
1 
 

Snowpack depth hoar impacts on the permafrost thermal regime in a 
land surface model 
Hotaek Park1,5, Kazuyoshi Suzuki2, Steven R. Fassnacht3, Yoshihiro Iijima4, Tetsuya Hiyama5 
1Institute of Arctic Climate and Environment Research, JAMSTEC, Yokosuka, Japan 
2 Institute of Arctic Climate and Environment Research, JAMSTEC, Yokohama, Japan 5 
3 ESS-Watershed Science, Colorado State University, Fort Collins, Colorado, USA 
4 Department of Geography, Tokyo Metropolitan University, Hachioji, Tokyo, Japan 
5 Institute for Space-Earth Environmental Research, Nagoya University, Nagoya, Japan 

Correspondence to: Hotaek Park (park@jamstec.go.jp) 

Abstract. In cold, dry regions, snowpacks can build a basal depth hoar layer that has a lower density that effectively increases 10 

the insulative ability and thus warms permafrost. However, the precise magnitude of the depth hoar insulation and the 

subsequent impact on permafrost thermal regimes remains highly uncertain. Current Earth and land surface models do not 

consider the depth hoar effect in their simulations. This study coupled a depth hoar scheme into the snowpack processes within 

a land surface model. The depth hoar effect on the permafrost thermal regimes in present (1980–2016) and future (2015–2100) 

climates was assessed by model simulations excluding and including depth hoar. Snow and soil thermal properties observed 15 

at the field sites were used to evaluate the model results. The modeling assessment revealed that the depth hoar produced 

permafrost warming of 2.5–4.0℃ in February under the present climate and deepened the active layer thickness by up to 20 

cm. The insulative ability of depth hoar was further significant for colder air temperatures and a thicker snowpack. The effect 

was demonstrated by increased temperature differences between the air and soil depth at 20 cm with increasing snow depth 

under colder air temperature conditions. Under a future warming climate, the depth hoar functioned as an insulator enhancing 20 

permafrost degradation. Our analysis reveals a new perspective on the underlying influence of depth hoar as a driver of 

permafrost degradation in present and future climates. We recommend improvements to model representation to include the 

depth hoar process to improve simulations of the permafrost-related changes under warming climate. 

1 Introduction 

Snow is a critical variable affecting regional climate and hydrology, then amplifying the influence at the global scale. 25 

In the Arctic, air temperature has been increasing three times faster than the global mean for the recent few decades (IPCC, 

2022), which likely causes changes in snow phenology and processes and their related feedback. Extensive observations show 

a retreat of snow cover at the Arctic scale (Estilow et al., 2015; Mudryk et al., 2020), earlier onset of snow melting in spring 

(Mudryk et al., 2017; Park et al., 2024), and a decrease of snow water equivalent (SWE) in the winter, particularly over the 

North America continent (Pulliainen et al., 2020). These changes can cause modifications of hydrological and thermal 30 
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processes in the spring. For example, an earlier snow melting results in an increase in the energy into the soil, advancing spring 

soil thawing (Park et al., 2015; Kim et al., 2017). Occasionally, a deeper snowpack extends the snow cover period and leads 

to cooler soil temperatures during the growing season (Walker et al., 1999; Hinkel and Hurd, 2006). However, snow functions 

as an effective insulator, limiting the cooling of permafrost soil during the winter season. The increase in the winter snow mass 

enhances the insulation rate and warms permafrost. Field observations identified the increase of snow depth in the eastern 35 

Siberia over recent decades (Zhong et al., 2014), which was linked to the permafrost warming (Park et al., 2015) and the 

deepening of active layer thickness (Park et al., 2013). In contrast, during the same period, the decreased snow depth in the 

North America Arctic resulted in a shallower active layer thickness (Park et al., 2013), opposite from the warming of air 

temperature. 

In the Arctic tundra environment, the snowpack can be simplified into two parts of a basal depth hoar layer overlain 40 

by a wind slab (Sturm et al., 1995; Domine et al., 2012). These two layers have different structures and physical properties. 

Depth hoar forms from the kinetic metamorphism of snow due to a vapor gradient that is induced by a temperature gradient, 

typically >10 K m−1 (Marbouty, 1980; Colbeck, 1983). The water vapor pressure gradient generates a water vapor flux between 

the warm basal snowpack and the upper or top layers of the snowpack. The water vapor is delivered upward through the 

snowpack (Yosida, 1955), resulting in the growth of coarse faceted and striated hollow depth hoar crystals. The temperature 45 

gradient is greater at the beginning of the winter season when the snowpack is relatively thin and the ground is still at or near 

0°C, while the air temperature is much colder. Depth hoar forms from the initial snow accumulation and usually found at the 

base of the snowpack throughout the winter season. The depth hoar increases the role for snowpack thermal insulation and 

therefore for the ground thermal regime and near surface air temperature (Zhang, 2005). 

Many land surface models adopted a multilayer snow scheme to represent more specifics of snow properties and 50 

their variations (Bartelt and Lehning, 2002; Vionnet et al., 2012; Lawrence et al., 2019). However, models exhibit significant 

discrepancies in the simulated vertical density profiles compared to observed snow density, in both the top wind slab and 

bottom depth hoar layer (Dutch et al., 2022). These discrepancies are likely amplifying the anomalies in the simulation for 

permafrost thermal regimes, created by the variations in the snowpack insulation (Wang et al., 2013; Paquin and Sushama, 

2015; Barrere et al., 2017; Slater et al., 2017; Dutch et al., 2022; Damseaux et al., 2025). Land surface models reveal cold 55 

biases of the simulated versus observed soil temperature at the Arctic scale (Dankers et al., 2011; Lawrence et al., 2012; Park 

et al., 2013; Ekici et al., 2014). This demonstrates the inadequate representation of the snow insulative capacity in models as 

a significant source of the biases (Barrere et al., 2017; Domine et al., 2019; Dutch et al., 2022). To better simulate Arctic snow 

structure and snow thermal properties, Royer et al. (2021) conducted sensitivity experiments involving parameterizations of 

several snow physical processes in the Crocus model, showing only slight improvements in soil temperature. Dutch et al. 60 

(2022) conducted a comparative analysis of different snow thermal conductivity schemes with CLM5.0 and demonstrated that 

the snow thermal conductivity scheme proposed by Sturm et al. (1997) mitigates winter soil temperature biases (Paquin and 

Sushama, 2015; Tao et al., 2024). This result is consistent with the model simulations of Damseaux et al. (2025), who extended 

the Dutch et al. (2022) assessments to the entire pan-Arctic domain. The work highlights the large sensitivity of soil 
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temperature to snow thermal conductivity, necessitating improvements in the simulation of observed wintertime soil 65 

temperature. However, the incorporation of depth hoar scheme within land surface models is limited, and thus the models have 

deficiencies in simulating thermal insulation properties of Arctic snowpacks. 

 The most typical depth hoar crystals form unconsolidated layers of low density (Domine et al., 2018; Damseaux et 

al., 2025), resulting in lower heat conductivity (λ = 0.025–0.1W m−1 K−1) than for the wind slabs (λ = 0.15–0.5 W m−1 K−1) 

(Sturm et al., 1997). The impact of these low-density, low thermal conductivity in depth hoar layers could be substantial to the 70 

thermal regimes of permafrost of the Arctic and subarctic (Zhang et al., 1996), since depth hoar can comprise up to 80% of the 

snowpack (Sturm and Johnson, 1991). However, field observations that evaluate the impacts of depth hoar on soil temperature 

have been limited due to the experimental difficulty in performing such assesments. A few efforts were made to assess the 

depth hoar impacts on permafrost thermal regimes with numerical models. Zhang et al. (1996) conducted a sensitivity study 

in permafrost regions using a one-dimensional finite difference conductive heat transfer model and found that the effective 75 

thermal conductivity of snowpacks decreases nonlinearly with increases in the depth hoar fraction and thus warmer soil 

temperature. Yamazaki (2001) introduced an effective temperature gradient as an index of depth hoar, which was coupled to 

thermal conductivity and compactive viscosity coefficient in the snow submodel of a land surface model, that reproduced the 

observed vertical soil temperature profile well at a subarctic larch forest in eastern Siberia. The SNOWPACK model that 

included a depth hoar factor to calculate the successive change of the snow shear strength during metamorphosis generally 80 

simulated snow changes measured in the laboratory experiments using artificial snow (Hirashima et al., 2008). However, 

modeling the depth hoar process is still in its early stages. 

 Modeling studies have projected a general trend towards a shorter snow season and reduced snow extent under future 

climate change (Mudryk et al., 2020; McCrystal et al., 2021; Zhu et al., 2021). The latest generation of climate models (CMIP6, 

the Coupled Model Intercomparison Project, phase 6) show an even more rapid snow-to-rain transition by the end of 21st 85 

century than previous model generations (McCrystal et al., 2021). O’Gorman (2014) found that the occurrence of extreme 

snowfall increases with warming due to increasing atmospheric water vapor, offsetting the snow loss induced by temperature 

warming. The increasing winter snow mass likely insulates more thus reducing the cooling of the soil in the winter that 

accelerates the permafrost warming, and combined warmer air temperature, causes earlier-than-expected losses of climate-

warming legacy carbon from permafrost (Pongracz et al., 2024). The simulation results from CMIP6 also include biases due 90 

to model deficiency in not representing the effects of depth hoar (Luo et al., 2025). There is a lack of understanding of how 

much depth hoar induced insulation contributes to the permafrost temperature in present and future climates. 

 The main goal of this study is to quantify the contribution of depth hoar as snow insulation to the permafrost thermal 

regime, tested at a boreal larch forest in eastern Siberia. This builds upon simulations of the coupled hydrological and 

biogeochemical model (CHANGE, Park et al., 2011, 2018, 2021) that incorporates the depth hoar scheme of Yamazaki (2001) 95 

into the snow component of CHANGE. Specifically, two model simulations were conducted (including and excluding depth 

hoar) to assess impacts of the depth hoar on snow density and thermal conductivity, and thus soil temperature. The simulation 

results were compared to the observations for the period from 1980 to 2016 to evaluate model performance. To assess the 
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impacts of depth hoar on permafrost temperature under the future climate change, model simulations were extended to 2100, 

forced by meteorological data from a climate model that participated in CMIP6. 100 

2. Method 

2.1 General description of CHANGE 

The CHANGE model (Park et al., 2011, 2018, 2021) is a process-based land surface model that simulates water, heat, 

and carbon fluxes, and plant phenology and physiology in the terrestrial ecohydrological system coupling with a vegetation 

dynamic model. The model simulations provide insight into the responses of the ecosystem processes to climatic forcings, as 105 

well as interaction and feedback between the terrestrial surface and atmospheric systems. CHANGE simulates the seasonal 

variability of snowpack accumulating and melting on the land surface, and the partition of the melted water into surface runoff 

and soil infiltration (Park et al., 2024, 2026). The infiltrated snow and rain waters flux up and/or down along water pressure 

gradients between soil layers, in which transpiration and drainage enhance the soil water flux. CHANGE explicitly simulates 

permafrost dynamics considering the soil freezing/thawing phase change in a soil column of a 50-m depth, based on hydraulic 110 

and thermal principles that include both permafrost blocking effect on water flow and the effect of soil organic carbon on the 

soil hydraulic and thermal properties (Park et al., 2015). The frozen soil layers decrease soil water availability by plant roots, 

thus increasing the probability of soil water stress. CHANGE includes a water stress parameter encountered by plants for 

drying and/or freezing conditions, which is coupled to the processes of leaf photosynthesis and stomatal conductance, and 

sequentially affecting carbon and nitrogen cycles in vegetation and soil biogeochemical processes. CHANGE prognostically 115 

simulates carbon and nitrogen state variables in the vegetation, litter, and soil organic matter, including the flow tracks of 

carbon and nitrogen to leaf, live stem, dead stem, live and dead coarse root, fine root, and grain pools. The seasonal timing of 

vegetation phenology, including initiation of leaf onset and litterfall, is also prognostic, responding to air and soil temperature, 

soil water availability, and daylength. The model-estimated leaf and stem area index, root amount, and plant heights are utilized 

by the biophysical module that simulates water and energy fluxes. 120 

2.2 Snow model 

2.2.1 General description 
The original snow scheme within CHANGE was a single-layer, energy and mass balance model that simulates snow 

accumulation and melt incorporating prognostic equations for snow albedo, density and ice and liquid water contents. The 

model simulations showed overall performance capturing seasonal and interannual variability of observed snow depth and 125 

density at different climates and landscapes (Park et al., 2013, 2015). The density and liquid water content of snowpack can 

have vertically heterogeneous profiles due to snow compaction, water drainage, and energy gradients. Using a process-based 

multilayer model is expected as a realistic approach to give better simulation. In this study, the snow scheme of CHANGE is 

modified to a multilayer approach, in which the energy and mass balance principles, including albedo, are consistent with the 
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original model. However, the new multilayer snow scheme includes the depth hoar process; this paper describes the related 130 

processes. 

The snow scheme consists of a maximum of five snowpack layers (dz, z = 1, 2, .., 5 labelled from the top down). 

The thickness of the upper four layers is set as a constant by the user; here they are prescribed at 2, 5, 10, and 20 cm. The 

bottom layer (d5) of snowpack has a variable thickness. When snow depth (ds) is shallower than the first-layer thickness of 2 

cm, the shallow snow cover is defined as a zero-snow layer that is combined with surface soil layer for numerical stability 135 

(Best et al., 2011) and there is no snow insulation. A residual in the surface energy balance is used to melt the shallow snow, 

which simultaneously forces the soil surface as the heat flux. The melted water is immediately partitioned into surface runoff 

and soil infiltration without refreezing. When ds > d1, the ground is covered in snow, and thus the model’s snow scheme 

operates to represent snow processes. As the snow depth increases, the lowest layer of the snowpack increases until the 

thickness reaches twice its prescribed thickness, then the layer splits in two with the upper layer staying fixed in thickness and 140 

the new lower layer thickening as the snow accumulates. As the fifth layer is formed, the snow thickness increases only in that 

layer. This treatment is reversed as the snow depth decreases, with layers being progressively combined at the bottom of the 

snowpack. The snow scheme uses a variable snow density for each layer, changing due to metamorphism, ablation, and the 

accumulation of new snow. 

 145 

2.2.2 Snow density 

Two schemes are available within CHANGE for the representation of the snow density in each layer. The original 

scheme represents the snow density related to viscous compaction, based on the measurement of Kojima (1967). The state 

variables in each snow layer consist of thickness (dz, m), mass of liquid water (wl,z, kg m-2), ice content (wi,z, kg m-2), density 

(ρz, kg m-3), and temperature (Tz, K). In a snow layer, the mass of ice and liquid water is preserved by 𝜌! ∙ 𝑑! = 𝑤",! +𝑤$,!. 150 

Snow compaction by snow load or pressure and melting increases the layer density. The change in a snow-layer density over 

a timestep (t) is calculated as 
%&!
%'
= &!()!

*"
exp *+#

,$
− +#

,!
− &!

&"
,                                                                                                                             (1) 

where η0 is compactive viscosity (= 107 Pa s), g is gravity, Mz is the mass of snow above the middle layer (= 0.50𝑤$,! +𝑤",!1 +

∑ 0𝑤$,$ +𝑤",$1!-.
$/. ), Tm is melting temperature (= 273.15 K), ks = 4000 K, and ρ0 is reference density (= 50 kg m-3). The ice 155 

content and liquid water are used to calculate the areal heat capacity of the snow layer. The snow density estimated by Eq. (1) 

is parameterized for the calculation of heat conductivity (λz, Jordan, 1991) as 

𝜆! = 𝜆0$1 + (7.75 × 10-2𝜌! + 1.105 × 10-3𝜌!4) × (𝜆$56 − 𝜆0$1)                                                                                     (2) 

where λice and λair are the thermal conductivity of ice (= 2.29 W m-1 K-1) and air (= 0.023 W m-1 K-1), respectively. 

 160 

2.2.3 Depth hoar 
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 The new scheme includes the effect of depth hoar on snow density, which is based on the algorithm developed by 

Yamazaki (2001). Depth hoar forms toward the base of snowpack. Depth hoar crystals have highly faceted, unconsolidated, 

and often cup-shaped grains with low density (Sturm et al., 1997), which grows in snowpack with temperature gradients larger 

than >10oC m-1 (Colbeck, 1983). The crystal growth rate depends on temperature gradient (Г), diffusion coefficient of water 165 

vapor (Dv), differential coefficient (δ) of temperature-related saturated vapor density, and snow particle size. The values of Dv 

and δ are proportional to temperature. Higher temperature generally increases the growth of depth hoar crystals. The effective 

temperature gradients (gt) from temperature dependent parts are described as 

𝑔'(𝑧, 𝑡) = Γ𝑓(𝑇!)									(Γ ≥ 10℃	m-.)
𝑔'(𝑧, 𝑡) = 0																			(Γ < 10℃	m-.)E                                                                                                                               (3) 

where Γ = |𝜕𝑇!/𝜕𝑧| and 170 

𝑓(𝑇!) =
𝐷7(𝑇!)
𝐷7(𝑇8)

𝛿(𝑇!)
𝛿(𝑇8)

 

≃ 1 + 0.0733𝑇! + 0.00197𝑇!4 + 0.0000187𝑇!9(−40℃ ≤ 𝑇! ≤ 0℃, 𝑇8 = 0℃). 

 An index of depth hoar formation (Gt) is represented by the integration of gt as 

𝐺'(𝑧, 𝑡 + ∆𝑡) = 𝐺'(𝑧, 𝑡) + 𝑔'∆𝑡.                                                                                                                                            (4) 

Here, the values of Gt and depth hoar are reset to zero at the state that the liquid water content exceeds 90% of the maximum 175 

water amount (= wlmax,z/ρz, 0.1) for a snow layer, which is because the depth hoar has already collapsed at the saturated condition. 

As the value of Gt reaches a threshold, it is combined with compactive viscosity coefficient and thermal conductivity. The 

viscous compression of the snow layer is represented as 
%&%&'
%'

= :
*
𝜌;1<                                                                                                                                                                        (5) 

where ρdry is the dry density of snow (= ρz−ρliq,z), W is overburden snow load, and η is the compactive viscosity coefficient. 180 

Yamazaki et al. (1993) introduced an equation on the compactive viscosity coefficient excluding depth hoar (ηndh) as follows: 

𝜂=;> = 𝛼7𝜂;>8exp(𝐾𝜌;1< − 𝛼?𝑇!)                                                                                                                                       (6) 

where ηdh0=6.9×105 kg s m-2, K=2.1×10-2 m3 kg-1, and αs=9.58×10-2 ℃-1 are constants (Kojima 1957; Shinojima 1967). αv 

describes the decrease of the compactive viscosity coefficient caused by liquid water, assumed as 

𝛼70𝑤",!1 =
@ABC-D#E(,!F-@AB(-D#)

.-@AB(-D#)
                                                                                                                                             (7) 185 

where βs is a constant (=18). 

 The compactive viscosity coefficient of depth hoar (ηdh) is larger than the value of rounded grains under the same 

density. Therefore, it is assumed that the value of ηdh is linearly increased dependent on Gt (Eq. 4) as 

𝜂;> = 𝜂=;>																																										(𝐺' < 𝐺'8)
𝜂;> =

(I*-.)J+KJ+*-I*J+"
J+*-J+"

𝜂=;>						(𝐺'8 ≤ 𝐺' < 𝐺'7)

𝜂;> = 𝑓7𝜂=;>																																					(𝐺'7 ≤ 𝐺')
V                                                                                                             (8) 
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where Gt0 = 1×107 ℃ m-1 s (= 1.2 ℃ cm-1 day), Gtv = 4×107 ℃ m-1 s (= 4.8 ℃ cm-1 day), and fv = 10 are constants. The constant 190 

values were determined by field or laboratory experiments (Kojima, 1956; Fukuzawa and Akitaya, 1991). Gt0 has the value of 

Gt, as the depth hoar begins to form. The formation of the depth hoar decreases the thermal conductivity (λ) of the snow layer, 

which is expressed by the similar equations used in the compactive viscosity of Eq. (8) as 

𝜆 = 𝜆!																																											(𝐺' < 𝐺'8)
𝜆 = (I+-.)J+KJ++-I+J+"

J++-J+"
𝜆!																								(𝐺'8 ≤ 𝐺' < 𝐺'')

𝜆 = 𝑓'𝜆!																																							(𝐺'' ≤ 𝐺')
V                                                                                                     (9) 

where Gtt = 1×108 ℃ m-1 s (=12 ℃ cm-1 day) and ft = 0.3. λz of the right-hand side in Eq. (9) is calculated by Eq. (2). 195 

 

2.2.4 Snow temperature and hydrology 

 In the multilayer snow scheme, the temperature of a snow layer is calculated based on the heat fluxes inflowing from 

the upper layer and outflowing to the lower layer, thickness, and heat capacity with fully implicit forward timestep weighting. 

For the lowest snow layer, the thermal conditions of surface soil layer are combined for the calculation of both the snow 200 

temperature of the bottom layer and heat flow to the soil. If the temperature of a snow layer is calculated to be warmer than Tm 

(= 273.15 K), the layer ice mass is reduced as 

∆𝑤$,! =
L!
M,
(𝑇! − 𝑇N)                                                                                                                                                            (10) 

where Cz is the areal heat capacity of the layer (J kg-1 K-1) and Lf is the latent heat of fusion (J kg-1). The melted ice amount is 

added to the layer liquid water and the layer temperature is set to Tm. When the liquid water of a snow layer exceeds the 205 

capacity (= ρliq・dz), the excess water is passed to the layer below. Liquid water in a snow layer with a temperature colder than 

Tm will refreeze, decreasing the liquid content as 

∆𝑤",! =
L!
M,
(𝑇N − 𝑇!)                                                                                                                                                         (11), 

increasing the ice content by the same amount, which is also related to a decrease in the layer temperature. The liquid water 

flux at the bottom layer of snowpack is passed to surface soil layer. A new snow is added to the first layer with the density of 210 

150 kg m-3 and temperature is equal to the snow surface layer temperature, in which sublimation calculated by the surface 

energy exchange is removed from the surface layer ice mass and from lower layers if the surface layer sublimates entirely 

during the timestep. Then, the snow layers are combined or split to match the fixed layer thicknesses, as described above. In 

the reorganized snow layers, the ice and liquid water masses are conserved by the mass balance and their temperature is 

diagnosed by the energy balance. 215 

2.3 Study site and observation 

The observation site, underlain with continuous permafrost, is located at approximately 20 km north of Yakutsk in 

eastern Siberia (Fig. 1a). The site, which is called “Spasskaya Pad” (Kotani et al., 2019), is operated as an experimental forest 

of the Institute for Biological Problems of Cryolithozone, Siberian Branch of the Russian Academy of Sciences (SB-RAS). 
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Climatologically, the site recorded a seasonal daily mean air temperature range of −50 to 30°C and low annual precipitation 220 

of approximately 200–300 mm during the period of 1998–2014. The forest overstory is dominated by 180-year old larch trees 

(Larix cajanderi), mixed with birch (Betula pendula) and willow (Salix bebbiana) (Fig. 1b). The forest floor is fully covered 

by dense cowberry (Vaccinium vitis-idaea). In recent years, young willow trees have grown to form an understory canopy 

layer with younger birch trees. The soil at the experimental site is classified as sandy loam, and the surface is covered by a 

thicker litter layer of approximately 10 cm. The surface soil of permafrost thaws during the warm season, and the melt water 225 

is an important soil water resource for plants. The seasonal maximum active layer thickness (ALT) was lower than 1.5 m prior 

to 2004 but recently increased to deeper than 2 m. A full description of the site is given in Kotani et al. (2019). 

 
Figure 1. The study area showing (a) the topography in northeastern Siberia, including Yakutsk region in the main map, (b) snow-

covered landscape in the study site of Spasskaya Pad, and (c) soil temperature and active layer thickness observation sites in the 230 
Yakutsk area (S: Spasskaya Pad, N: Nelger, B: Bestyakh, M: Maya, Y: Yukechi) in the inset map. 

 

A 32-m tall meteorological tower was installed at the site, where various meteorological variables were measured at 

multiple heights. Eddy-covariance systems were installed at the top of the tower and at the height of 2 m above the forest floor 

to monitor sensible heat, latent heat, and CO2 fluxes. Soil moisture and temperature were measured at multiple depths (0.1, 235 

0.2, 0.4, 0.6, 0.8, and 1.2m) in the soil column. Precipitation was recorded in an open place 1 km south of the tower site during 

the warm season from the end of April to the end of October. The precipitation measurement during the cold season was 

discontinued. The gap was filled by observations at the Yakutsk station of the Russian Federal Service for Hydrometeorology 

and Environmental Monitoring (Roshydromet). The Roshydromet also monitored the seasonal variability of snow depth and 

snow water equivalent (SWE) at both open and forest sites close to the meteorological station, with a monthly frequency in 240 

the early snow season until December and then every 5- or 10-days into early May when the snow disappeared. Snow depth 

was measured each 10 m along a 500-m snowcourse in the forest, and SWE was made at every 200 m along a 2000-m 

snowcourse (Zhong et al., 2014). The Melnikov Permafrost Institute, Siberian Branch of Russian Academy of Science (MPI) 
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has monitored ALT at 16 sites with different landscapes over Yakutsk since 1998 (Fig. 1c, Iijima et al., 2016). The observed 

ALT, soil temperature, and snow depth were used for evaluating the performance of the modified model. 245 

2.4 Model simulation 

The daily model forcing data for the period 1980–2016 were created by the combination of the observed 

meteorological records at the study site and ERA-Interim reanalysis data from the European Centre for Medium-Range 

Weather Forecasts. The latter includes the Global Precipitation Climatology Project precipitation dataset and the bias-corrected 

monthly Climate Research Unit temperature dataset, which were used as the baseline to construct the meteorological forcing 250 

data for CHANGE simulations. The generation of the forcing data is fully described by Miyazaki et al. (2015). 

To diagnose the impact of the depth hoar on soil thermal properties, the CHANGE model performed two simulations, 

including depth hoar (Ex_DH) and excluding depth hoar (Ex_NODH) driven by the daily meteorological forcing data using the 

same parameterizations and options. The difference on the targeted analytic variables between the two simulations is derived 

as the impact of the depth hoar. 255 

 A static land cover type of boreal deciduous needleleaf forest was prescribed for the CHANGE simulation, while the 

vegetation phenology was prognostically estimated based on the simulated carbon and nitrogen amounts and soil hydrothermal 

conditions. Measured fractions of sand, silt, and clay were set initially to those of the vertical soil texture profile, and the soil 

organic carbon profile was simulated by CHANGE at each time step. Based on these soil properties, CHANGE estimated the 

thermal and hydraulic properties of the soil. CHANGE determined a dynamic equilibrium of total ecosystem carbon and 260 

nitrogen contents with the prescribed climate, through a spin-up repeating for 1200 years using the detrended forcing data of 

the initial 20 years and a CO2 concentration of 350 ppm. After completing the spin-up, CHANGE conducted the designed 

simulations with the daily meteorological forcing data and the observed global atmospheric CO2 concentration. 

 The climate at the experimental site showed trends consistent with global warming, warming air temperature and 

increasing precipitation for recent decades (Park et al, 2024). The phenology and physics of snow are sensitive to the warming 265 

climates. To diagnose the influence of the warming climates on depth hoar and, consequently, on the soil thermal regime, we 

additionally conducted future projections using a forcing data from 2015 to 2100. The forcing data was obtained from the data 

archive provided by The Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) that created datasets of a global 0.5° 

latitude/longitude spatial resolution and daily time step for the simulation of land surface models, based on the projection 

simulation result of a climate model (i.e., IPSL, https://doi.org/10.48364/ISIMIP.842396.1) with the strongest emission 270 

scenario, SSP 5.8.5 (Shared Socioeconomic Pathways) of CMIP6 (Coupled Model Intercomparison Project Phase). The 

meteorological variables of a grid point closest to the experimental site (60.25°N, 120.25°E) were chosen from the global 

datasets. Using the forcing dataset, two simulations were conducted following the same method designed in the present climate 

simulations, i.e., including depth hoar and excluding depth hoar. 

 275 
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3 Result 

3.1.1 Snow depth and snow water equivalent 

Results for snow depth and SWE in the two simulations of Ex_DH and Ex_NODH were averaged at a daily time step for 

the period of 2006–2016 when there were fewer missing data to compare with the observations taken at 5- to 10-day intervals 

(Fig. 2). In the early winter when snow begins to accumulate, the two simulations produced similar results for snow depth and 280 

SWE and showed good agreements with the observations (Fig. 2). Snow depth showed differences between the two simulations 

beginning in the middle of November until the start of snowmelt, where the observation fell between the two simulations (Fig. 

2a). The largest difference of 15 cm was at the end of March when the snow depth reached its maximum. Meanwhile, SWE 

showed smaller difference between the two simulations during the snow season, and in good agreement with the observation 

(Fig. 2b). The comparisons indicated that Ex_DH simulated larger snow depth and SWE than Ex_NODH over the entire snow 285 

season. The simulated snow depth and SWE exhibited seasonal and interannual (Figure S1) variability similar to the 

observations. However, the largest difference between the simulations and observations is in spring when snow melts, when 

the model represented earlier snow melting than the observations (Fig. 2). The deviation seems to be related to both the 

difference in forests for the observation and simulation and the influence of large residual in the energy balance forcing 

snowmelt, which will be discussed in the section 4.3. 290 

 

 
Figure 2. Comparison of the model simulated (a) snow depth and (b) snow water equivalent with depth hoar (red) and without (no) 

depth hoar (black) to the observations (dots), averaged for the period of 2006–2016. The vertical lines denote one standard deviation 

of the observation, and shading also denotes the standard deviation for each model experiment. 295 
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3.1.2 Soil temperature 

 The observed and simulated soil temperatures were averaged to three soil depth levels (i.e., 0–30, 30–70, and 70–130 

cm), weighing the observed and simulated soil layers’ thickness to each depth level, at daily time scale during the period of 

2006–2016 that the observational data were available. The model generally simulated the seasonal variability of the observed 

soil temperature well at the three depth levels (Fig. 3). However, the two simulations of Ex_DH and Ex_NODH exhibited cold 300 

biases, identified by similar amplitudes of mean absolute deviation (MAD) and root mean square error (RMSE) across all 

seasons and depths. The cold bias was particularly significant in the early winter, when the model inadequately simulated the 

observed zero curtains, consistently at the three depth levels. The cold bias was largest at the 70–130 cm level (Fig. 3c) then 

the 30–70 cm layer (Fig. 3b) and smallest in the uppermost layer (0–30 cm; Fig. 3a). On the other hand, Ex_DH reduced the 

cold bias compared to Ex_NODH, as the winter progressed. The depth hoar impact was mostly significant in the mid-winter 305 

season, particularly February and March, when Ex_DH resulted in up to 5–5.5℃ warmer soil temperature at the three depth 

levels than Ex_NODH. Interestingly, the impact of depth hoar on soil temperature was found even at the summer season when 

Ex_DH simulated warmer soil temperature than Ex_NODH. 

 
Figure 3. Comparison of the simulated daily soil temperatures at three soil depths (a: 0–30 cm, b: 30–70 cm, c: 70–130 cm) with 310 
depth hoar (red) and without (no) depth hoar (black) to the observations (dots), averaged for the period of 2006–2016. The values 

(MAD, RMSE) represent the performance of each simulation against the observation in the targeted period. Shading denotes the 

standard deviation for each simulation. 
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3.1.3 Active layer thickness 

 The model-simulated ALTs were compared with observations performed at the study site of Spasskaya Pad and 315 

various landscapes of 16 sites surrounding Yakutsk. The model simulated the interannual variability of the observed ALT 

statistically well during the period of 1998–2016 (Fig. 4). The model performance was demonstrated by the higher correlation 

coefficients, for example, r=0.75 (p<0.01) in Ex_DH and Spasskaya Pad and r=0.72 (p<0.01) in Ex_DH and mean of 16 sites 

(Fig. 4). The observed ALTs generally distributed between the range of Ex_DH and Ex_NODH. Ex_DH recorded the largest ALT 

of 161 cm, which was larger 16.6 cm than Ex_NODH, indicating the effect of soil temperature memory warmed by the depth 320 

hoar. The observations and simulations consistently showed the increasing trends of ALT with the amplitude of 0.31 cm yr-1 

(p<0.42) to 1.12 cm yr-1 (p<0.012) under warming air temperatures. 

 
Figure 4. Comparison of the simulated active layer thicknesses to observations. The black is the active layer thickness observed at 

the study site, Spasskaya Pad, and thick grey is the averaged value for the observations (thin grey) conducted at various landscapes 325 
around Yakutsk. 

3.2 Seasonal variation of snow grain form 

 The snow that fell in the early snow season metamorphized to faceted particles starting in the middle of October, 

which then developed to depth hoar at the bottom layer of the snowpack in November (Fig. 5). The growth of the depth hoar 

layer continued into March, when the thickness of depth hoar reached a maximum of 43 cm. The time series of snow grains 330 

showed that the depth hoar layer tended to grow with a deepening snowpack. As the snowpack becomes deeper, the depth hoar 

also grows due to a vapor gradient that is induced by a temperature gradient. Meanwhile, depth hoar grains are rapidly 

metamorphized into rounded grains with snow melting in April. 
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Figure 5. Seasonal variations of simulated snow types: wet snow (w>0.01), depth hoar (Gt > 4 x 107 oC m-1 s), and faceted particle (1 335 
x 107 oC m-1 s < Gt < 4 x 107 oC m-1 s). The snow types were defined by Yamazaki (2001). 

3.3 Depth hoar impacts on snow density and snow thermal conductivity 

  

The vertical profiles of snow density simulated by Ex_DH and Ex_NODH were averaged to monthly values over the study period. 

This analysis was also consistently applied to snow thermal conductivity. Figure 6 compares the averaged snow density profiles 340 

of the two simulations for the different four months (e.g., October, December, February, and April). The modeled density 

increases with depth for the Ex_NODH simulation in each month, but not for Ex_DH (Fig. 6). For example, Ex_DH resulted in the 

profiles where snow density slightly decreased from the top layer toward the bottom as shown in October and April or showed 

vertically similar values of approximately 150 kg m-3 in December and February. Meanwhile, the snow density in Ex_NODH 

increased toward the bottom layer of snowpack, showing differences of approximately 100 kg m-3 between the top and bottom 345 

layers in December and February (Figs. 6b and 6c). During the mid-winter, a difference 100 kg m-3 was also found between 

the bottom layer of Ex_NODH and the same depth of Ex_DH, representing the impact of depth hoar. In April when relatively wet 

snowfall and snowmelt at the top layers occurred, the wet snow of high density covered the top layers; here the snow density 

decreased downward consistently in both Ex_DH and Ex_NODH (Fig. 6d). However, the difference in snow density between the 

two simulations still large at the lower layers. 350 

 The simulated vertical snow heat conductivity was larger at the base of the snowpack for Ex_NODH compared to Ex_DH 

(Fig. 7). This difference increased as the winter season progressed. The thermal conductivity of Ex_DH produced lower values 

in the vertical profiles than Ex_NODH for all months. In Ex_DH, the depth hoar formed at the lower layers (Fig. 5) resulted in 
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evidently lower thermal conductivity of on average <0.1 W m-1 K-1 than the surface layers in all months. Meanwhile, the snow 

thermal conductivity in Ex_NODH showed different profiles in the months. In October and April, the snow thermal conductivity 355 

decreased toward the bottom layer, which was attributable to relatively fresh and wet snow that was existent at the top layers 

and had higher thermal conductivity. In contrast, the snow thermal conductivity of Ex_NODH in December and February 

increased toward the bottom layers where the snow density was larger (Fig. 6), caused by overburden snow compaction. 

 
Figure 6. Comparison of the vertical snow density between two simulations in different months, (a) October, (b) December, (c) 360 
February, and (d) April, averaged for the study period (1980–2016). Shadings denote the standard deviation, and 0 cm of snow depth 

represents soil surface. 

 

 
Figure 7. Comparison of the vertical snow heat conductivity between two simulations in different months, (a) October, (b) December, 365 
(c) February, and (d) April, averaged for the study period (1980–2016). Shadings denote the standard deviation, and 0 cm of snow 

depth represents soil surface. 
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3.4 Correlation between air-soil temperature difference and snow depth 

 The simulation demonstrates higher snow insulation by the depth hoar at the study site. The snow insulation effect 

was quantitatively analyzed by the methodology outlined by Wang et al. (2016). The simulations exhibited similar behaviors 370 

for air–soil temperature difference (ΔT) in three individual Tair regimes, showing larger ΔT under colder Tair conditions. The 

magnitude of ΔT was larger in Ex_DH (Fig. 8b) than in Ex_NODH (Fig. 8a) under individual Tair conditions, representing higher 

snow insulation ability of depth hoar. In the two simulations, ΔT was consistently most notable under the coldest Tair condition 

Tair≤–25℃, in which ΔT linearly increased up to 20 cm in snow depth and stabilized thereafter. Meanwhile, ΔT in the different 

two Tair regimes showed different behaviors compared to the coldest Tair regime. In the warmer Tair regimes, ΔT showed 375 

complex responses to the change of snow depth; ΔT recorded the minimal values at the snow depth of 15 cm or 20 cm and 

then increased with the snow depth. The negative correlation of ΔT to snow depth at relatively shallow snow depth, ds<20 cm, 

likely represents the influence of model bias for soil temperature at the early snow season (Fig. 3) and weaker snow insulation 

at snowmelt timing. 

 380 
Figure 8. Variation of ΔT (oC), the difference between soil temperature at 20 cm depth and air temperature with snow depth (cm) 

for winter 1980–2016. The dots represent the medians of 5 cm snow depth bins at different air temperature regimes and the upper 

and lower lines indicate the 25th and 75th percentiles, calculated for winters of the study period in the simulation of (a) Ex_NODH and 

(b) Ex_DH. (c) shows variation of soil temperature at 20 cm depth (oC) with air temperature (oC) for winters of the study period under 

different snow depth regimes, calculated from the simulation of Ex_DH, in which the dots represent the median of 5oC air temperature 385 
bins and the upper and lower lines indicate the 25th and 75th percentiles, calculated for winters of the study period in the simulation 

of and Ex_DH. 

The snow insulation capacity is in turn demonstrated by the correlation of soil temperature at 20 cm depth with Tair, 

separated by shallow (ds<20 cm) and thick (ds＞35 cm) snow conditions based on the result of Ex_DH (Fig. 8c). The soil 

temperature showed different sensitivity to Tair changes at the two snow conditions. At the shallow snowpack (ds<20 cm), the 390 

soil temperature linearly responded to the change of Tair, which was identified by the higher regression slope between soil 

temperature and Tair of 0.47 ℃ ℃-1 (r=0.94, p<0.01), which was larger than -0.07 ℃ ℃-1 (r=0.86, p<0.01) for the thick 
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snowpack (ds＞35 cm). Meanwhile, the soil temperature under the thick snow condition showed smaller variability to the 

changes of Tair, emphasizing the reduced sensitivity of soil temperature to Tair under thick snow conditions. 

 The correlation of ΔT and Tair is represented by a complementary form using conditional probability density functions 395 

(PDFs) of ΔT for different Tair regimes (Fig. 9). The modal value and width of PDFs reflect the sensitivity of ΔT dependent on 

Tair condition. Figure 9 clearly shows separated ΔT regimes under different Tair conditions. The modal values of ΔT PDFs in 

the three Tair regimes were larger in Ex_DH than in Ex_NODH and in cold Tair than in warm. The width of PDFs became larger as 

Tair cools. The larger modal value and width of ΔT PDFs under cold Tair indicate the influence of Tair on snowpack properties, 

particularly snow density and moisture content that affect the snow thermal conductivity (Wang et al., 2016). 400 

 
Figure 9. Conditional probability density functions (PDFs) of ΔT (oC), the difference between soil temperature at 20 cm depth and 

air temperature for different air temperature regimes for winters of the study period in the simulations of Ex_NODH and Ex_DH. 

4. Discussion 

4.1 Impact of depth hoar on snow properties 405 

The Ex_DH simulations that coupled the depth hoar process showed generally better agreements with the observed 

seasonal snow depth, compared to the underestimation by Ex_NODH (Fig. 2). Ex_DH produced a thicker snow depth (Fig. 2) that 

illustrates that the model suitably simulated the formation of less dense and loosely packed depth hoar crystals taking up more 

volume for the same amount of mass compared to denser, settled snowpack and the seasonal variability (Fig. 5). There was 

less difference in the simulated SWE, with Ex_NODH melting out slightly faster (Fig. 2b). The deeper snowpack with the Ex_DH 410 

simulations, compared to Ex_NODH, yet limited difference in SWE but sooner onset of melting illustrates the increased insulative 

https://doi.org/10.5194/egusphere-2026-2767
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



17 
 

properties of the simulated depth hoar (Fig. 7) and difference in soil temperatures (Fassnacht and Soulis, 2002). 

The snowpack with depth hoar had low snow densities less than 150 kg m-3 at the base in mid-winter (Suzuki et al., 

2006), which was half to two-thirds of the snow density of the Ex_NODH simulated snowpack (Fig. 6). As the kinetic 

metamorphism is not modeled, the density in snowpacks generally increases with age, yielding bulk densities larger than 415 

observed (Fig. 6). The average snow density from October to February observed at taiga boreal forest regions over the Russian 

territory during the period of 1966–2008 was 130 to 200 kg m-3 (Zhong et al., 2014). In Alaska and the Canadian Arctic, the 

snowpack density with a basal depth hoar layer varied from 130 to 250 kg m-3 (Sturm et al., 1997; Domine et al., 2016). The 

simulated snow density is at the lower end of the observed ranges. The low snow density of the depth hoar led to low snow 

thermal conductivity of <0.1 W m-1 K-1 at the lower layers of snowpack (Fig. 7), which distributed within the range of 0.025–420 

0.1 W m-1 K-1 obtained from various field observations (Sturm et al., 1997; Domine et al., 2016). The Ex_DH-simulated values 

of <0.1 W m-1 K-1 were 1.5 to 2 times lower than Ex_NODH (Fig. 7). The difference is not surprising if considering the 

dependence of the thermal conductivity on the snow density alone, as described in Eq. (2). Sturm and Johnson (1992) found 

that the thermal conductivity of depth hoar was approximately one-quarter to one-third that of snow layers with the same 

density, based on the field snow survey in Alaska. The observation and model simulation confirm the function of depth hoar 425 

as an insulator lowering snow thermal conductivity (Fig. 7). 

The snow thermal conductivity schemes that are adapted by many land surface models tend to be more suitable for 

alpine conditions than Arctic environments (Damseaux et al., 2025). The climatic background inherent in the schemes likely 

becomes a source of uncertainty in simulations for different environments. Dutch et al. (2022) conducted a comparative 

analysis of different snow thermal conductivity schemes with CLM5.0 using in situ measurements from Northwest Territories, 430 

Canada, and found that the CLM5.0 default scheme overestimates snow thermal conductivity by a factor of 3 compared to the 

observations. The similar departures from observations were also found by simulations of different models (i.e., Crocus: 

Vionnet et al., 2012; SNOWPACK: Bartelt and Lehning, 2002; CLM5.0: Lawrence et al., 2019). To address this issue, some 

models incorporated the snow thermal conductivity scheme to the Sturm et al. (1997) equation derived from tundra snow 

conditions, which slightly improved the simulations (Paquin and Sushama, 2015; Barrere et al., 2017; Royer et al., 2021; Tao 435 

et al., 2024; Damseaux et al., 2025). The snow thermal conductivity of the Sturm equation was parameterized by snow density. 

Therefore, a misrepresentation in the modeling of snow density likely produces errors in the estimation of the snow thermal 

conductivity. A different approach considers the interactions between heat conduction and water vapor diffusion in the 

snowpack model to better simulate the snow thermal conductivity (Brondex et al., 2023). 

 440 

4.2 Impact of depth hoar on soil temperature 

The original simulation, Ex_NODH, produced cold biased soil temperatures compared to the observations, particularly 

in the wintertime (Fig. 3), as shown in other modeling studies (Dankers et al., 2011; Wang et al., 2013; Barrere et al., 2017; 

Guimberteau et al., 2018; Oogathoo et al., 2022). This current study reduced the cold biases based on a physical approach by 
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coupling a depth hoar scheme to the snow model. The improvement was demonstrated by smaller MAD and RMSE of Ex_DH 445 

compared to Ex_NODH (Fig. 3), as well as by the positive anomalies in the monthly averaged soil temperature between two 

simulations during the study period (Fig. 10). The anomalies were most pronounced during the winter months (Fig. 10) that 

the cold biases by Ex_NODH were significant (Fig. 3). Ex_DH reduced the cold biases by approximately 4℃ at the top soil layer 

of 0–30 cm in February and by 2.5℃ at the soil depth of 200–320 cm (Fig. 10).  

The snow density in February showed a difference of approximately 100 kg m-3 between Ex_NODH and Ex_DH at the 450 

bottom snow layer (Fig. 6). The low snow density of snowpack, and thus decreased snow thermal conductivity, cooled the soil 

less, consequently warmer soil temperature. A density difference of 100 kg m-3 produced 2–4℃ warmer soil temperatures (Fig. 

10). The insulation of depth hoar also resulted in the soil temperatures being 0–1.5℃ warming during the summer months (i.e., 

June–August, Fig. 10), which was linked to the increase of active layer thickness by 17 cm, on average, during the study period 

(Fig. 4). There are several numerical models to quantify the depth hoar impact on soil temperature. However, few modeling 455 

studies provided quantitative information related to the depth hoar effect. A sensitivity study using a one-dimensional heat 

transfer model changed the depth fraction of the depth hoar from 0 to 0.6 that increased the ground surface temperature by 

12.8℃ (Zhang et al., 1996). Yamazaki (2001) addressed the higher sensitivity of permafrost soil temperature on the depth 

hoar-formed snow cover in Yakutsk, eastern Siberia, based on the simulation by a model parameterizing depth hoar. 

 460 

 
Figure 10. Period-averaged (1980–2016) differences in monthly soil temperature between the two experiments (Ex_NODH and Ex_DH). 

https://doi.org/10.5194/egusphere-2026-2767
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



19 
 

Each row represents a different depth (0–30, 30–70, 70–130, 130–200, 200–320 cm), while each column represents the average of a 

different month. 

The magnitude of snow insulation by depth hoar was most pronounced at the conditions for colder Tair and thicker 465 

snow depth (Fig. 8, 9). The snow density tends to be lower under cold Tair than warm due to metamorphism (Anderson, 1976), 

resulting in larger ΔT (higher snow insulation). Snow densification is also further rapid under cold temperatures, which 

increases thermal gradient of the snowpack, promoting the development of depth hoar (Zhang et al., 1996). Therefore, snow 

likely produces higher insulation in colder climates than in warmer ones. However, as snow depth exceeded 20 cm at the 

coldest Tair regime, Tair≤–25℃, the median values of ΔT showed lower variability to the increase of snow depth (Fig. 8). This 470 

pattern was in line with previous findings based on in situ observations and modeling results (Zhang 2005; Wang et al., 2016; 

Slater et al., 2017; Damseaux et al., 2025). The cold Tair is an efficient condition for the formation and growth of depth hoar 

crystals in the snowpack. In practice, the model simulated continuously growing depth hoar layer during the winter months 

(Fig. 5). The thicker depth hoar layer under the increasing snow depth reduces heat loss from the soil to the atmosphere and 

thus lower sensitivity of ΔT to changes in snow depth. The analysis based on daily variations in soil surface temperature of 475 

Spasskaya Pad and snow depth observed at Yakutsk indicated that the snow insulating effect was effective when the snow 

depth was 10 cm or more (Iijima et al., 2010), which indirectly supports the appearance of depth hoar at that snow thickness. 

On the other hand, the interquartile range in ΔT vs snow depth most largely scattered under the coldest Tair regime, Tair≤–25℃ 

(Fig. 8). The scatter of the interquartile range resulted from the influence of cold Tair in the study site, characterized by large 

seasonal temperature cycle with greater interannual variability (Wang et al., 2016). This variability was also greatly related to 480 

the growth of the depth hoar, decoupling ΔT from snow depth and thereby increasing the scattering of the interquartile range. 

This study clearly underscores the efficiency of depth hoar as a good insulator, particularly under conditions of both colder 

Tair and thicker snow depth. This finding was in turn validated by additional simulations, forced by a meteorological dataset 

based on SSP 5.8.5 scenario of IPCC AR6, projected the future climatic changes. The difference in monthly soil temperature 

between Ex_DH and Ex_NODH under the warming future climate was averaged for the period of 2081–2100 (Fig. 11) and is 485 

consistent with in the period 1980–2016 (Fig. 10). The difference in soil temperatures between the two simulations was overall 

lower than in the present climate (Fig. 11). For example, the depth hoar in the future climate warmed the soil temperature of 

the surface layer (0–30 cm) by 2.5℃ in February (Fig. 11), which was 1.5℃ cooler than the present simulation (Fig. 10). This 

tendency was also found at the deeper soil layers. Owing to the warmer climates, the insulation magnitude of depth hoar in the 

future was lower than the present. However, the result shows that the depth hoar will play a role enhancing further the 490 

permafrost degradation under the future climate changes. Interestingly, the anomalous soil temperatures during the summer 

months (June to August) at the soil depth of 70–200 cm were 0.5~1.0℃ warmer (Fig. 11) than the present (Fig. 10), which is 

attributed to the influence of the increased soil moisture at the soil layers (Figure S2), related to larger soil heat capacity. 
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Figure 11. Period-averaged (2081–2100) differences in monthly soil temperature between the two experiments (Ex_NODH and Ex_DH). 495 
Each row represents a different depth interval (0–30, 30–70, 70–130, 130–200, 200–320 cm), while each column represents the 

average of a different month. The simulations were forced by a meteorological dataset based on SSP 5.8.5 scenario of IPCC AR6, 

projected the future climatic changes. 

4.3 Uncertainty and future work 

The model that coupled the depth hoar process has produced clearly different profiles for the snow density (Fig. 6) 500 

and thus the snow thermal conductivity (Fig. 7), compared to the original simulation. In situ observations collected in the 

Arctic region presents snowpack profiles where the density generally decreased toward the basal layer of depth hoar, because 

the snowpack surface consists of a wind slab with a higher density, due to snow compaction from the strong Arctic wind 

transport and deposition (Sturm et al., 1995; Domine et al., 2018). Ex_DH simulated the snow density profiles similar to the 

observations in October and April (Fig. 6) when Tair was warmer and relatively wet snow was present. On the other hand, in 505 

the mid-winter months (i.e., December and February), Ex_DH produced the profiles of vertically homogeneous density (Fig. 6), 

which was different to the observations. The study site is defined as a continental climate characterized by cold Tair and less 

snowfall during the mid-winter season (Kotani et al., 2019). The wind is not stronger than in tundra regions, thus the snow 

deposition by blowing is infrequent. These climates are likely efficient for the development of depth hoar, probably reducing 

the difference in snow density between the surface and bottom layers in the snowpack. As shown in Fig. 5, the model simulated 510 
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vertically different features of metamorphic layers, showing the depth hoar layer growing over time. The profile of the vertical 

layers is similar to the metamorphic layers of different features observed in the subarctic snow cover, as illustrated in Fig. 5 of 

Sturm and Johnson (1992). However, the deficiency of snow survey data in the study site limits the evaluation of the simulated 

profiles of snow layers. 

The Ex_DH simulation reproduced the seasonal variability of soil temperatures observed at different soil depths well, improving 515 

upon the winter cold biases simulated by Ex_NODH (Fig. 4). However, Ex_DH still simulated cold and warm temperatures in the 

winter and summer, respectively, at the two soil depths (i.e., 30–70 cm and 70–130 cm) below the surface, compared to the 

observations. The lack in representing other insulative materials (e.g., moss/litter layer and soil organic carbon) is likely a 

partial cause of the discrepancy (Park et al., 2018). Another reason for this discrepancy is the impact of the underestimated 

soil moisture on soil temperature. The observed soil temperatures revealed longer zero curtain during the freezing and thawing 520 

seasons at the two soil depths (Fig. 4), due to latent heat fluxes from the phase change of soil moisture. Meanwhile, the model 

simulated faster freezing and thawing at the same seasons than the observed, with shorter zero curtain, which in part seems to 

be related to lower latent heat effect due to the underestimated soil moisture, particularly in the freezing season. On the other 

hand, the model simulated the early snow melting in the spring (Fig. 2). The observation was made at a forest different from 

the site for this study. Moreover, the observations of snow depth and SWE were the averaged values obtained at heterogeneous 525 

spaces along the 500 m and 2000 m courses (Zhong et al., 2014), while the simulation had a one-dimensional resolution for 

the study site. The divergent surface landscapes resulted from the different observational and modeling sites can primarily 

affect the inconsistency in the snowmelt timing. In particular, the difference in vegetation types does greatly influence radiation 

and energy fluxes and thus snowmelt. The model also calculated heat and water fluxes in the atmosphere–vegetation–snow–

soil continuum based on radiation, energy, and water balances, in which a residual in the snow surface energy balance was 530 

forced as an input deriving heat transfer into the snow layers, interpolating the daily temporal resolution of meteorological 

forcing data to hourly time scales. In the transitional seasons, particularly in spring, the large diurnal or daily climate variability 

can occasionally produce large residual energy, enforcing snow melt. The influence is likely significant during thin and/or wet 

snowpack conditions. Toon et al. (1989) introduced a two-stream radiative transfer solution to estimate upward and downward 

radiative fluxes at each snow layer interface, from which net radiation, layer absorption, and surface albedo are easily derived. 535 

Many models that coupled the two-stream model have been implemented to enable prediction of radiative features in land 

surface processes, adding numerically efficient and modest costs (Best et al., 2011; Dai et al., 2003). The incorporation of a 

two-stream radiative scheme into the snow model is identified as an important development target for improving the model 

snow processes. 

5 Conclusion 540 

The CHANGE model that newly coupled the depth hoar scheme to the snowpack process allowed for simulations 

to quantify the impact of depth hoar on permafrost thermal regimes under the present and future climates in a boreal forest site. 

The simulated snow and soil thermal variables were compared with the field observations, which showed that the model 

https://doi.org/10.5194/egusphere-2026-2767
Preprint. Discussion started: 11 August 2026
c© Author(s) 2026. CC BY 4.0 License.



22 
 

represented the seasonal and interannual variability of the observed snow depth, SWE, ALT, and soil temperature well 

statistically. The model simulations showed that the appearance of the depth hoar resulted in lower snow density less than 150 545 

kg m-3 at the snowpack base in mid-winter and lower snow thermal conductivity of <0.1 W m-1 K-1 at the base, which reduced 

the cold bias by 2.5–4.0℃ in the winter soil temperatures observed in the original simulation Ex_NODH under the present climate. 

The warming effect remains into the summer season, resulting in more active layer thawing by up to 20 cm during the study 

period. The insulation efficiency of the depth hoar was further large under the conditions of colder Tair and thicker snow, which 

was demonstrated by both increased temperature difference between the air and soil depth at 20 cm with increasing snow depth 550 

under colder Tair conditions and a low correlation of soil temperature versus Tair under thicker snow. Moreover, depth hoar 

was also formed under the future warming climates and surface layer soil temperature warmed by 2.5℃ in February. These 

results highlight the apparent role of depth hoar as an insulator deriving permafrost degradation in present and future climates. 

The depth hoar-induced permafrost warming and deepening active layer thickness appear to be influential in enhancing the 

melting of ground ice and decomposition of soil organic carbon within permafrost. These changes will have a broader range 555 

of connectivity with ecohydrological processes under the future climate changes, as well as positive feedback to climates. 

However, there have been few studies on how depth hoar influences permafrost thermal regimes and the associated processes. 

Further assessment to test the reality of our identified depth hoar depictions as an insulator is warranted as more observational 

data become available and model representations improve. 
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