Response to Reviewer#2 Comments

We sincerely thank the reviewers for their thorough and insightful evaluation of our manuscript.
Their detailed comments and constructive suggestions have been invaluable in improving the quality
of this work. We are grateful for the considerable time and expertise they have dedicated to this
review. In the following, we address each comment individually. The reviewer’s comments are in
black, and our responses are provided in blue.

Comment 1:

In the Section 2.2 (Lines 141-147), the manuscript states that CLM uses a two-phase spin-up (prein-
dustrial + historical), whereas JSBACH is run continuously from 1941 to 2022 without equivalent
spin-up. This inconsistency may lead to non-comparable initial states, especially for deep soil tem-
perature, soil moisture, and freeze-thaw memory, directly affecting key variables such as maximum
freezing depth (MFD) and SFG duration.

Response:

We thank the reviewer for this important and perceptive comment. We apologize that the descrip-
tion of the model spin up procedures in Section 2.2 was insufficiently clear and caused confusion to
everyone. Below, we provide a detailed and transparent account of the spin-up and initialization
protocols applied to CLM and JSBACH:

We clarify that CLM5.1 was initialized following the standard two-phase spin up procedure described
in Lawrence et al. (2019); Koven et al. (2013), and implemented in the CMCC seasonal prediction
system (Gualdi et al., 2020). In the first phase, the model was brought to equilibrium representative
of year-1850 conditions using the standard CLM spin up protocol. This phase consisted of 400 years
with accelerated decomposition to equilibrate slow carbon and nitrogen pools, followed by an ad-
ditional 800 years in normal mode. The second phase was a historical run from 1850, which was
achieved by integrating over a repeating 20-year period of the GSWP3 forcing dataset (1901-1920)
(Lawrence et al., 2019), while prescribing fixed preindustrial boundary conditions, including constant
atmospheric CO,, nitrogen deposition, aerosol deposition, land use, and no wood harvest. This is the
standard CLM approach for generating a stable preindustrial land state when meteorological forcing
prior to 1901 is unavailable. From 1901 onward, the model was forced with true time-varying GSWP3
data, which in our setup covers the period 1901-1940. To ensure a smooth transition from GSWP3
to ERAS forcing, we additionally performed 10 cyclical runs using climatological ERA5 forcing for
1941-1950, which reduced potential drift caused by the forcing dataset change.

In contrast, JSBACH was run continuously from 1941 to 2022 without an equivalent multi phase
spin up, initialized from JSBACHS3 initial-condition files remapped from the Gaussian grid to the
ICON R02B06 grid, and forced with ERAb reanalysis data at a 3-hourly temporal resolution. Previ-
ous JSBACH site-level study has considered a spin up period of 30 years sufficient to reach thermal
and hydrological equilibrium in frozen ground simulations (Ekici et al., 2014). Since our analysis
period begins in 1986, JSBACH had been integrated for 45 years (1941-1985) prior to evaluation,
exceeding this threshold and ensuring that the influence of the initial conditions on the analysed
variables is negligible.

We have also expanded the discussion of spin-up duration and equilibrium considerations along with
some plots in the response to Reviewer #1 (Major Comment 1).



We agree that the initial conditions of the two models were different owing to their distinct model
structures and initialization frameworks. However, since the analysis period starts in 1986, both
models had already been run for several decades before evaluation (~ 45 years from 1941 to 1985).
Therefore, the direct influence of the initial conditions on the analysed frozen-ground variables is
expected to be small during the evaluation period, as soil thermal and hydrological memory typi-
cally dissipates over such timescales (Yang and Zhang, 2016; Koster and Suarez, 2001; Vinnikov et
al., 1996). But since it is important for the readers to know it so we are planning to acknowledge
that “Differences in spatial resolution, grid-cell heterogeneity, initial state and boundary condition
datasets describing soil properties likely contribute to some of the simulated biases.” And we will
clarify this point in the revised manuscript (Line 323).

We hope this response and the planned revision satisfactorily address the reviewer’s thoughtful com-
ment.

Comment 2:

In the Section 3.1, the study introduces an updated snow densification scheme for JSBACH and then
uses only the improved version for intercomparison. I am curious whether CLM and ERA5L have
this optimized parametrization. Also, what are the simulated results from the old setups? If it is
possible to clearly frame the study as a model development and evaluation paper rather than a pure
intercomparison?

Response:

We would like to clarify that the manuscript is primarily intended as an evaluation and intercompar-
ison of seasonally frozen ground characteristics simulated by two widely used land surface models,
JSBACH and CLM, together with ERA5L. These models were specifically selected because they differ
notably in their vertical soil discretization, snow physics, and parameterization complexity, enabling
us to investigate how such structural differences influence the simulation of frozen-ground processes
at large spatial scales.

The simulated results using the old JSBACH snow density formulation are documented in detail in the
technical report available at the Zenodo repository provided in the Code and Data Availability section
of the manuscript (doi: https://zenodo.org/records/18110147; file: report_on_improvement_in
_JSBACH final.pdf). We refer the reviewer to this report for a full comparison between the old and
updated configurations.

Regarding the snow densification scheme, we would like to clarify that we did not specifically “op-
timize” JSBACH for this study. During our work, we identified limitations in the earlier snow
density formulation, which primarily depended on time evolution, and contributed to the implemen-
tation and testing of a physically improved temperature-dependent formulation together with the
ICON-Land development team and DWD. The present study therefore evaluates the latest available
JSBACH/ICON-Land version rather than a model employing an optimized or best-possible snow
parameterization, as further improvements in snow physics are still possible. We have also clari-
fied in Table 1 that the snow-density parameterizations differ among the datasets: JSBACH uses a
temperature-dependent snow densification scheme, CLM includes more advanced snow compaction
and metamorphism processes, and ERA5L represents snow density evolution through overburden
pressure, thermal metamorphism, and retained liquid water following Lynch-Stieglitz et al. (1994).
We agree that the original manuscript structure may have unintentionally suggested a model-development
focus. To avoid this confusion, we have decided to moved the description of the updated JSBACH


https://zenodo.org/records/18110147

snow density scheme from the Results section to the end of the Methodology section in the revised
manuscript.

Comment 3:

In the Section 3.3.2, the manuscript attributes many biases primarily to snow insulation effects. The
attribution lacks sensitivity experiments to provide a robust evidence.

Response:

We thank the reviewer for this comment. We do relate the simulated soil temperature biases to the
insulating capacity of snow, as discussed in the first paragraph of Sect. 3.3.2. Our interpretation
is based on the well-established physical understanding that increasing snow depth and snow cover
duration enhance the insulating effect of snow by thermally decoupling the soil from colder winter air
temperatures, thereby reducing ground heat loss (Zhang , 2005; Zhang et al., 2005). In this study,
the inferred relationship between snow insulation and soil thermal biases is therefore based on the
simulated snow depth behaviour in each model, particularly whether snow depth is underestimated
or overestimated relative to observations.

The JSBACH model development itself provides physically consistent evidence and can therefore
be interpreted as a sensitivity experiment. The earlier JSBACH configuration, which used a time
evolution based snow density formulation, simulated lower snow depth and exhibited a pronounced
cold bias in soil temperature (Appendix Fig. B1; also documented in the Zenodo report- file: re-
port_on_improvement_in_JSBACH final.pdf). After implementing the updated temperature-dependent
snow density parameterization, the simulated snow depth increased and the cold soil temperature
bias was substantially reduced, bringing simulated soil temperatures closer to observations.

This comparison between the old and updated JSBACH configurations provides direct evidence that
modifying the snow density parameterization and consequently the simulated snow depth resulted
in systematic changes in soil temperature consistent with the expected snow insulation effect. Old
versus new JSBACH configurations also reveal a clear contrast in the snow insulation effect, as re-
flected in the TDSA-SD relationship: the old setup (figure below) differs notably from the updated
configuration shown in Fig. 7 of the manuscript, highlighting the strong influence of snow represen-
tation on simulated soil thermal conditions within the JSBACH model.

The insulating effect can vary considerably depending on snow cover timing and duration which
motivated the additional analysis presented in Section 3.3.4, where we examine how snow cover char-
acteristics influence SFG properties. We would like to refer to Sect. 3.1 in the first sentence of Sect.
3.3.2 to clearly establish how the ST biases are attributed to the snow insulation effect. We hope the
reviewer finds this clarification satisfactory.
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Figure 1: Relationship between wintertime monthly mean SD and soil-air temperature difference
(TDSA) across observational and model datasets, shown as median TDSA (dotted lines, 5 cm SD
bins) and IQR (shaded) for observations (Obs; green), ERA5L (blue), JSBACH (red), and CLM
(orange) in upper panel. Lower panel shows probability density functions (PDFs) of TDSA for
shallow (SD < 20 cm) and thick (SD > 45 ¢cm) snow conditions.

Comment 4:

In the Section 3.3.1, the study compares grid-scale model outputs ( 30-50 km) with point observations
at 26 stations. There is a large mismatch between the two scales. So, how the grids were selected?
How the magnitude of the results may be influenced by this mismatch? A discussion may be needed
to show the uncertainties.



Response:

We thank the reviewer for raising this important methodological point. We fully agree that a scale
mismatch between gridded model output ( 40-50 km) and point-scale in situ observations is an inher-
ent limitation of this type of evaluation. For the model-to-observation comparison, the gridded model
outputs were linearly interpolated to the geographic coordinates of each station. This approach is
standard practice in large scale model evaluation studies and allows us to draw conclusions from
comparisons between gridded and site-level data (Wang et al., 2016; Luo et al., 2020; Zhang et al.,
2005; Damseaux et al., 2024). We acknowledge that this scale mismatch introduces uncertainty, par-
ticularly because a single observation site not fully represent the spatial heterogeneity within a model
grid cell, including variability in vegetation, snow redistribution, topography, and soil properties.
We agree that the ideal way to quantify the scale-mismatch uncertainty would be to compare the
point observations against the spatial variability within a grid cell, e.g., by having multiple stations
within the same 40-50 km cell. However, as shown in Table Al, no grid cell in our study area
contains more than one station. Therefore, we cannot directly estimate the sub-grid variability of
observations or compute a robust uncertainty metric for the mismatch. We therefore cannot formally
quantify the representativeness error, and one can only speculate about its magnitude. Despite the
unavoidable limitations associated with global model evaluations, the consistent differences observed
across multiple stations still provide meaningful information about the systematic strengths and
weaknesses of each model, particularly regarding their internal snow and soil process representations.
We have also acknowledged and justified this grid-to-point comparison approach in Lines 327-330 of
the manuscript.

Comment 5:

In the Section 3.3.4, the manuscript tries to interpret how the factors affect SFG by correlation
analysis. In fact, these factors have close correlations, it is preferable to use partial correlation
analysis or machine learning—based approaches for attribution analysis.

Response:

We thank the reviewer for this important suggestion. In response, we have decided to add a partial
correlation table together with a schematic diagram as suggested by Reviewer #3, summarizing the
statistically significant partial correlations between SFG characteristics, snow cover properties, and
seasonal thermal drivers across observations and models (Fig. 2). The controlling variables used for
each variable pair are listed in Table 1 and were selected based on physically motivated relationships
to isolate direct from indirect pathways. To further visualise the relationships presented in Table 2,
including both pearson correlation and partial correlation values calculated using the controlling
parameters listed in Table 1, we constructed a schematic diagram (Fig. 2) for observations and each
model. This diagram helps distinguish genuine physical drivers from spurious inter-correlations.

Variable definitions (for reference):
e SFG_Onset - onset date of seasonally frozen ground at 20 cm depth.

e SFG_End - end date of seasonally frozen ground at 20 cm depth



SFGD - seasonally frozen ground duration (SFG_End - SFG_Onset)

SC_Onset - snow cover onset date

SC_End - snow cover end date

SCD - snow cover duration (SC_End - SC_Onset)

Autumn_AT - autumn air temperature

Winter AT - winter air temperature

Spring AT - spring air temperature
e Winter_SD - winter snow depth

Partial correlations (pc) were computed to remove the influence of shared drivers, particularly Au-
tumn_AT, Spring_ AT, and Winter_SD, which co-vary with multiple target variables simultaneously.
This approach allows us to determine, for example, whether the relationship between SFG_Onset and
SC_Onset is direct or primarily inherited from a common autumn temperature signal.

To illustrate the calculation, we provide an example of the partial correlation between parameters A
and B, with C held as the control variable:

Rap — RacRpc
(1 - R%0) (1= Rye)

Observation: In the observations, SC_Onset and Autumn_AT show a direct moderate positive rela-
tionship (R = 0.3), indicating that warmer autumn temperatures delay snow cover onset. SC_Onset
and SFG_Onset exhibits virtually no direct relationship (partial r = 0.02 after controlling for Au-
tumn_AT), indicating that frozen ground onset is not directly driven by snow arrival and is instead
likely governed by local factors such as soil properties, vegetation cover, soil moisture, and micro-
climatic conditions. Similarly, after controlling for SC_Onset, the relationship between Autumn_AT
and SFG_Onset is very weak (pc = 0.14), suggesting only limited direct influence of Autumn_AT
on soil freezing onset. SC duration is primarily controlled by Winter_SD (pc = -0.52), Spring_ AT
(pc = -0.50), and Autumn AT (pc = -0.33). SC_End shows strong dependence on Spring AT (pc
= -0.66) and Winter_SD (pc = +0.52), and a moderate relationship with SFG_End after controlling
for spring temperature (pc = +0.37). In contrast, SFG_End is only weakly directly influenced by
Spring_AT once the effect of SC_End is removed (pc = -0.20), highlighting that soil thaw timing is
mediated through snow cover dynamics rather than temperature alone. In the observations, SFG
duration shows a moderate negative relationship with both Autumn_AT (pc = -0.37) and Spring AT
(pc = -0.21) after controlling for SC duration, indicating that colder autumn and spring conditions
contribute weakly to longer frozen ground duration independent of snow cover persistence.

(1)

pcaB.c =
\/

ERAS5L: In ERAS5SL, the schematic indicates no direct relationship between SFG_Onset and Au-
tumn_AT. SC_End, however, shows relatively strong relationships with both SFG_End (pc = 0.85)
and Spring AT (pc = -0.69) when the influence of other variables is accounted for. In addition, the



direct influence of Spring AT on SFG_End (pc = -0.42) remains stronger than observed, suggesting
that ERASL overestimates the sensitivity of soil thaw to spring warming. A higher SFG duration-SC
duration correlation (R= 0.53) in ERASL than in observations (R = 0.38)) indicates that the model
overestimates the coupling between snow cover duration and frozen ground duration. SFG duration
maintains moderate negative relationships with both Autumn_AT (pc = -0.32) and Spring AT (pc
= -0.36) after controlling for SC duration, indicating a slightly stronger sensitivity of frozen ground
duration to seasonal warming than observed.

CLM: CLM reproduces the correct directional sign across all major linkages, but SC_Onset’s de-
pendence on Autumn_AT is amplified (R = 0.73), suggesting snow onset timing is highly sensitive
to autumn temperature conditions. Most critically, the SC_Onset-SFG_Onset relationship collapses
to near zero, while the Autumn_AT-SFG_Onset relationship remains weak (pc = +0.09), which may
suggest that the relatively high snow depth in CLM could partially thermally isolate the soil, reduc-
ing the influence of snow onset timing and autumn air temperature on soil freezing at 20 cm depth.
SFG duration shows a stronger dependence on SC duration (R = 0.57) while SC duration is strongly
controlled by Winter_SD (pc = +0.69), Spring AT (pc = -0.52) and Autumn_AT (pc = -0.35), re-
flecting the dominant role of snow accumulation and melt-season temperature in regulating snow
cover duration. Furthermore, the SC_End-SFG _End partial correlation is substantially amplified (pc
= 0.84) after controlling for Spring AT, indicating that snow disappearance strongly regulates soil
thaw timing in CLM. Once SC duration and Spring AT are controlled, Autumn_AT’s independent
effect on SFG duration weakens to pc = -0.20 in CLM (vs -0.37 in observations), while Spring_AT’s
independent effect (pc = -0.33) remains slightly stronger than observed (pc = -0.21), suggesting that
CLM further suppresses the direct autumn thermal pathway to the soil while retaining an elevated
spring signal.

JSBACH: JSBACH exhibits a distinctly different relationship structure, likely reflecting its sub-
stantial snow depth underestimation. Unlike observations and CLM, SC_Onset shows virtually no
dependence on Autumn AT (R = 0.07), suggesting that snow accumulation timing in JSBACH is
largely disconnected from autumn thermal conditions. The SFG_Onset and Autumn_AT partial cor-
relation surges to pc = 0.71, the strongest signal in the entire network and far exceeding the observed
value (pc = 0.14), while SC_Onset and SFG_Onset show no meaningful relationship (pc = -0.04),
together confirming that in the absence of adequate snow cover, Autumn_AT drives soil freezing
directly without the moderating influence of snow. SFG duration shows a stronger dependence on
SC duration (R = +0.56) while SC duration is strongly controlled by Winter_SD (pr = +0.66),
Spring_ AT (pc = -0.35), and Autumn_AT (pc = -0.27). The SC_End and SFG_End coupling weakens
substantially (pc = 0.18 vs 0.37 in observations), while Spring_AT’s independent effect on SFG_End
remains quite strong even after controlling for SC_End (pc = -0.68), indicating that without adequate
snow insulation, spring air temperature forces soil thaw directly rather than through snow cover. In
JSBACH, Autumn_AT’s independent effect on SFG duration (pc = -0.52) and Spring AT’s indepen-
dent effect (pc = -0.54) both remain considerably stronger than observed, confirming that seasonal
air temperatures control frozen ground duration directly, bypassing snow insulation. In JSBACH,
the sign change for SFG_Onset (strong negative dependency on SFGD, R = -0.77) together with the
positive dependency of SFG_End on SFG duration (R = +0.84) suggests that both early onset and
delayed end contribute to longer frozen ground duration, whereas in other datasets SFG duration
shows stronger control by SFG_End.



"popoau [013U0D OU : (198
-UO0 - PUS = UOIJRIND) PayUI[ A[[edTIRWLY R

ADAS X PSuQ DHAS

"popoau [013U0D Ou : (198
-UO0 - PUS = UOIJRIND) PayUI[ A[[edIRWBY R

aDIAS X pud dAS

danjerod
- Ire SULIdS JO 90ULNPUL J09IIP ST} SOJR[OS]

Ly uumny ‘dps

LV Sutdg x HIS

danjeroduro)
IR UWNINR JO 9DUSNPUL JO9IIP 9} S9IR[OS]

Ly suudg ‘dps

Ly uumny x (qnJ4S

“109jo Surdnoo [ejo0} moys

07 SI0JORJ IOYJ0 [[B JO 9OUSNPUI 97 Sopn[ouf - ans x dnds
REI(0)

NS uo [o1uoo smjeroduwe) Jurids ooII(] PU DS Ly suudg x puyg 9HqS

"POPOdU [OIJU0D O :(OSUO - DS X WSUQ DS

- PUe = UOIJRIND) XU A[[RIT}RTUSI RN - aDs X pPug DS

panjerodure) urids Jo 1000 poIeYS dAOWIY Ly suudg pug HAS X pug DS

MRt} 23 oanjeraduro)
SUIpnOxo ‘9jep JEW uo joope [Yjdop moug

Ly Sunidg ‘ 1y I1ojurpn

S PN X PU DS

-oouereod
-desip mous uo 109fe Sururrem Surids 9)e[OS]

(S IO TV IOJUIA

Ly 8uudg x pug DS

"1D9J0 J09IIp SUI)R[OSI
‘sfemyyed 10o11pur seaowal [013U0d yydop
MOUS pUR [y [RUOSBIS A( POOUSNPUI (DS

Ly uuminy ‘ [y-sutidg ‘ [y IoUuIpn
(S PIUIA\ ‘LY uwuminy [y IojuIpp
dS I Ly SuLtdg ‘ Ly I

dS e X dDS
Ly Sundg x dps
Ly uwminy X (dDs

"8U1Z00J [10S U0 J00[J0 [RULIDY] JD9IIP 9JR[OS] 1PSU)DS | LV Umunny X 30su0) HS
"2Imy
-erpdwo) UWNINE JO J00[J0 POIRYS QAOUIY Ly uunjny 19SuU() DS X 19SU) HAS

RE0)
MOUS TO [0IJU0D dInjerodura) Uwmine 499I1(J

Ly umunjny x 3osu) DS

SISALIP [RIUSTIUOIIAUD Juapuadopu]

S IOMIA X Ly ToFuIA

SISALIP [RIUSTUUOIIAUL Juapuadopu]

(S PHUIAN X Ly uwuniny

Sy Ieway

s10joe] Sul[[0I1ju0))

sI9ojowredeq

‘uoryelardisgur [eosAyd pue s10joe] SUI[[OIFU0D
M SOTSLIDIORIRYD PUNOIS U9ZOIJ A[[RUOSEIS pur ‘I9A0D mous ‘jdop mous ‘sornjeroduwro) Ire [euosess woamioq sdiysuorje(oy T o[qe],




Table 2: Statistically significant (p value < 0.01) pearson and partial correlations between seasonal

air temperatures, winter snow depth, snow cover, and seasonally frozen ground characteristics.

Pearson Correlation (R)

Partial Correlation (pc)

Parameters
Obs | ERA5SL | CLM | JSBACH | Obs | ERA5L | CLM | JSBACH

Autumn_AT x Winter_SD | -0.59 -0.59 -0.51 -0.58 - - - -
Winter_ AT x Winter SD | -0.34 -0.35 -0.16 -0.53 - - - -
SC_Onset x Autumn_AT 0.3 0.71 0.73 0.07 - - - -
SFG_Onset x SC_Onset 0.07 0.2 0.1 0.02 0.02 0.15 0.004 -0.04
SFG_Onset x Autumn_AT | 0.15 0.13 0.13 0.71 0.14 -0.02 0.09 0.71
SCD x Autumn_AT -0.7 -0.74 -0.68 -0.64 -0.33 -0.4 -0.35 -0.27
SCD x Spring_AT -0.68 -0.7 -0.68 -0.52 -0.5 -0.5 -0.52 -0.35
SCD x Winter_SD 0.71 0.77 0.78 0.76 0.52 0.62 0.69 0.66
SC_End x Spring AT -0.74 -0.77 -0.72 -0.57 -0.66 -0.69 -0.65 -0.51
SC_End x Winter_SD 0.62 0.7 0.73 0.66 0.52 0.61 0.67 0.61
SC_End x SCD 0.89 0.91 0.92 0.84 - - - -
SC_Onset x SCD -0.34 -0.87 -0.87 0.02 - - - -
SFG_End x Spring AT -0.57 -0.82 -0.72 -0.78 -0.2 -0.42 -0.23 -0.68
SFGD x SCD 0.38 0.53 0.57 0.56 - - - -
SFGDx Autumn_AT -0.52 -0.58 -0.53 -0.73 -0.37 -0.32 -0.2 -0.52
SFGD x Spring AT -0.42 -0.59 -0.6 -0.71 -0.21 -0.36 -0.33 -0.54
SFG_End x SFGD 0.52 0.69 0.75 0.84 - - - -
SFG_Onset x SFGD 0.26 0.31 0.14 -0.77 - - - -
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Figure 2: Schematic representation of the statistically significant pearson and partial correlations
derived from Appendix Table 2, illustrating the interactions among seasonal air temperature, snow
cover, snow depth, and seasonally frozen ground characteristics for (a) OBS, (b) ERA5L, (c) CLM,
and (d) JSBACH. Red and blue lines denote positive and negative correlations, respectively, while the
magenta-coloured line indicates possible local influences affecting the variables. Filled circles at the
arrow origin indicate pearson correlation coefficients; all other values represent partial correlations.

Based on the information we have, we would like to correct our Sect 3.3.4 as follows in
the revised manuscript:

Figure 10 shows statistically significant correlation matrices between SFG and snow cover charac-
teristics, seasonal ATs, winter SD, as well as thermal indices for observations and models. To fur-
ther distinguish direct relationships from shared seasonal influences, partial correlation (pc) analysis
was additionally calculated (using pingouin package; https://pingouin-stats.org/generated/
pingouin.partial_corr.html). The resulting partial correlation values are presented in Appendix
Table 2, while the corresponding controlling factors used in each analysis are listed in Appendix
Table 1. This approach removes the effect of co-varying seasonal controls (autumn AT, spring AT,
winter AT and winter SD), allowing a clearer assessment of whether snow cover exerts an indepen-
dent influence on soil freezing dynamics or whether observed linkages arise primarily through common
atmospheric forcing. Figure 2 presents a schematic diagram based on Appendix Table 2, illustrat-
ing both pearson correlations (R) and partial correlations (pc) after accounting for shared drivers,
thereby highlighting the relative strength and direction of the key interactions among variables.

In observations, SFG onset is not directly controlled by large-scale seasonal conditions. SC_Onset and
autumn AT show a direct moderate positive relationship (R = 0.30), indicating that warmer autumn

10
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temperatures delay snow cover onset, consistent with a temperature-driven control, yet autumn AT
exerts only limited direct influence on SFG onset (pc = 0.14), and the mutual partial correlation
between SC_Onset and SFG_Onset is negligible (pc = 0.02 after controlling for autumn AT). SC
duration is primarily controlled by winter SD (pc = —0.52), spring AT (pc = —0.50), and autumn
AT (pc = —0.33). SC_End shows strong dependence on spring AT (pc = —0.66) and winter SD (pc
= +0.52), and a moderate relationship with SFG_End after controlling for spring temperature (pc =
+0.37). In contrast, SFG_End is correlated with the thawing index (R = -0.50) but is only weakly
directly influenced by spring AT once the effect of SC_End is removed (pc = —0.20), highlighting that
soil thaw timing is largely mediated through snow cover dynamics rather than temperature alone.
SFG duration shows the strongest association with autumn AT (R = —0.52; pc = —0.37 after con-
trolling for SC duration and spring AT), with spring AT retaining a moderate independent effect on
SFG duration after controlling for SC duration (pc = —0.21). Altogether, the observations indicate
that snow cover governs thaw timing and, together with the intensity of seasonal air temperature,
determines the duration of seasonal ground freezing.

ERASL and CLM broadly reproduce several of the observed dependencies but often amplify the
strength of correlations, suggesting an excessive sensitivity of the simulated soil thermal regime to
AT and snow controls. Moreover, both models do not account for the high heterogeneity in local
conditions present at observation sites, as land surface properties are spatially smoothed, which likely
contributes to the strong dependence of snow cover onset on seasonal variables, particularly autumn
AT. In addition, precipitation phase partitioning in the models is governed by grid-scale temperature
thresholds, making the onset of snow accumulation primarily temperature-driven. Consequently,
local factors that modify the near-surface temperature regime, such as vegetation dynamics, soil
thermal properties, microtopography, and surface energy exchanges, cannot be represented as specif-
ically as in station observations. The SC_End-SFG_End coupling is particularly inflated (R > 0.9;
pc = 0.85 in ERA5L and 0.84 in CLM after controlling for spring AT), far exceeding observations.
In ERAS5L, spring AT retains a stronger direct effect on SFG_End than observed (pc = —0.42), and
the SFG duration-SC duration coupling is elevated ( R = 0.53 vs. 0.38 in observations), with com-
parable sensitivity of SFG duration to both autumn AT (pc = —0.32) and spring AT (pc = —0.36).
In CLM, SC_Onset is highly sensitive to autumn AT ( R = 0.73), and the dominant role of snow
accumulation in regulating SC duration is reflected in strong partial correlations with winter SD (pc
= 40.69) and spring AT (pc = —0.52). CLM weakens the direct influence of autumn AT on soil
freezing duration (pc = —0.20 compared to —0.37 in observations), while slightly strengthening the
independent role of spring AT (pc = —0.33 compared to —0.21 in observations). Collectively, the
amplified correlations indicate that excessive snow accumulation in ERA5L and CLM produces a
tighter-than-observed coupling between snowpack evolution and subsurface freezing, thereby reduc-
ing the influence of other environmental controls on SFG variability.

JSBACH on the other hand, exhibits a distinctly different relationship structure, likely reflecting its
substantial snow depth underestimation. SC_Onset shows no dependence on autumn AT (R = 0.07),
while SFG_Onset is strongly tied to autumn AT (pc = 0.71) with no meaningful SC_Onset-SFG_Onset
relationship (pc = -0.04). At the thaw end, the SC_End-SFG_End partial correlation weakens (pc
= 0.18 vs. 0.37 in observations), while spring AT’s direct effect on SFG_End remains very strong
(pc = -0.68), indicating that spring warming forces soil thaw without mediation through snow cover.
Consequently, both autumn AT (pc = -0.52) and spring AT (pc = -0.54) exert substantially stronger
independent control on SFG duration than observed, bypassing the buffering role of snow insulation.
A notable sign reversal in JSBACH where SFG_Onset shows a strong negative relationship with SFG
duration (R = -0.77), alongside a strong positive SFG_End-SFG duration relationship (R = +0.84),
indicates that both earlier onset and delayed end contribute to longer frozen ground duration, whereas
in observations and the other models, SFG duration is primarily controlled through the end date.
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The model’s limited snow accumulation and relatively shallow snowpack fail to adequately decouple
the soil from atmospheric temperature variations, resulting in a more direct soil thermal response to
AT. Together, these results highlight that observed SFG characteristics arise from a balanced inter-
action between snow dynamics and seasonal thermal/freeze energy, whereas models diverge in how
they distribute control between AT and snow insulation. ERA5L and CLM exaggerate the thermal
decoupling effect of snow, while JSBACH underrepresents it, leading to contrasting biases in the
simulated freeze-thaw behavior.

Minor comments

Comment 1: Abstract. SFG should be defined when it first appears.)?

Response: We thank the reviewer for this comment. We apologize for the oversight and will revise
the manuscript to define SFG at its first occurrence in the abstract.

Comment 2: In many Figures, the labels (a), (b), and (c)... are not indicated.)?

Response: We thank the reviewer for pointing this out. We will ensure that all figures are updated
to include proper panel labels (a), (b), (¢), etc. in the revised manuscript.

Comment 3: It is hard to get the core information from the Figure 6. A more concise Figure is
needed to summarize the results.)?

Response: We thank the reviewer for this comment. We agree that showing individual sites can
reduce readability at first glance. However, we have retained this figure because it provides important
information on site-specific variability and allows direct assessment of how snow depth underestima-
tion or overestimation influences model performance at individual locations. We consider this detail
important, as it would be lost in a fully aggregated presentation. To avoid any confusion, we have also
provided aggregated performance metrics (RMSE, MBE, and R) across all sites, which summarize
the overall model behaviour more concisely. To improve clarity, we will revise the figure layout by
introducing clearer separation between sites using distinct vertical groupings, as shown in the revised
version to be included in the manuscript.
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