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Abstract.

Permafrost occurrence in mountainous regions is in uenced by complex topography and sur cial geology, leading to high
spatial heterogeneity. Coarse sediments create a unique thermal regime that allows permafrost to persist even under positiv
mean annual air temperatures due to natural convection lowering ground temperatures. Although this process has been rec
ognized as a key factor in explaining the persistence of permafrost formation within coarse sediments, studies assessing the
impact of natural convection on ground temperatures and permafrost are limited, partly due to the absence of hydrological mod-
els that take this process into account. This article expands on a well-established hydrological model to incorporate the effects
of natural air convection on heat transfer. The modi ed model includes air ow through Darcy’s equation and the Oberbeck-
Boussinesq approximation to account for density-driven buoyancy effects, as well as a heat advection-conduction equation for
the air phase without assuming local thermal equilibrium between the air and the other phases. The model was tested on a talu
slope in the Canadian Rockies, where conventional models failed to represent eld-based evidence of permafrost. The results

revealed that coarse-size sediments can lower ground temperatures by several degrees when natural convection is considere

in alpine landforms and enables a more accurate analysis of permafrost extent and its in uence on groundwater discharges.

1 Introduction

Mountains play a fundamental role in providing water resources for the environment and society, with nearly 40% of the global
population relying on mountain runoff (Viviroli et al., 2020). These environments possess unique hydrological characteristics,
sustaining streams throughout the year through diverse water storage processes groundwater, lakes, snow, glaciers, and per-
mafrost collectively supplying water across broad time scales (Jones et al., 2019). Within mountains, particular landforms
like talus slopes, moraines, and rock glaciers stand out as key hydrological and ecological components of high-altitude basins.
Recent eld-based studies have shown that water released from these landforms contributes a relatively large fraction of the an-
nual stream ow despite covering a relatively small area (Chen et al., 2018; Harrington et al., 2018; Hayashi, 2020; Somers et al.,
2016; Winkler et al., 2016). Additionally, mountainous landforms exhibit unique thermal characteristics, where the presence of
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coarse sediments creates a distinctive ground thermal regime, establishing them as cold-condition strongholds since their per
sistently cold discharges are critical for the ecological balance of mountain ecosystems (Brighenti et al., 2021; Harrington et al.,

2017; Morard et al., 2008). Permafrost, de ned as the subsurface material with temperatures li2fowdl least two con-

. This context underscores the importance of understanding the thermal processes occurring in mountainous landforms as

necessary step to characterize the in uence of permafrost in the hydrological balance of mountain environments.

paths;near-surfaceow

Taoagverwhenpermarfrosts discontinuous

A relevant factor controlling permafrost occurrence in mountainous landforms is the presence of coarse, blocky sediments.

Studies have shown that coarse sediments can sustain lower temperatures than adjacent ne-grained soils, primarily due to thi
combined in uence of density-driven air convection and a lower thermal conductivity (Gorbunov et al., 2004; Gruber and Hoel-

thegroundandthe air canpromoteair convectioninsidehigh-permeabilitydepositsresultingin a strongcouplingof the heat
transferprocessebetweertheatmospherandthe subsurfacée.g.,JuliusserandHumlum,2008;Pruessneetal., 2018).0ne
exampleof this effectcanbeseenin landformswith steepslopessuchastalusslopeswherenon-verticalair convectionoccurs
duringwinterandsummergeneratingathermalanomalyWhile in generalair andgroundsurfacetemperaturedecreasevith
elevation(Rolland,2003),internalair convectiorcanoverridethis relationshipandleadto colderconditionsin thelower partof

In addition,the coarsesedimentslow thermalconductivityin uencesthe seasonalityf heattransfer,contributingto anover-

all decreasén groundtemperature§GruberandHoelzle,2008).The heterogeneousatureof snowcovernverthesecomplex,
non-smoottsurfacesurtherin uencesheattransferprocesse coarsesedimentsreducingthe snowinsulationeffect (Hae-
berlietal., 2011).

Variousnumericaimodelshavebeendevelopedo examineghecomplexinterplayof processes uencing permafrosbccur-
rence(Grenieretal., 2018). They havecontributedto understandinghein uence of groundwaterow in permafrosenviron-
mentsby couplingthe ow andheattransporequationsincludingdynamicfreeze-thawprocessed-or example SUTRA-ICE
(McKenzieetal.,2007)andPFLOTRAN-ICE(Karraetal., 2014)arecomprehensiveubsurfacehree-dimensiond3D) mod-
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els considering heat transport, water ow, and ice-related processes. However, they do not account for energy exchanges with
the atmosphere, requiring coupling with other models to simulate the surface energy balance and snowcover (e.g., Rush et al.
2021). In contrast, GEOtop, a well-known 3D model in mountain hydrology (Dall’Amico et al., 2018; Endrizzi et al., 2014;

Fiddes et al., 2015; Rigon et al., 2006; Soltani et al., 2019), integrates surface and subsurface energy and water balances b

the energy balance. It is speci cally designed to represent complex mountain terrains, considering the interaction between
topography and radiation, a feature not commonly found in other hydrological models.

One major drawback of the models mentioned above is that none account for the necessary processes that lead to density
driven air convection, which restricts their usefulness in studying permafrost occurrence in coarse-grained landforms. While
some studies have examined the in uence of air convection on the thermal behavior of coarse sediments and permafrost occur

' atck, 2020)

ngetal., 2021;LebeauvandKonrad,2016;Marchenko,2001; Wicky andHauck,2020;Wicky etal., 2024)
, theseapplicationsareoftenlimited to two-dimensionaproblemsandarenot coupledwith atmospheriprocesseg-urther-

more, exceptfor the work by Wicky andHauck (2017,2020),thesestudiesarerarely discussedn the contextof mountain

environmentsModelsaimingto incorporatethe effectsof air convectioncommonlyformulatethe heattransportequationas-

suminglocal thermalequilibrium (LTE), meaningthatthe temperaturef all the phasesithin the porousmedium(sediment
grains,water,ice andair) areassumedo beidenticalwithin therepresentativelementarywolume.While the LTE assumption
mightbesuitablefor modelingtheadvectivewaterheattransporidueto its slowerdynamics)jt maynotholdtruefor anaccu-

ratecharacterizationf air convectionwheretheair canexhibit muchfasterdynamicgNield andBejan,2017).Consequently,
thereis a needfor acomprehensiveryo-hydrogeologynodelthatintegrateghe physicalprocessef uencing heattransport
in coarse-grainethndformsto improvethe capabilityto predictandforecastpermafrosbccurrence.

Takingadvantagef the versatility of the GEOtopmodelfor hydrogeologicaktudiesin mountainenvironmentsthis article
extendsGEOtop3.0to betterrepresenthe thermalbehaviorof coarsesedimentsn mountainenvironmentsy incorporating
density-drivenair convectioninto the model. The study speci cally formulatesthe heattransportusinga local thermalnon-
equilibrium(LTNE) approachTo thebestof theauthors’knowledgethisis the rst instanceof theLTNE approactbeingused
in the contextof permafrostmodeling.The mainobjectivesof this studyareto (i) assesshevalidity of thecommonlyadopted
localthermalequilibrium(LTE) approacHor describingair convectiorwithin coarsesediments(ii) enhancéheunderstanding
of theimpactof air convectionontheenergybalanceof coarsesedimentandto improvethe capabilitiesof the GEOtopmodel
to predictpermafrosiccurrencén mountainougandforms,and(iii) advancehe understandingf permafrost'sn uence on
the hydrologicalbalanceof talus slopes.To achievetheseobjectives,the studyis basedon the analysisof hypotheticaltest
casexomparingthe simulatedgroundtemperaturesf coarsesedimentobtainedwith the existing GEOtop3.0 andthe new
convection-enhance@EOtop,with a particularfocuson theimplicationsof applyingthe LTNE approachThe newmodelis

furtherevaluatedn atalusslopelocatedin the CanadiarRockieswhere eld evidenceof permafrosis available.
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2 Model description
2.1 Natural convection

Natural convection, also known as density-driven convection, occurs when uid ow is driven by density gradients, unlike
forced convection, where an external force (e.g., pressure gradient) drives the ow. In coarse sediments, natural convection car
be generated when there is a large enough temperature gradient between the sediments and the external air. As a consequen
a density gradient develops between the lower (warmer) and upper (colder) boundaries, leading to the upward movement of
warmer, less dense air and the downward movement of colder, denser air (Fig. 1). This pattern forms clockwise and counter-
clockwise convection cells side by side, resulting in a bottom-up energy transfer by the convection cells (Narasimhan, 1999).

The strength of natural convection in a porous medium is quanti ed by the Rayleigh-Darcy nuRdje(Bories and
Combarnous, 1973; Otero et al., 2004),

Ra= g-22%X T.h; (1)

a
whereg (ms ?) is the gravitational acceleration, (K 1) is the volumetric thermal expansion coef cient of the aig,

(kgm 3),ca (Jkg K YHyand , (m?s 1) are, respectively, the density, speci ¢ heat capacity and kinematic viscosity of the

air, k (m?) is the medium permeability, (W m *K 1) the thermal conductivity of the medium andr, (K) is the difference

of air temperature between two plains separated by a distar(cg). The onset of natural convection is de ned by the critical
Rayleigh numberRac), which ranges from 27 to 40 depending on the upper surface characteristics (Lapwood, 1948). The
lower limit can be considered to be representative of an open surface (e.g., coarse surface sediments without snow cover)
whereas the upper limit can be taken to be representative of an upper surface impermeable to air ow (e.g., coarse surface

sediments with thick snow cover).
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Figure 1. Density-driven air convection. The temperature at the bottom is higher than at th&; tof (). Adapted from Guodong et al.
(2007)

The Rayleigh number is particularly sensitive to the permeability of the porous medium, which can vary by several orders of
magnitude for natural materials depending on the characteristic grain size (Nield and Bejan, 2017). Permeability is commonly
estimated using the Kozeny-Carman equation,
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whered;g (M) is a characteristic grain diameter such that 10% of the sediment particles are net;ghanis the porosity,
andA =0:0056=4:25is a constant proposed by C td et al. (2011), that improves the estimation of permeabilities for coarse
sediments.

Natural convection in coarse sediments has a strong seasonal variability resulting from air temperature uctuations. In winter,
temperatures inside the sediments are higher than the external air temperature. Air convection intensi es the energy exchang
with the atmosphere, causing the sediments to lose energy to the air. In summer, the opposite happens; the temperature insic
the sediments is lower than the external air. Since the cold air is heavier than the exterior air, no air convection occurs, and
energy exchange is controlled by conduction. The small contact areas between the sediments and the low thermal conductivity
of the air result in the sediments acting as a thermal insulator, reducing the amount of energy gained by the groundifrom the

gains in summer produces a net energy loss, lowering the average ground temperature (Guodong et al., 2007).
2.2 GEOtop

GEOtop is a versatile 3D hydrological model that effectively integrates ground energy and water budgets while accounting for
atmospheric energy exchange and a multilayer snowpack (Bertoldi et al., 2006; Dall’Amico et al., 2011; Endrizzi et al., 2014;
Rigon et al., 2006). This makes it suitable for modeling permafrost-relevant variables such as snow and ground temperatures.
This work refers to GEOtop 3.0 as the standard GEOtop (S-GEOtop). The system of equations for the water ow and energy
balance in S-GEOtop is as follows:

@m

@t+r JW+FW:0; (3)
@U @G_ .
@ 6" “

where , = W is a dimensionless variable representing total water content expressed as liquid watit,,vétidM ;
being respectively the mass of liquid water and ige(kgm 3) is the density of liquid water, and. (m?) is a control volume.
Jw= %(r P w0) (ms 1)isthe water uxk,, the relative permeability of water,, (Pas) the dynamic viscosity of
liquid water,r P (Pam 1) is the pressure gradierg,(ms 2) is the gravity vector, ané,, (s 1) is a sink term representing

energy, wher€,, (Jm 3K 1)is the medium volumetric heat capacify(K) is the temperature withixis, T,es is a reference
temperaturel.; (JKg 1) is the latent heat of fusion, ang, is the volumetric liquid water conten® = T %; (Wm ?)
represents the vertical component of the conduction ux, wherédWm 1K 1) is the effective thermal conductivity within
V.

Prior research has utilized S-GEOtop in mountain regions to model snow cover (Dall’Amico et al., 2018), water and energy
uxes (Rigon et al., 2006; Soltani et al., 2019), and permafrost distribution (Fiddes et al., 2015; Wani et al., 2021). However, as
the model does not consider air ow in porous media, it fails to accurately represent the thermal behavior of coarse sediments,
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leading to inaccurate representation of permafrost distribution in mountain landforms such as talus slopes, moraines, and rock
glaciers.

2.3 Convection-enhanced GEOtop
2.3.1 Governing equations

To incorporate natural convection into the S-GEOtop model, a new set of transport equations is implemented to solve for
the air ow within the sediments and the air heat transport, creating a new model version referred to as convection-enhanced
GEOtop (CE-GEOtop). While the S-GEOtop formulation assumes that all phases are in thermal equilibrium within a control
volume (Fig. 2A), CE-GEOtop uses the local thermal non-equilibrium (LTNE) approach to characterize the energy balance of

Under this approach, the air temperature differs from the temperature of the other phases in the control volume (Fig. 2B). In
this context, the group of all non-air phases will be referred to as the composite medium (CM). These phases are considered fc
be in local thermal equilibrium (LTE), as in the original implementation of S-GEOtop, meaning that for each control volume,
the new model will keep track of two different temperatures and the heat transfer processes between these two main phases
Although the LTNE approach requires additional parameters to determine the inter-phase heat transfer, it explicitly accounts
for the decoupling between the temperature of the air phase and the CM, leading to a more realistic representation of convective
heat transfer.

[~ e
[ Ice | T Ice |
Solid material Solid material

Air energy balance 3D

Figure 2. Panel (A) shows the conceptual model of the standard GEOtop model, and panel (B) shows the conceptual model of the convection-
enhanced GEOtop.
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air-ow-equation-tn-which key distinctionthat airis-treatedasanineompressibledie—densityis now temperature-dependent

af Va=0; (5)

Va= —( P a0); (6)

whereV , (ms 1) is the air velocityk,, is the relative permeability of the air, angd (Pas) is the dynamic viscosity of air.

The air density is calculated ag(Ta) =  a(Trer )[1 (Ta T )] (Nield and Bejan, 2017k,, is calculated by the van
Genuchten approach as proposed by Mahabadi et al. (2016), which uses the same parameters for both the water and air relati
permeabilities:

= S0 s s S ™

wheresS,,, is the residual water saturatiam, is a van Genuchten parameter, &= - is the relative liquid water content.

For solving equation 5, the lateral and bottom domain boundaries are assumed to be impermeable, whereas the top boundar
condition is snow-dependent; in snow-free pixels, an open boundary condition is applied, allowing air exchange between the

soil and the atmosphere, while a no- ux boundary is applied to snow-covered pixels. Some authors have reported air in Itra-
tion in the soil even with snow cover up to 0.541 (Belaloye-and-Lambiel, 2005 Merard-etal2008-Sehereretal;2013)

rameter,H, (M), is included to account for potential air in Itration in snow-covered pixels. For snow depths belpw
the air ow remains unimpeded by snow cover (open boundary condition).

The energy transport equation in the air phase combines advection and conduction prbeessisesnotaccountforthe
thermalradiationof-coarsesediments:

@y o
@"'r (Ga+Ja) h(Tem Ta)=0; (8)
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whereU, = Ca(Ta  Trer ) (IM 3)is the air internal energf,, (K) andT¢n, (K) are the temperatures of the air and the com-
posite medium respectivelg, (Jm 3K 1) is the air volumetric heat capacity, anglis the air content. The heat conduction

ux is denoted byG, = ar Tq (Wm 2), where , (Wm K 1) is the air thermal conductivity, while the heat advected

by the air ow is given byJ, = aCa(Ta  Trer )Va (Wm 2). Lastly,h (Wm 3K 1)is a heat transfer coef cient describing

the heat exchange between the air and the composite medium. For a proper representation of the coupling between the tw
phases, the heat exchange term included in equation 8 should be included with the opposite sign in the energy balance fol

transfer coef cienth is calculated as,

- Aphcm a(l a).

h v ;

©)

whereA,, (m?) andV, (m?) are respectively the surface area and volume of a spherical particle with diaimetedhe, 4
(Wm 2K 1) isthe heat transfer coef cient between the CM and the air interface calculated as,

Nusa a

cm a= d : (10)
In the previous expressioN,ug;, is the solid-to-air Nusselt number, which is expressed as
Nusa = a+ b Pr;™ Ref: (11)

where,Re, = M is the particle Reynolds number, aRd, is the air Prandtl number. At atmospheric pressérg, is

fairly constant for temperatures between -10 to 25 so a constant value &fr, = 0:711is used, corresponding to its value

for0 C.In Eqg. 11, the coef cients, b, andc are the heat transfer model constants; for packed spheres, were estimated to be
a=2,b=0:5, andc=1=3 (Whitaker, 1977).

2.3.2 Thermal conductivity

Thermal conductivity plays a fundamental role in the sediment’s conductive heat transport and, thus, in the exchange of heat
with the atmosphere. Particularly, the low thermal conductivity of coarse sediments leads to an overall decrease in ground
temperatures (Gruber and Hoelzle, 2008). Currently, S-GEOtop calculates the sediment’s effective thermal conductivity
using the approach proposed by Cosenza et al. (2003):

p— p— p— p—
=1 n) s+ w wt it a a]2 (12)
where ; is the volumetric fraction of ice, s the thermal conductivity of sediment particles, the thermal conductivity of
water, and ; the thermal conductivity of ice. This approach generally leads to a reasonable estimation of the sediments’ thermal
conductivity, although it overestimates the conductivity in dry conditions. Using Eqg. 12, the minimum thermal conductivity is

T=[1 n)p st ap 2> 0:9wWm K ! fora case with negligible water content, porosity of 40% and solid thermal



conductivity of 2.2Wm 'K 1. However, previous authors have shown that for liquid water contents lower than 5-10%,
T+ 03 05Wm 1K ! (Bristow, 2018; C t@ and Konrad, 2009), that is about the half of the value estimated by using Eq.
12. These low thermal conductivities during dry conditions occur since the rock-to-rock contacts are minimal due to the rock
225 roughness (Cheng and Wong, 2022). Those small open spaces on the rock-to-rock contact are lled with air for dry conditions,
hindering thermal conduction (Bristow, 2018).
In CE-GEOtop, a new approach to calculating the thermal conductivity was implemented. Particularly, the estimation of the
thermal conductivity for low water content conditions is improved by using the Farouki-de Vries model (Farouki, 1981; Tian

etal., 2016):
230 ;= w o wtW | itWy a4 atws (1 n) (13)
wt Wi j+wy farws (1 n)
2 L ! _
Wy = b1+ 0 +Z 1+ L 1.1 29) ; n2fa;i;sg (14)
3 w 3 w

wherew, are the weighting factors of air (a), ice (i), and solid partigigtratcanbecaleulatecby:-
1 1

2 1
14 g +§1+J1(1 20n)

Wp =
3 w w

235 particlesaneiee-anea-of the individual phaseswhere uniform shapefactors g = gs = 0:125 are adoptedfor_ice and solid

8

<0:333 (0:333 0:035) 4=n; if ,, 0:09
Ga = . ) (15)

© 0:013+0:944 ,: if w < 0:09

The Farouki-de Vries model sets liquid water as the continuum medium and sediment minerals as uniform particles to
estimate 1 of unfrozen and frozen soil. Under the same dry conditions mentioned earlier, the Farouki-de Vries will predict a
240 thermal conductivity of 1 =0:32 Wm K 1, which is consistent with the reported sediment’s thermal conductivity for dry

conditions (1 0:3 0:5Wm 'K 1;Bristow, 2018; C t@ and Konrad, 2009).

Oneof thelimitations of the CE-GEOtopmodelfor simulatingthe thermaldynamicsof coarsesedimentss its exclusiono

245 2.3.3 Numerical Solver

The four main transport equations are solved sequentially in a time-lagged manner (Panday and Huyakorn, 2004): (i) air mass
balance (Eq. 5), (ii) air energy balance (Eg. 8), (iii) composite medium energy balance (Eq. 4) and, (iv) water mass balance
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(Eqg. 3). Each equation is solved by using the implicit nite-volume scheme originally implemented in S-GEOtop. The solver
is based on a Newton-Raphson iterative scheme (more details on Appendix Al).

Given the nonlinear nature of the system of equations, maintaining control over the numerical convergence of the simulation
becomes crucial. Arenson et al. (2006), in their study involving air convection simulations, underscored the challenge of
establishing an appropriate relationship between the medium permeability and the numerical resolution parameters (time stey
and mesh spacing). They emphasized that numerical instabilities may arise rapidly when these factors are not adequately
balanced.

In the CE-GEOtop, a mechanism has been implemented to monitor the stability of the numerical solution by using the
maximum grid Courant number for the air velociti€sU)):

Cu =max tv—gi;i:; N (16)
whereV ,ji, and dj; are respectively the air velocity and spacing atitheface of the grid, an®\ is the number of faces in
the grid. At each iteration, the model examines @heand reduces the t if Cu surpasses the user-de ned maximum value,
Cumax - Despite the utilization of an implicit numerical scheme, it is generally advised to maltgip, < 10to ensure both
stability and accuracy of the numerical solution (Rai and Chakravarthy, 1986).

2.3.4 Shadows

Radiation plays an important role in the ground-surface energy balance. In complex terrains, careful considerations are neces
sary for an accurate estimation of the total radiation that the surface receives. S-GEOtop accounts for both cast shadows fron
surrounding topography and the view factor's impact on radiation (Endrizzi et al., 2014). However, during the development
of the new code, it was detected that the method for calculating cast shadows could be improved to provide a more accurate
estimation of the shadows in rugged terrains. The original approach in S-GEOtop uses the model digital elevation mode (DEM)
to calculate cast shadows, but it often fails to account for shadows cast from peaks outside the model’'s domain. In CE-GEOtop,
this limitation is addressed by allowing for the input of a second, larger DEM speci cally for calculating cast shadows. This

enhancement improves the model’s capacity to represent shadow conditions without expanding the model’'s dimensions.

3 Case study - Babylon talus slope

To evaluate CE-GEOtop’s performance in a realistic scenario, the model is applied to the Babylon talus slope in the Lake
O’Hara watershed, Yoho National Park, Canada, where eld evidence suggests permafrost presence (Fig. 3). The Babylon
basin is approximately 0.28m? in surface area and is drained by Babylon Creek, which exits the northeast corner of the
basin.

10
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Meteorological data from a nearby weather station show that the mean monthly air temperature in the area ranges from
-9.7 C in January to 10.4C in July, with annual precipitation of 1000-1200m, predominantly in the form of snow (He
and Hayashi, 2019). Two small springs at the base of the Babylon talus ow toward Babylon Creek along the bedrock plane.
Discharge and temperature were measured weekly at Babylon Creek from July to September 2008, with continuous stage
recording every 10 minutes using pressure transducers in a stilling well (AquaTroll 200, In-Situ Inc.; Muir et al., 2011).
Discharge was estimated using a stage-discharge rating curve developed from manual water stage measurements.

Figure 3. Map of Babylon talus slope showing the locations of BTS sensors (hexagons), electrical resistivity tomography pro les (orange
lines), and estimated permafrost extent (blue line). June potential incoming solar radiation (PISR) was calculated using SAGA GIS (version
2.3.1; http://saga-gis.org) and the satellite digital elevation model ALOS PALSAR (12x12 m: JAXA/METI ALOS PALSAR L1.0 2007).

In speci ¢ sections of the Babylon talus slope, high electrical resistivity values exceedikgns0vere observed (Muir
et al., 2011), indicating the presence of permafrost (Hauck and Kneisel, 2008). To verify this, surface temperature sensors
(Ibuttons DL1925 and DS1921Z-F5) were deployed during the winter seasons of 2016, 2021, and 2022. By correlating high
resistivity zones with low basal temperatures of the snowpack (BTS), permafrost was identi ed in the middle-bottom section

of the Babylon talus slope (Fig. 3). The presence of permafrost in the middle-bottom section of the talus and within coarser

11
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sediments suggests that natural convection in uences permafrost occurrence at the Babylon talus slope, making it an interesting
case study for evaluating CE-GEOtop under actual eld conditions.

4 Results and discussions

Thoroughly evaluating the CE-GEOtop model presents a challenge due to the absence of an analytical solution encompassin
all the processes the model accounts for. Nonetheless, the standard GEOtop model has been validated by previous studie
(Dall’Amico et al., 2011; Endrizzi et al., 2014); hence, this study will focus on a comparative analysis of the new air convection
module in CE-GEOtop with respect to equivalent simulations performed with S-GEOtop. This section begins by examining the
effects of local thermal non-equilibrium (LTNE) using a synthetic case. Following this, the performance of the air convection
module is assessed on the Babylon talus slope.

4.1 Effect of Rayleigh number and Local Thermal Non-Equilibrium (LTNE).

Simulations using CE-GEOtop were conducted to evaluate the differences between a case considering the classical LTE as
sumption against a case using the LTNE approach. These simulations evaluated the impact of considering different heat trans
port processes in the sediment’s temperature without considering surface energy uxes. The LTE simulations were achieved
by arti cially increasing the heat transfer term;(Eq. 9), thus enforcing the same temperature between the air and the com-
posite medium. Additionally, S-GEOtop simulations were performed to establish a baseline for comparison with CE-GEOtop.
Since S-GEOtop exclusively considers conduction as the heat transport mechanism, any agreement between the results ¢
CE-GEOtop and S-GEOtop implies the absence of natural convection.

The numerical experiment involved a synthetic geometry representing a square at domain with dimensionstnf 33
m and a 3m layer of coarse sediments with a permeabilitlf 10 ® m? (dip 70 mm). The domain was discretized into
12 vertical layers of 0.25n each and a grid size of 118, resulting in 22 grid cells in both the longitudinal and transversal
directions.

To limit the interaction with the atmosphere, the surface energy balance was removed, which included eliminating shortwave
and longwave radiation (by setting surface albedo to 1 and surface emissivity to 0), latent heat (by setting sediment water
content to , =0 and using a low air relative humidity), and sensible heat (by setting a low wind velocity). The sediments
were initialized with a temperature of 1&, and a no- ux lower boundary condition was applied for the heat transfer. On the
top boundary, a xed temperatur@, ) was applied to the sediments and air throughout the simulation. The simulations were
carried out for various values Gfop , resulting in a range of Rayleigh numbers from 25 to 265. With a lower impermeable
boundary and an upper open surfaBa, was estimated to be 27 (Lapwood, 1948). The simulations were conducted with
constant boundary conditions over a period of 30 days. The results were analyzed in terms of the layer-averaged normalizec
temperaturd, (z):

12
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325 T, (2)= T Top

whereT;(z) (K) is the temperature average over the layer at tifg@ andTi,; (K) is the initial temperature.

All simulations exhibit identical temperature pro les for the lowest RayleiBl &€ 25), indicating the absence of natural
convection (Fig. 4). However, with a slightly higher Rayleigh numtita € 65), natural convection in uences the sediment
temperature pro les after approximately 15-20 days in the LTNE simulation. This suggests that although the Rayleigh number

330 exceeds its critical value, natural convection is not strong enough to affect ground temperatures over short periods. Analysis of
the results of the highd®a values reveals that natural convection becomes increasingly signi caR&for 100as evidenced

by the temperature pro les while considering the LTNE approach.

Figure 4. Layer-average temperature pro les for differéa values plotted against normalized temperatiire) for S-GEOtop (conduction
only), CE-GEOtop (LTE), and CE-GEOtop (LTNE). The solid lines represent the sediment temperature, and the dashed lines represent the

air temperature.

At monthly time scales, the LTE simulations are indistinguishable from the pure conduction simulations in all cases except
for Ra = 265. In this last case with the highest Rayleigh number, LTE simulations show lower temperatures than the pure con-

13
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duction case after 20 days and eventually resemble the LTNE simulations after 30 days, indicating that the system reaches loca
thermal equilibrium. However, signi cant disparities are observed for shorter times or lower Rayleigh numbers, highlighting
the system’s non-thermal equilibrium state. This is evident in the air temperature pro les for the LTNE case (dashed cyan
lines), where early air temperature indicates lower temperatures than the sediment. As a result, the thermal non-equilibrium
state leads to a faster decrease in the temperature of the sediments. Therefore, adopting the LTE approach affects the short-ter
response of the sediments’ temperature and hinders natural convection effects.

4.2 Thermal anomalies at talus slopes

Topoclimatic factors, such as air temperature and potential incoming solar radiation (PISR), are typically used to delineate
permafrost zones. For the Babylon talus slope case study, these variables would suggest that the upper part of the talus i
the most favorable zone for the occurrence of permafrost due to the lower air temperatures and PISR. However, the observec
permafrost zone is in the middle-bottom part of the talus (Fig. 3), similar to observations in previous studies elsewhere (e.g.,
Delaloye and Lambiel, 2005; Morard et al., 2008; Phillips et al., 2009; Popescu et al., 2017). This thermal anomaly could be
caused by air convection in two characteristic regimes: the winter regime, in which cold external air induces the in ux of air
into the bottom of the slope, and warm air out ow at the top (Fig. 5A); and the summer regime, in which higher external air

Figure 5. Conceptual model of the talus slope: (A) winter regime and (B) summer regime (modi ed from Morard et al. (2008)); and (C)
a cross-section of the 3D model along the longitudinal line running in the center of the slope (y = 19.25 m), where vertical lines show the
positions of temperature pro le®(, P2, P3, andP,).

Thesetworegimes(To assegvetherCE-GEotopmodelcanrepresen

oftalusslepes. CE-GEOtop (with LTNE) and S-GEOtop models were con gured using the dimensions of the Babylon talus
slope with a constant slope angle of 21 degrees derived from a DEM. The 3D model domain is con ned within the boundaries
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of the geophysical survey (Muir et al., 2011), with the talus slope’s longitudinal axis measuring @hdthe transversal axis
38.5m. Figure 5C shows a cross-section of the model along the longitudinal centerline of the slope. The grid size is set at 3.5
m, resulting in 27 grid cells in the longitudinal direction and 12 in the transversal direction. The bedrock depth, based on Muir
et al. (2011), reaches a maximum of ih6at the middle section of the talus slope, gradually decreasingri@dthe top and

bottom regions. Consequently, the initial d6of the sediment domain is discretized into 32 layers, each one with a thickness

of 0.5m, while the subsequent 12 layers representing the bedrock have varying thicknesses ranging frota 2.5, in

total reaching to a depth of 33.25. A constant geothermal heat ux of 0.08 m 2 was set as the model’s lower boundary
condition (Scherler et al., 2013).

For each regime, three cases were run; the rst, CG-HK, used the CE-GEOtop model with coarse sediments and a high
permeability ok =1:5 10 & m? representing low-end values for cobble-size materials based on laboratory measurements
(Ct@ etal.,, 2011). The second is SG-HK, which utilized the standard GEOtop model with coarse sedimen ( 10 ©
m?). The last one is CG-LK, employing CE-GEOtop with sand-size sediments with low permeabiity ( 10 © m?)
instead of coarse sediments. For all cases, bedrock is assumed to be almost impermealle=\&ith 40 > m? (Hayashi,

2020).

4.2.1 Winter regime

The talus and bedrock’s initial temperature were sel to10 C, whereas the external air temperature was set to @.5
Figure 6 compares the simulated temperatures at four different pro les located along the center line of the modeRipmain:
P,, P3, andP, (see Fig. 5C for location).

In the SG-HK case, all temperature pro les show similar behavior due to heat transfer restricted to one-dimensional vertical
heat conduction. After 10 days, a slight surface cooling of about @.5 observed. Similarly, there is a small temperature
drop in the CG-LK case, and temperatures are very similar in magnitude to those obtained in the SG-HK case, except slightly
higher at the surface. The differences between CG-LK and SG-HK at the surface can be attributed to the different thermal
conductivity calculations, with SG-HK overestimating the thermal conductivity of dry sediments (as outlined in section 2.3.2).
Conversely, the CG-HK case, which considers coarse sediments, displays distinctive differences among the four pro les. The
upper sectionH;) exhibits higher temperatures, while a more pronounced cooling is evident in the nfidddad P3) and
bottom {,) sections. The middle section cools by@ and the bottom section by 6.&, with lower temperatures penetrating
to depths of 4-6n.

In the CG-HK case, the air ow streamlines indicate that the temperature distributions are in uenced by natural convection
(Fig. 7). Initially, cold air in Itrates mainly at the bottom of the talus slope, pushing out warmer air at the top, leading to the

most substantial temperature drop in the lower section (Fig. 7A). As the simulation progresses, the primary in ltration area
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Figure 6. Daily sediment temperature pro les for the winter regime up to 10 days. Arrows indicate time progression from beginning (right) to
end (left). Green lines represent the SG-HK case (S-GEOtop with high permeability), red lines represent the CG-LK case (CE-GEOtop with
low permeability), and blue lines represent the CG-HK case (CE-GEOtop with high permeability). Prdlgshat P3, andP4 correspond

to the upper, middle, and bottom sections of the talus slope (Fig. 5C).

shifts to the middle, forming a V-shaped pattern in the streamlines. The perpendicular nature of the air in Itration in this section
allows for the cold front to penetrate deeper into the slope. This ow pattern correlates with the talus slope’s geometry, where
the middle part, having the highest Rayleigh number (Eq. 1), exhibits the greatest potential for natural convection and air ow.
These results align with previous studies on talus slopes (Morard et al., 2008; Popescu et al., 2017), indicating that cold air
enters the middle-bottom section and warm air rises to the top. This explains the temperature distribution in Figure 6, where
cold air in Itration decreases temperatures in the middle-bottom section while warmer air maintains a stable temperature in the

top section.
4.2.2 Summer regime

To simulate the summer regime, the initial temperature of the talus and bedrock was setGp While the external air
temperature was set to 17.6. All temperature pro les show similar patterns for the SG-HK case (see Fig. 8), with a surface
temperature increase of approximately 1@ after 10 days. The CG-LK case once again demonstrates a lack of natural
convection in lower permeability sediments, leading to temperature pro les similar to those of the SG-HK case. Conversely,
the CG-HK scenario predicts a slight temperature increase at the bottom section surface and a stronger increase at the to
section surface (5C). Interestingly, the higher temperatures in the middle-top section of the talus for this case suggest that

convection creates less favorable conditions for permafrost occurrence.
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Figure 7. Air ow streamlines in the talus slope for the case CG-HK during the winter phase after 1, 5, and 10 days of simulation. The
grey lines show the air streamlines, while the arrows represent the direction and relative magnitude of the air ow velocity. The colored lines

represent the sediment temperature contour lines.

The air ow streamlines for the summer CG-HK case reveal that the temperature distributions are explained by a reversal of
the air ow that goes from the top to the bottom of the talus (Fig. 9). This reversal leads to an increase in temperature in the
upper section due to warm air in Itration, while the lower zone maintains a temperature of around @Wthdoughout the
simulation as air ows from within the talus slope. This ow pattern supports the "cold reservoir" observations, where a cooler
air ow persists in summer, keeping some middle-lower zones at low temperatures (Morard et al., 2008; Popescu et al., 2017).

4.3 Permafrost predictions

This section elaborates on the CE-GEOtop model's capability to predict permafrost distribution within the Babylon talus
slope. The model is forced with half-hourly meteorological data from the nearBys(km) Opabin weather station (He
and Hayashi, 2019), including precipitation, wind speed and direction, relative humidity, air temperature, incoming longwave

radiation, and cloud fractidgs

calculated by Hood (2013) from measurements along an elevation transect in the local area.
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Figure 8. Daily sediment temperature pro les for the summer regime up to 10 days. Arrows indicate time progression from beginning (left)
to end (right). Green lines represent the SG-HK case (S-GEOtop with high permeability), red lines represent the CG-LK case (CE-GEOtop
with low permeability), and blue lines represent the CG-HK case (CE-GEOtop with high permeability). Profes R, Ps, and P4

correspond to the upper, middle, and bottom sections of the talus slope (Fig. 5C).

The model’s dimensions, including spatial discretization and the bedrock depth, are consistent with the setup described in the
preceding section (Fig. 5C). However, this analysis incorporates distinct sediment permeability and thermal properties. Based
onthe ndings of Kurylyk and Hayashi (2017), a low conductivity layke3:75 10 ! m?)was incorporated in the bottom
of the talus sediments. Given that the talus is predominantly composed of cobble to boulder-sized rocks and lacks ne sediments
(Muir et al., 2011), a uniform permeability df5 10 & m? (dip =80 mm) was chosen to represent the entire unit, which
is likely conservative considering the larger sediments observed in the eld. The sediment lithology is assumed to mirror the
overlying rockwall, with approximately 65% quartzite and 35% limestone (Price et al., 1980). Quartzite possesses a thermal
conductivity of 1+ =5:7 Wm 'K ! (Jones, 2003), while limestone has a thermal conductivity0E 2:9 Wm K ?

(Thomas et al., 1973). Additionally, the volumetric heat capacity of limestarie (10° Jm 3K *; Shen et al. (2018)) is
slightly higher than that of quartzitd:@ 10° Jm 3K ?; Jones (2003)). Consequently, the thermal properties of the talus
sediments were calculated proportionally to the quantities of quartzite and limestone.

The presence of snow has a strong effect on sediments’ temperature. To verify the accuracy of CE- GEOtop’s simulated snow
water equivalent (SWE), it was compared to the snowcover evolution estimated by Hood and Hayashi (2015) in the Opabin
watershed, which includes the Babylon talus slope. Hood and Hayashi (2015) validated the Utah Energy Balance (UEB)
model using extensive eld campaigns. The Babylon talus slope falls within the regions covered by oblique-angle terrestrial

photography used for UEB model validation, so it is aimed to match the snow cover period rather than the exact SWE values.
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Figure 9. Air ow streamlines in the talus slope for the case CG-HK during the summer phase after 1, 5, and 10 days of simulation. The grey

lines show the air streamlines, while the arrows represent the direction and magnitude of the air ow velocity.

The surface aerodynamic roughness was set to 20 mm, and the rain threshold temperat@riat6B-GEOtop (Hood and
Hayashi, 2015). While Hood and Hayashi (2015) simulations began in mid-April with measured snow water equivalent (SWE)
as the starting condition, CE-GEOtop simulations, driven solely by meteorological data, spanned two years to mitigate the
uncertainty in initial conditions. Figure 10B compares SWE from CE-GEOtop and—%ﬂﬂgsimimneweeve%pa{tems

4.3.1 Long-term simulation

The long-term effects of natural convection on sediment temperatures at the Babylon talus slope were examined through multi-
year simulations, focusing on an average hydrological year from the period of 2005 to 2020, where the MAAT wes -1.4

and the average maximum snow depth wasm.@onsequently, the hydrological year 2009-2010 was chosen due to its air
temperatures and snow depth closely aligning with the period’s average (MAAT:C1ax snow depth: 1.81). A spin-up
simulation was performed to establish a stable thermal regime by repeating the meteorological forcings for the 2009-2010

450 hydrological year across 100 cycles (Ross et al., 2021).
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Figure 10.Panel (A) shows the observed air temperature. The left axis of B) shows the simulated SWE, where the green line represents the
CE-GEOtop simulated SWE, while the red line represents the UEB simulated SWE. Panel B) on the right axis shows the total precipitation

histogram.

Figure 11. Sediment temperature pro les for the last day of each month for the last simulated year. The blue lines show the temperature
pro les for the S-GEOtop case (SG), the green lines show the temperature pro les for the CE-GEOtop case with the air convection module
turned off (CG-AQ), the red lines show the temperature pro les for the CE-GEOtop case (CG), and the grey lines show the temperature
pro les for the CE-GEOtop case assuming LTE (CG-LTE). Pro lesPat P,, P3, andP4 correspond to the upper, middle, and bottom
sections of the talus slope (Fig. 5C).

The analysis considered four cases using the same permeabKity bf5 10 ® m?: (i) S-GEOtop (SG), (ii) CE-GEOtop
and the air convection module turned off (CG-AQ), (iii) CE-GEOtop (CG), and (iv) CE-GEOtop assuming local thermal
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equilibrium conditions (CG-LTE). Figure 11 shows the sediment temperature pro les for the last day of each month for the last
(i.e., 100th) simulated year. For all cases, bedrock is assumed to be almost impermeable with al0 ®> m? (Hayashi,
2020).

The SG case results indicate no permafrost in the Babylon talus slope and that temperatures remain relatively consistent
across all pro les. Surface temperatures drop below freezing for almost half the year, while temperatures at greater depths
stabilize around 5C. Similarly, the CG-AO results show no indication of permafrost. A comparison of the SG and CG-AO
results shows the effect of CE-GEOtop’s shadow calculation and thermal conductivity modi cations. The modi ed shadow
computations result in lower temperatures in the upper pro RsdndP,) in the CG-AO case, as the upper zone of the
talus is closer to the rockwall, reducing incoming solar radiation. Conversely, the narrower temperature range at greater depths
in CG-AO is due to the changes in thermal conductivity estimations, where a lower thermal conductivity leads to increased
surface temperature gradients but reduces temperature changes with depth. These simulations, when compared with observe
permafrost (Fig. 3), suggest that current climate conditions might not sustain permafrost, indicating permafrost thawing and
initial formation under cooler climatic conditions.

The CG simulation, however, reveals a different situation and predicts the existence of permafrost at depths ranging from 10
to 35m in the middle-lower section of the talus slope. Pro Ieg P,, andP3; exhibit similar temperatures, whereas the upper
pro le P4 indicates warmer conditions. These results indicate that the current climate conditions are capable of maintaining
permafrost, with natural convection playing a critical role in preserving cold temperatures and permafrost in coarse sediments.
A comparison of the CG and CG-AO results indicates that natural convection leads to @ Beduction in temperatures in
the lower pro les P3 andPy).

In the LTE simulation (CG-LTE), temperature pro les closely resemble those from the LTNE simulation (CG) at the ex-
tremities of the talus slopd®( andP,). However, differences arise in the midsecti® @ndPs), where the LTNE approach
indicates lower temperatures between 15 tar8%onversely, the LTE approach reduces the cooling effect of natural convec-
tion, failing to predict permafrost. Natural convection’s effectiveness in sediment cooling relies not only on air ux initiation
but also on the sinking of colder, denser air, which facilitates energy transfer throughout the sediment pro le. This dynamic is
overlooked in the LTE approach, where cold air cannot descend, restricting energy transfer from the surface to deeper depths
This phenomenon is evident in the temperature pro leB.aandP3, where both simulations exhibit negative temperatures
within the top 5m of sediment. However, only the LTNE simulation shows deep-reaching cold temperature effects.

4.4 Permafrost effect on discharges

This section examines the effect of permafrost on spring discharges and temperatures by comparing the results of CG and CG
AO cases. The hydrological year 2007-2008 was simulated because measured discharge and temperature data of the Babylc
basin were available for July-September 2008 (Muir et al., 2011). Figure 12 shows the summer 2008 simulated discharge and
spring temperature. Since the GEOtop domain is smaller than the Babylon basin, the discharges are normalized by the area an
shown inmm=d. For pro les P; andP,, sediment temperature, liquid water content, and ice content for four instants during
this period are shown in Appendix B (Figure B1).
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Figure 12. Effects of permafrost on discharge rates and spring water temperatureshé¢Ajourly simulated and observed discharges.

The simulations for the scenario involving permafrost (CG) showed that the onset of spring ow occurred approximately two
weeks later compared to the scenario without permafrost (CG-AQO). In early May, the CG case exhibited negative temperatures
and low water content throughout the talus, impeding in Itration and groundwater movement. On the other hand, the CG-AO

490 scenario had positive temperatures, enabling groundwater to reach the base of the talus, increasing water content in this are
and resulting in earlier discharge at the model outlet.
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becamemoresigntcant. As aresult,the simulateddischargeshowedlower magnitudeghanthe observedvalues,matching
theobservedlischargesnly duringprecipitationeventsFhecasewith-permafrosshowecbetteragreementrith-theobserved
dischargeshanthe casewithoutpermafrosturingtate Juneandearty July indicatinga-moreaccuraterepresentationf-the
basindischargeAdditionally, whencomparinghespringtemperatureto themeasuredata,it* s evidentthatthetemperatures
from the modelwith permafrostclosely resemblethe measuredialues,while the casewithout permafrostoverestimateshe
springtemperaturesThese ndings supportthe ideathatthe low watertemperatureluringthe summemay be relatedto the

presencef coarsesedimentandpermafrosbccurrence.

5 Conclusions

This study improved the GEOtop 3.0 model (S-GEOtop) by incorporating natural convection through the local thermal non-
equilibrium (LTNE) approach. The LTNE approach accounts for a different temperature for the air inside the sediment pores
with respect to the other phases, including water, ice, and sediments. Additionally, adjustments were made to the thermal
conductivity calculations and cast shadows to enhance the energy simulations in alpine landforms. The modi ed convection-
enhanced GEOtop (CE-GEOtop) model was evaluated on a talus slope in the Canadian Rockies with permafrost identi cation
from eld data.

Talus slopes with coarse sediments exhibit a thermal anomaly, where the middle-lower sections present lower temperatures
than the top of the talus. The CE-GEOtop model successfully captured this phenomenon, depicting an in ow of cold air at the
base of the talus slope and warmer air exiting at the top during winter months, as well as a reversal of this ow during summer
months. The strength of natural convection is de ned by the Darcy-Rayleigh nurRlagr $imulations indicated that ow
initiates wherRa exceed®Rac, but largeRa is necessary for natural convection impacting sediment temperatures. Moreover,
at larger timescales, sporadic instances with ld&geare insuf cient for inducing cooling, necessitating either recurrent or
prolonged periods with elevated temperature gradients.
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The simulations showed that air temperature within the sediments rarely reaches local thermal equilibrium with the other
phases in the presence of natural convection. As a result, the long-term simulations performed using the local thermal equi-
librium approach overestimated temperatures and failed to predict permafrost presence in the talus slope, underscoring the
signi cance of considering thermal non-equilibrium conditions.

The S-GEOtop simulations under current climate conditions also failed to predict permafrost in the talus, but the CE-GEOtop
model successfully predicted permafrost from depths of 10 tm 3%the middle-bottom section of the slope. This highlights
the important role of natural convection in coarse sediments’ energy balance and the relevance of using the LTNE approach
to represent this process correctly. The presence of permafrost affects the hydrological response of the talus, resulting in
delayed discharges after snowmelt and rain due to partial groundwater freezing in the lower layer of the sediments. During
summer, persistently cold discharges were simulated when permafrost was present, matching the measured temperatures at t
talus outletinn-Overall, this study demonstrated the important role of natural convection in permafrost dynamics within alpine
landforms, as well as the necessity to consider this physical process in heat transport modeling in cold environments dominatec
by coarse blocky sediments.

CE-GEOtop offers comprehensive capabilities to simulate snow cover, ground temperatures, permafrost, and water budgets
providing a new framework to analyze the interplay between groundwater discharge and permafrost, as well as the effects
of sur cial geology on temperature distribution. Future research should address the interplay between air temperatures, snow
depth, and natural convection under a warmer climate, particularly to forecast sediment temperature, permafrost extent, anc
groundwater discharges. Additionally, further examination of the effect of sur cial geology on permafrost distribution and
natural convection is necessary, with particular attention given to the role of spatial heterogeneities in permeability, deposit
depth, and bedrock con guration. All these factors strongly in uence the strength of natural convection and the patterns of

air ow within the sediments.

Code availability. CE-GEOtop is provided with a GNU General Public License, version 3 (GPL-3.0). The source code and a test case are

available through GitHub at the address: https://github.com/gzegers/geotop-CE
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Appendix A: Governing equations
Al Numerical implementation

The four main equations are solved in a time-lagged manner, following the following order: (i) air mass balance (Eq. 5), (ii) air
energy balance (Eqg. 8), (iii) composite medium energy balance (Eq. 4) and, (iv) water mass balance (Eqg. 3). These equations
can be generalized using the following form:

@R )
@t

Here, represents the unknown variable function of space and firie,a non-linear functionS is the sink term, and is

+r ( L()r )+S=0 (A1)

a property dependent on By integrating this equation over a control voluiveand using an implicit approach, we obtain:

(FCMY FOm) oz XLy
t j Dij ] !

) (A2)

+Sw z=Gy( ") o0

This equation is written for the geneiiith cell, wheren represents the previous time step at which the solution is known,
andn +1 is the next time step at which the solution is unknowt.is the time step, is the index of then adjacent cells with
which theith cell can exchange uxes;; represents the conductivity between é¢edihdj, D denotes the distance between
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the centers of cellsandj , S; represents the sink terms, aB¢lis the residual to be minimized to nd a solution. As explained
in Endrizzi et al. (2014), Eqg. A2 is solved using the Newton-Rhapson method.

A2 Mass balance
The governing coupled equation for two-phase ow is the following (Nield and Bejan, 2017):

@ww+ ii)+@aa
@t @t

To solve this system, we will not consider the interplay between the uxes of water and air. This means that the movement of

+ owlh (Qw)+ ar (Ja)+ Sg+ Sy =0 (A3)

water will not cause air movement, and air movement will not cause water movement. With this assumption, we can separate
Eq. A3 by using the split method, getting:

@WW+ ii)+

ot wh (Qw)+ Sy =0 (A4)

@ad), |
@t @

Eqg. A4 is used to solve the water ow and Eqg. A5 to solve the air ow. Using the Oberbeck Boussinesq approximation

(Ja)+ Sa=0 (A5)

to solve the air ow, the air density {) can go out of the partial time derivative. The air content in a control volume can
only change if there is a change in water or ice cont@nteE @, @;j), but since we neglected the interplay between the
uxes of water and air, we get tha@@—i) 0. This assumption is valid as, in this case, temperature gradients dominate the

-hat-equationfor-theairew-Sincemoisturein the air hasa minimal effecton air densityat temperaturegelow 20. C, this

al (Ja)+ Sg=0 (A6)

This equation is integrated over a voluiig and considering thak, = %(r P a0), thisyield:

kn +1 i K n +1 i
w?(Pjg+l Pa" “la)f-r Bt (zg za) + (A7)
] ’ I top
1
K i?a+ y T +1 — n+1 .
o, % (@ Za) +Sy 2= Ga(Pa 0;
L bottom

th”l = o(1 (Tig+1 Tref )) represents the buoyancy term dtg = M the air conductivity.

32



800 A3 Energy balance

The heat transport equation to solve for the air energy balance was presented in Eq. 8. Similarly, as before, this equation is
integrated over a volume.,

z 2G4 N+l pn+l  n X gi g i T+l pnelyg A8
7t ia (ia ia)) T( jg ia ) ( )
j
APy i aCa(Ty™ Ter)) + z hT2™+ (A9)
j face
805 z hTiHt+S;  z=RGu(To™) 0

Appendix B: Additional Figures
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Figure B1. Effects of permafrost on discharge rates and spring water temperatures. Blue lines represent the results for the CG case, while
pink lines correspond to the CG-AO cage.), A2), andAsz) depict the simulated sediment temperatu@s)( liquid water content (iq ),

and ice contentice ) for pro le P3 at four distinct times during the summer of 2008, respectively. In these panels, the ne sediment layer is
indicated with a brown color, and the bedrock is indicated with a grey color. Panel B) compares the simulated discharges with the observed
discharges (represented by the black line), and Panel C) contrasts the simulated temperatures with the observed temperatures (indicated |
black stars). The green dashed vertical lines in panels B) and C) indicate the four distinct times where thePprarid$, are shown.

PanelsD 1), D), andD3) display the simulated sediment temperatu®@s)( liquid water content (jq ), and ice content (. ) for pro le

P 53 at four distinct times during the summer of 2008, respectively. In these panels, the ne sediment layer is indicated with a brown color,

and the bedrock is indicated with a grey color.

34



