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The study of Stuenzi et al. contribute to important discussion how the vegetation cover 
influences the surface energy balance and thus thawing of permafrost and a possible feedback 
to the atmosphere.  

We thank the reviewer for the positive general evaluation of our study 
and for taking the time to review our manuscript. We have worked 
through all of the posed questions and suggestions made, which has 
further improved our manuscript. Please note that any changes and 
additions to the text that we propose are highlighted in bold.  

With this study, we indeed try to advance our understanding of the 
vegetation cover’s impact on the surface energy balance, the thermal 
development of permafrost and the related atmospheric feedback. We 
would like to thank the reviewer for acknowledging the significance of 
this modeling study in helping us further understand permafrost 
responses to a changing climate.  

The authors have shown how the different vegetation cover influences the ground surface 
temperature and top canopy surface energy balance, but they have waived to show the 
difference in active layer thickness which could increase the importance of the study. 

We agree with the reviewer that the active layer thickness is one of 
the most important variables in permafrost-ecosystems. Nevertheless, 
we think that this has not been made clear enough in our manuscript. 
Therefore we add the following statement in order to stress the 
importance of the ALT on p.15,l.305: “In a second step, we compare the 
annual, snow-free and snow-covered period average GST to understand 
the overall model performance and the relative temperature differences 
between the forest and grassland sites (see Fig. 5). We further 
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discuss the annual cycle of the thermal development of the permafrost 
ground, the modeled and measured active layer thickness, as well as 
the volumetric ground water content at the forest and grassland 
sites.” 

Active layer thickness measurements and the modeled values for the 
grassland and forest sites are discussed on p.17,l.317: “To further 
investigate the temporal evolution of the permafrost ground, we 
compare modeled and measured active layer thicknesses at both study 
sites. In the grassland, the modeled maximum active layer thickness 
(ALT) is 2.35 m between 13. and 24. October 2018, complete freezing 
occurred on the 9th of November and top soil thawing started on the 
3rd of May. The measured ALT in the grassland was 2.3 m in mid-August 
2018 and early-August 2019. The measured ALT in the forest was between 
0.5 and 1.1 m in mid-August 2018. In the forest, the modeled maximum 
ALT is 2.05 m in October 2018 with freezing being completed on the 
14th of November. Top soil thawing begins on June 23rd, 51 days later 
than in grassland. The modeled ALT in August 2018 is between 0.4 m and 
1.8 m and therefore overestimated by 0.3 m compared to the point 
measurements taken in August 2018 (see Fig. 7).”  

In addition, we have now added the modeled ALT dynamics and the point 
measurements taken in 2018 and 2019 and described above to Figure 7. 
We have updated the figure caption accordingly: “Left, Measured snow 
depth at AWS (black solid line) in the grassland, modeled snow depth 
in grassland (dashed light green) and modeled snow depth in forest 
(dashed dark green). Right, Active layer thickness (ALT) dynamics, 
measured ALT at the grassland and forest sites (black, point 
measurements in 2018 and 2019 (grassland only)), modeled ALT in forest 
(dashed light green) and modeled ALT in grassland (dashed dark green) 
sites. Top soil freezing starts at the beginning of October.” 

The authors have answered very detailed to the reviews, which I really appreciate. They have 
included one additional validation site. Even so, I would recommend further efforts to validate 
the simulations against measurements. For the forest stands only a short period of ground 
surface temperature is evaluated. 

We thank the reviewers and the editor for all previous comments and 
suggestions, which greatly improved our manuscript. We think that the 
additional validation site significantly improves the model validation 
and demonstrates the abilities of the coupled permafrost-multilayer 
vegetation model for application in permafrost underlain boreal forest 
ecosystems. 

We further thank the reviewer for the critical remark on additional 
efforts to validate the model. We would like to take this as an 
opportunity to clarify the validity of the model results further 
and appreciate the suggestion on using further measurements. Due to 
the rarity of measurement datasets in this area and the challenges of 
setting up long-term measurements, we have decided to use the closest, 
available dataset for the additional model validation. At the 
Spasskaya-Pad research station, we have been able to show the validity 
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of our model results by comparing the simulation results to one whole 
year of measurements. We compare the ground temperature and air 
temperature below canopy, as well as the net radiation, incoming and 
outgoing shortwave radiation, and latent and sensible heat fluxes at 
the ground surface below the forest canopy.  

At our primary study site, we have below-canopy ground surface 
temperature measurements for one entire year (August 2018 - August 
2019). This dataset, in combination with the AWS at the grassland 
site, is used for model validation at the two forest sites and 
grassland sites. In the scope of this study, we focus on demonstrating 
the annual dynamics of the surface energy balance. We are convinced 
that in this context the performed model validation is sufficient. 
Additionally, we would like to point out that considering the entire 
annual cycle is great advancement over previous studies which focus on 
either the summer or the winter surface energy balance, only (i.e. the 
study by Otha et al. (2001) which was conducted at our secondary study 
site Spasskaya-Pad). Furthermore, we would like to point out that the 
model runs with a spin-up period of five years before being compared 
to the field measurements of the year 2018/2019. The model validation 
is thus performed under dynamic conditions. 

We agree that for a study with a focus on long-term predictions or on 
the impact of climate warming longer validation time-series would be 
necessary. Field measurements are the key component to getting a 
better handle on the diverse processes involved in the functioning of 
this complex ecosystem. Therefore, further data acquisition and 
integration of additional datasets is discussed as part of the model 
limitations on p.22,l.437: “This points to more complex processes that 
control snow melt in forest than currently represented by the model. 
Thus, it would be highly desirable to obtain further field 
measurements in order to gain a better understanding of snow melt 
processes in boreal forests.”, and on p.23,l.445: “Additionally, more 
detailed field studies and modeling exercises on the variation of 
canopy densities and structures should be carried out in order to 
obtain a better understanding of the impact of dynamic forest stand 
development on permafrost and vice versa.” 

It is interesting to see that the assumptions lead to large differences of the ground and top 
canopy energy budget, which unfortunately is not underpinned with measurements. Looking at 
the surface energy balance, I doubt the significance of the difference between forest TOC and 
grassland, as differences between modeled and measured grassland are similar. 

The reviewer correctly notices that we do not have above canopy 
measurements to compare the TOC energy budget to. We would like to 
acknowledge that the focus of this study is on heat exchange processes 
between the forest and the ground. We argue that the model is best 
validated exactly at this interface. We, thus, thoroughly validate the 
model with ground surface temperature measurements at all sites 
and below canopy radiation measurements at our secondary study site. 
We further argue that below canopy radiation measurements implicitly 
include radiative absorption and reflection within the canopy so that 
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the below canopy net radiation provides a good measure whether the TOC 
energy balance is well represented by our model. 

Regarding the significance of energy flux differences we clearly 
demonstrate that the differences between forest TOC and forest ground 
are much higher (around 50 Wm-2) than the differences between forest TOC 
and grassland (around 10 Wm-2). We further demonstrate that our model is 
able to reproduce the below canopy SEB and the SEB at the grassland 
site. This gives us confidence that our model also realistically 
reproduces the differences in storage heat flux and net radiation flux 
between forest TOC and forest ground. Further evidence that the model 
realistically reproduces the heat flux partition is given by the good 
agreement between measured and modeled ground surface temperatures and 
the active layer thicknesses. 

All model components are validated thoroughly based on multiple 
variables over the entire annual cycle. We are convinced that this 
allows us to evaluate the modeled systematic differences in the 
surface energy balances between the forested and the grassland site. 

In general, I would also appreciate further details on the various assumptions made. Most of the 
methods used are described by using reference but the reader need to go through all the 
different studies to which the authors refer to. For example, how is the heat flux within the soil 
layer calculated, as this is of great importance in permafrost regions. 

We thank the reviewer for pointing out these unclarities. To avoid 
further lengthening of this manuscript and keeping it readable, we 
have decided against providing further model details, which are not 
directly changed or modified in this study, but to kindly refer to the 
previous CryoGrid publications. CryoGrid has been used and further 
developed in many different studies and i.e. the heat flux between 
below ground soil layers is explained in detail in the well-documented 
CryoGrid model publication by Westermann et al. (2016), published in 
the model development journal GMD.  

Further, we have previously added the following paragraph to our 
methods section, following the recommendations of reviewer 1 and 2. 
The soil layer conductivity is now explained on p.9,l.194: “Soil 
thermal conductivity is parameterized following Westermann et 
al.(2013, 2016) and is based on the parameterization in Cosenza et al. 
(2003). The thermal conductivity of the soil is calculated as weighted 
power mean from the conductivities and volumetric fractions of the 
soil constituents water, ice, air, mineral and organic (Cosenza et 
al., 2003).”  

Nonetheless, I would like to point out that this study is very well structured and written, which 
enables the reader to follow the manuscript very easily. 

We would like to thank the reviewer for this closing statement and the 
help on improving our manuscript. We would again also like to thank 
all reviewers and the editor for guiding us towards this well-
structured and easy-to-follow manuscript.  
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List of all relevant changes made in the manuscript: 

1. We have added the active layer thickness dynamics to Figure 7 and have updated the 
caption accordingly. 

2. We have further explained the validity of our model results and the used measurements. 
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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 profiles 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 Scientific, detailed list of sensors see Table A1) is installed at 110ma.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 and 2.5m) above the ground100

while wind speed and direction are measured at 3.2m above ground. In addition, the station measures liquid precipitation,
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snow depth, incoming and outgoing short and longwave radiation and is equipped as a Bowen Ratio station (B, see Appendix

A). All meteorological variables were recorded with 10 min resolution and stored as 30 min averages. In order to install soil

temperature and moisture sensors in the ground a soil pit was excavated in immediate vicinity (2.5m) of the AWS. The O

horizon has a depth of 0.04m, the A horizon 0.1m containing undecomposed roots, dead moss remains, dense rooting and105

some organic hummus. The mineral soil is podsolized, sandy and dominated by quartz. The rooting depth is 0.18m. Iron rich

bands were found at 0.4m, 0.7m and 1.1m. The active layer thickness was 2.3m in mid-August 2018 and in early-August

2019. In this soil pit, soil temperature and moisture measurement profiles are installed from the top to the bottom of the

active layer consisting of 8 temperature sensors (0.07m,0.26m,0.88m,1.33m, 1.28m,1.58m,1.98m,2.28m) and 4 moisture

probes (0.07m,0.26m,0.88m,1.33m). In addition the conductive ground heat flux in the topsoil layer is measured with a110

heat flux plate installed at 0.02m depth. Further, we record the near surface ground temperature with 5 standalone temperature

loggers (iButtons, see Tab. A1) with a measurement interval of 3 hours. These are installed in the upper 0.03m of the organic

soil at our forest site. The forest soil has a litter layer of 0.08m and an organic rich A-horizon reaching a depth of 0.16m. It

is rich in organic and undecomposed material. Mineral soil is podsolized and the rooting depth is 0.20m. The average active

layer thickness between spatially distributed point measurements was 0.75m in mid-August 2018 and 0.73m in early-August115

2019. In a vegetation survey along a 150m transect from the grassland into the forest, the tree height of every tree within a

2m distance was estimated. Trees <2m were measured with a measuring tape, trees >2m were measured with a clinometer or

visually estimated after repeated comparisons with clinometer measurements. Together, the instrumentation with a variety of

different loggers, records the spatial and temporal variances across the two sites which are representative for a large area of the

mixed boreal forest domain in Eastern Siberia (dataset in review: https://doi.org/10.1594/PANGAEA.914327). In addition, we120

use a secondary study site, located 581km east of Nyurba, with an extensive measurement record of radiation and temperature

data from below the forest canopy which allows for a comprehensive model validation (see Appendix C).

2.3 Model description

2.3.1 Ground module

CryoGrid is a one-dimensional, numerical land surface model developed to simulate landscape processes related to permafrost125

such as surface subsidence, thermokarst, and ice wedge degradation. The model version is originally described in Westermann

et al. (2016) and has since been extended with different functionalities such as lake heat transfer (Langer et al., 2016), multi-

tiling (Nitzbon et al., 2019, 2020), and an extensive snow scheme based on CROCUS (Vionnet et al., 2012; Zweigel et al.,

2020). The thermo-hydrological regime of the ground is simulated by numerically solving the one-dimensional heat equation

with ground water phase change while ground water flow is simulated with an explicit bucket scheme (Nitzbon et al., 2019).130

The exchange of sensible and latent heat, radiation, evaporation, and condensation at the ground surface are simulated with an

surface energy balance scheme based on atmospheric stability functions. In addition, the model encompasses different options

to simulate the evolution of the snow cover including the Crocus snowpack scheme as implemented by Zweigel et al. (2020).

The model is forced by standard meteorological variables which may be obtained from AWSs, reanalysis products, or climate
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