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Abstract. Boreal forests in permafrost regions make up around one-third of the global forest cover and are an essential compo-

nent of regional and global climate patterns. Further, climatic change can trigger extensive ecosystem shifts such as the partial

disappearance of near surface permafrost or changes to the vegetation structure and composition. Therefore, our aim is to un-

derstand how the interactions between the vegetation, permafrost, and the atmosphere stabilize the forests and the underlying

permafrost. Existing model set-ups are often static or are not able to capture important processes such as the vertical struc-5

ture or the leaf physiological properties. There is a need for a physically based model with a robust radiative transfer scheme

through the canopy. A one-dimensional land surface model (CryoGrid) is adapted for the application in vegetated areas by

coupling a multilayer canopy model (CLM-ml v0) and is used to reproduce the energy transfer and thermal regime at a study

site (N 63.18946◦, E 118.19596◦) in mixed boreal forest in Eastern Siberia. An extensive comparison between measured and

modeled energy balance variables reveals a satisfactory model performance justifying its application to investigate the thermal10

regime, surface energy balance and the vertical exchange of radiation, heat, and water in this complex ecosystem. We find that

the forests exert a strong control on the thermal state of permafrost through changing the radiation balance and snow cover

phenology. The forest cover alters the surface energy balance by inhibiting over 90% of the solar radiation and suppressing

turbulent heat fluxes. Additionally, our simulations reveal a surplus in longwave radiation trapped below the canopy, similar to

a greenhouse, which leads to a comparable magnitude in storage heat flux to that simulated at the grassland site. Further, the15

end of season snow cover is three times greater at the forest site and the onset of the snow melting processes are delayed.
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1 Introduction

Around 80% of the world’s boreal forest occurs in the circumpolar permafrost zone (Helbig et al., 2016). Despite little human

interference, and due to extreme climate conditions such as winter temperatures below �50◦ C and very low precipitation,20

the biome is highly sensitive to climatic changes (ACIA, 2005; AMAP, 2011; IPCC, 2014) and thus prone to vegetation

shifts. Boreal forest regions are expected to warm by 4 to 11◦ C by 2100, coupled with a more modest precipitation increase

(IPCC, 2014; Scheffer et al., 2012). Moreover, during 2007-2016 continuous zone permafrost temperatures have increased

by 0.39 (�0.15)◦ C (Biskaborn et al., 2019; IPCC, 2019). The northeastern part of the Eurasian continent is dominated by

such vast boreal forest - the taiga. Due to its sheer size, the biome is not only sensitive to climatic changes, but also exerts25

a strong control on numerous climate feedback mechanisms through the altering of land-surface reflectivity, the emission of

biogenic volatile organic compounds and greenhouse gases, and the transfer of water to the atmosphere (Bonan et al., 2018;

Zhang et al., 2011). The forests are usually considered to efficiently insulate the underlying permafrost (Chang et al., 2015).

The canopy exerts shading by reflecting and absorbing most of the downward solar radiation, changes the surface albedo and

decreases the soil moisture by intercepting precipitation and increasing evapotranspiration (Vitt et al., 2000). Additionally, the30

forest promotes the accumulation of an organic surface layer which further insulates the soil from the atmosphere (Bonan and

Shugart, 1989). Changing climatic conditions can promote an increasing active layer depth or trigger the partial disappearance

of the near surface permafrost. Further, extensive ecosystem shifts such as a change in composition, density or the distribution

of vegetation (Holtmeier and Broll, 2005; Pearson et al., 2013; Gauthier et al., 2015; Kruse et al., 2016; Ju and Masek, 2016) and

resulting changes to the below- and within-canopy radiation fluxes (Chasmer et al., 2011) have already been reported. Changes35

to the vegetation - permafrost dynamics can have a potentially high impact on the numerous feedback mechanisms between

the two ecosystem components. Increased soil carbon release from thawing permafrost through the delivery of soil organic

matter to the active carbon cycle (Schneider Von Deimling et al., 2012; Romanovsky et al., 2017) is modified by vegetation

changes, which can compensate for carbon losses due to an increased CO2 uptake (as observed at ice-rich permafrost sites in

northwestern Canada and Alaska, (Estop-Aragonés et al., 2018)) or even further accelerate total carbon loss.40

These vegetation - permafrost dynamics in Eastern Siberia have been documented through exploratory and descriptive field

studies showing a clear insulation effect of forests on soil temperatures (Chang et al., 2015). Further, the biogeophysical

processes controlling the evolution of the ecosystem have been described by conceptual models (Beer et al., 2007; Zhang et al.,

2011; Sato et al., 2016). Modeling schemes such as Orchidee-Can (Chen et al., 2016), JULES (Chadburn et al., 2015), Lund-

Potsdam-Jena (LPJ DGVM) (Beer et al., 2007), NEST (Zhang et al., 2003) or SiBCliM (Tchebakova et al., 2009), have added45

a vegetation or canopy module, with defined exchange coefficients for the fluxes of mass and energy, to their soil modules.

This is feasible to varying levels of complexity and the models are capable of addressing a variety of different aspects such as

forest establishment and mortality (Sato et al., 2016), unfrozen vs. frozen ground and fire disturbances (Zhang et al., 2011) or

the evolution of the vegetation carbon density under diverse warming scenarios (Beer et al., 2007).

While all of these studies have significantly improved our understanding of essential mechanisms in boreal permafrost50

ecosystems, it is important to further understand how a dynamic evolution of the forest structure and canopy affects the thermal
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state and the snow regime of the ground, especially amid ongoing shifts in forest composition (Loranty et al., 2018). The

existing model set-ups are often static or not able to capture important processes such as the vertical canopy structure or

the leaf physiological properties which strongly control the energy transfer between the top of the canopy atmosphere and

the ground. To our knowledge, so far, none of the existing models is able to capture the important processes of the vertical55

canopy structure in combination with a physically-based, highly advanced permafrost model. The novel, physically-based

model introduces a robust radiative transfer scheme through the canopy for a detailed analysis of the vegetation's impact on the

hydro-thermal regime of the permafrost ground below. This allows us to quantify the surface energy balance dynamics below

a complex forest canopy and its direct impact on the hydro-thermal regime of the permafrost ground below.

With a tailored version of a one-dimensional land surface model (CryoGrid, Westermann et al. (2016)) we perform and60

analyze numerical simulations and reproduce the energy transfer and surface energy balance in permafrost underlain boreal

forest of Eastern Siberia. CryoGrid has, so far, not included a vegetation scheme but has been used to successfully describe

atmosphere-ground energy transfer and the ground thermal regime in barren and grass-covered areas (Langer et al., 2016;

Westermann et al., 2016; Nitzbon et al., 2019, 2020). In our study, we have adapted a state-of-the-art multilayer vegetation

model (CLM-ml v0, originally developed for the Community Land Model CLM by Bonan et al. (2018)). We tailor and imple-65

ment this scheme to simulate the turnover of heat, water, and snow between atmosphere, forest canopy and ground. We take

advantage of a detailed in-situ data record from our primary study site as well as from a secondary, external study site. These

data are used to provide model parameters, as well as for model validation by comparing �eld measurements with simulation

results. The main objectives of this study are

1. To demonstrate the capabilities of a coupled multilayer forest - permafrost model to simulate vertical exchange of radia-70

tion, heat, and water for boreal forests.

2. To investigate the impact of the new canopy module on the surface energy balance of the underlying permafrost at a

mixed boreal forest site in Eastern Siberia.

2 Methods

2.1 Study Area75

Our primary study site is located south east of Nyurba (N63:18946� , E 118:19596� ) in a typical boreal forest zone intermixed

with some grassland for horse grazing and shallow lakes. The forest is rather dense and mixed, with the dominant taxa evergreen

spruce (Picea obovata, 92%), deciduous larch (Larix gmelinii, 7.3%) and some hardwood birch (Betula pendula, <1%). The

average tree height is5:5m for spruce and12m for larch, respectively. These boreal forest environments experience 6 to 8

months of freezing temperatures reaching extremes of� 62� C in winter and up to35� C between May and September. The80

low annual average temperatures result in continuous permafrost and therefore poorly drained, podzolized and nutrient-poor

soils (Chapin et al., 2011). Annual precipitation showed an increasing trend from 1900 until 1990, mainly due to an increase

in wintertime precipitation. Between 1995 and 2002, summertime precipitation has decreased by -16.9 mm in August and -4.2
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mm in July (see Table 1 in Hayasaka (2011) for further details). The temperature trend from 1970 to 2010 for the Central

Yakutian region is positive for spring, summer and fall and negative for winter (monthly surface temperature quanti�ed using85

Climatic Research Unit (CRU) TS4.01 data (Harris et al., 2014; Stuenzi and Schaepman-Strub, 2020)). The treeline of Northern

Siberia is dominated by the deciduous needleleaf tree genusLarix Mill. up to N 72:08� . Larix sibirica Ledeb. from E60� 90� ,

Larix gmeliniiRupr. between E90� 120� andLarix cajanderiMayr. from E120� 160� (see Fig. 1). Larch compete effectively

with other tree taxa because of its deciduous leaf habit and dense bark. In more southern margins of Eastern Siberia, such as

our study area, larch is mixed with evergreen conifers (Siberian pine (Pinus sibirica, Pinus sylvestris), spruce (Picea obovata90

Ledeb.), and �r (Abies sibirica)), and hardwood (Betula pendula Roth., B. pubescence Ehrh., Populus tremula L.) (Kharuk

et al., 2019). Moreover, the ground vegetation is poor in diversity and dominated by mosses and lichens that form carpets.

Larch has shallow roots, and grows on clay permafrost soils with an active layer of around0:7m and a maximum wetness of

20-40 %. Evergreen conifers and hardwood both prefer deeper active layers and a higher soil moisture availability (Ohta et al.,

2001; Furyaev et al., 2001; Rogers et al., 2015). This study comprises a secondary site for complementary model validation95

which is situated581kmeast of the primary site (for further description see Appendix C).
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Figure 1. (a) Overview image of the location of the automatic weather station (AWS) in the grassland in the lower right corner and the

location of the instrumented forest site in the upper left corner. (b) Respective soil pro�les with the depths of the organic matter dominated O

horizon, the top layer of the mineral soil containing the decomposed organic layer (Ah horizon) and the subsoil mineral layer (B horizon) at

the grassland site (left) and at the forest site (right). (c) Global evergreen needleleaf (dark green) and summergreen needleleaf (light green)

boreal forest distribution and the boundary line between the discontinuous and continuous permafrost extent in brown. The primary study

site is marked with a black cross, our secondary study site with a grey circle. Data: ESA CCI Land Cover forest classes. ESA. Land Cover

CCI Product User Guide Version 2. Tech. Rep. (2017).

2.2 Meteorological and soil physical measurements

An automatic weather station (AWS, Campbell Scienti�c, detailed list of sensors see Table A1) is installed at110ma:s:l: on a

meadow next to the forest patch described above. The grassland is grazed by horses in summer and deforestation occurred more

then 50 years ago. The AWS records air temperature and relative humidity at two heights (1:1m and2:5m) above the ground100

while wind speed and direction are measured at3:2m above ground. In addition, the station measures liquid precipitation,
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