow density change profiles to be minor compared to natural
convection, especially in the presence of a low-permeability
hard slab.

Therefore, we propose as next steps to investigate whether
larger effects can be obtained by considering the influence
of vegetation (grass and shrubs), which reduce initial den-
sity close to the ground (Jafari and Lehning, 2023b), or
by improving the consistency between the one- and two-
dimensional domains in terms of improved metamorphism
modelling. As a second step, one could attempt to parame-
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terize the effect for the one-dimensional SNOWPACK model
(or other such models).

We acknowledge that a simple parameterization based on
classical dimensionless numbers (like the Rayleigh number,
Ra) for the entire snow column is problematic. Snow prop-
erties (the snow porosity, the effective thermal conductiv-
ity, and the intrinsic permeability) vary in space and time
for a real convection case, making it difficult to define a
single, representative Ra for a one-dimensional model. The
practical step forward is to use high-fidelity SNOWPACK-
OpenFOAM solution as a “truth set”. We will extract the
resulting effective convective vapor flux and corresponding
density change as a function of local one-dimensional snow
properties (density, grain type, the snow element temperature
difference as AT) within snow layers. This generated data
can then be used to calibrate a water vapor diffusion enhance-
ment factor («y) to be employed in one dimensional models.
The substantial two-dimensional variations observed-up to
90kgm™> (115 %) in localized snow density and up to 5K
(30 %) in temperature — demonstrate that ignoring the two-
dimensional nature of natural convection introduces over
100 % uncertainty in localized density prediction and up to
30 % uncertainty in snow temperature in conventional one-
dimensional models, underscoring the necessity of address-
ing this process.

Code and data availability. The full source code of SNOWPACK-
Foam, a coupled SNOWPACK-OpenFOAM solver developed
for modeling water vapor convection in snowpacks, is openly
available on GitHub at https://github.com/cryos-snowBedFoam/
SNOWPACKFoam (last access: 26 February 2026) and archived on
Zenodo (https://doi.org/10.5281/zenodo.18788998; Jafari, 2026).
The repository also contains the complete simulation setup used for
the experiments described in this paper.
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