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Abstract. Climate-driven snowpack changes across the Northern Hemisphere introduce substantial uncertainty into the global
carbon budget, but how winter ecosystem respiration (Reco,,;nter) responds to these changes remains unclear. In this study,
we investigated the impact of seasonal snowpack on Recoy,;nter in the Northern Hemisphere (NH, >30°N) from the perspec-
tive of snowpack insulation using multi-source datasets. Our analysis revealed that in 30.43% of NH ecosystems, snowpack
(thickness, duration, and density) exerted the most critical impact on respiration, surpassing climatic impacts (by 19.27%). The
positive impact of snowpack on Recointer Operates through snowpack insulation, with a stronger effect in colder regions.
Neglecting the various aspects of the snowpack may systematically underestimate the ecological impacts of snowpack. Accu-
rate assessments of snowpack ecological impacts must account for its synergistic aspects. Consequently, ignoring snowpack
ecological processes in future prediction models risk misrepresenting winter carbon fluxes and ecosystem responses to climate

change. Our study highlight the importance of snowpack on carbon source in winter ecosystems.

1 Introduction

High-latitude terrestrial ecosystems in the Northern Hemisphere (NH) are extremely rich in carbon stocks, with more than 200
million tons of carbon stored in the region’s biomass and soils (Schimel et al., 2015; Friedlingstein et al., 2023; Bruhwiler et al.,
2021; Hugelius et al., 2014), and winter ecosystem respiration (Reco,,;p ) in this region (377-1662 TgC per year) accounts
for a substantial part of global carbon emissions (Natali et al., 2019; Schuur et al., 2015; Grogan and Jonasson, 2006; Natali
et al., 2021; Lenton et al., 2008). As one of the most sensitive indicators of climate change, snowpack in NH ecosystems has
undergone tremendous changes over the past few decades (Portner et al., 2019; Huning and AghaKouchak, 2018; Box et al.,

2019; Pulliainen et al., 2020). Snowpack directly regulates the surface energy balance, heat balance (Gouttevin et al., 2018;
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Euskirchen et al., 2007; Zhang, 2005), and hydrological processes (Callaghan et al., 2011b; Natali et al., 2011), isolating soil
and vegetation from the atmosphere, and therefore has a significant impact on respiration processes (Sturm et al., 2001; Yi
et al., 2020). Clarifying the impacts of snowpack on Reco,;nter is critical for gaining insight into the assessment of terrestrial
carbon stocks on a warming globe (Euskirchen et al., 2022; Li et al., 2020; Amap, 2017; Pulliainen et al., 2024).

The impact of snowpack on ecosystem respiration is determined primarily by its insulating properties (Yi et al., 2020; Natali
etal., 2011; Grogan, 2012; Ling and Zhang, 2003). The snowpack functions to reduce the exchange of heat between the soil and
the atmosphere, thereby stabilizing the soil temperature. This is especially advantageous for ecosystems in regions experiencing
extended cold weather (Zhang, 2005; Ling and Zhang, 2003). The insulating properties of snowpack are characterized in three
dimensions: quantity, nature, and duration, which correspond to snowpack depth, snowpack density, and snowpack phenology,
respectively. The combination of snowpack depth and snowpack density quantifies the magnitude of snowpack insulation. The
maintenance of soil temperature by snowpack depth, which subsequently augments ecosystem respiration, is evidenced by var-
ious snow manipulation experiments (Natali et al., 2011; Grogan, 2012; Christiansen et al., 2018; Grogan and Jonasson, 2006;
Morgner et al., 2010) and ecological process models (Yi et al., 2020; Christiansen et al., 2018; Slater et al., 2017; Pongracz
etal., 2021). Snowpack density is commonly used to represent the thermal conductivity of snowpack (Lawrence and Swenson,
2011; Gouttevin et al., 2012), while snowpack phenology reflects the onset, end, and duration of the snowpack insulation effect.
Both snowpack indicators have been proven to affect winter soil respiration (Yi et al., 2020; Mavrovic et al., 2023; Gouttevin
et al., 2012). Although snowpack insulation effects are widely acknowledged, the quantification of the impact of snowpack on
Recoyinter at large scales requires further investigation. Moreover, previous studies mostly considered the impact of snowpack
depth, and other perspectives of snowpack have been neglected. This constrains a comprehensive understanding of the impacts
of snowpack in winter ecosystems.

Previous studies have found that, at a global scale, the response of ecosystem respiration to diverse geographical condi-
tions including temperature, water availability, biodiversity, etc. notably varies across different latitudes and between different
ecosystems (Niu et al., 2024; See et al., 2024; Zhang et al., 2024; Yi and Zhang, 2024; Huang et al., 2020; Liu et al., 2023a).
Nonetheless, many studies have focused on annual or summer, snowpack-free scenarios (Niu et al., 2021; Zhang et al., 2024;
Niu et al., 2024; Du et al., 2020). However, the sources of ecosystem respiration (vegetation and microbial communities) can
significantly differ between cold winter and hot summer conditions (Grogan and Jonasson, 2006; Reichstein et al., 2005).
Moreover, the thermal insulation effect of snowpack makes the respiration process in snowpack-covered scenes more complex
than that in snowpack-free scenes (Ryan and Law, 2005). Considering the variability in the spatial distribution of snowpack
(Pulliainen et al., 2020; Hale et al., 2023), the influence of snowpack on Reco,,;nter 1 €xpected to similarly exhibit spatial
heterogeneity. However, the precise spatial distribution of this impact and the factors driving it remain uncertain. This limits a
comprehensive understanding of the ecological impacts of snowpack in winter ecosystems.

In this study, we introduce a novel multi-indicator snowpack blanket framework to comprehensively investigate the impacts
of snowpack on Reco,,;nte in NH ecosystems (>30°N, Supplementary Materials Figure 1) using multi-source remote sensing
data. This innovative approach addresses critical gaps in our understanding of winter carbon dynamics and their response to

changing snowpack conditions. Our research objectives are described as follows: First, we quantify the extent and magnitude of
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the impact of seasonal snowpack on Reco,,;nser- Second, we explore the factors contributing to the variability in the impacts of
snowpack on Reco.,inter, providing insights into potential climate change feedbacks. Our research provides a more refined and
precise insight into the influence of snowpack on carbon sources in winter terrestrial ecosystems by collaboratively integrating
multiple snowpack properties. This research is pivotal for improving climate models, refining carbon budget calculations, and

informing policy decisions related to northern ecosystems under global change scenarios.

2 Materials and methods
2.1 Dataset

We used three types of ecosystem respiration products to enhance the robustness of our results, including the 8-day FLUX-
COM product at a 0.05° spatial resolution(Jung et al., 2019), the daily BEPS product at a ~0.07° spatial resolution(He et al.,
2021), and the daily LGS product at a 500 m spatial resolution(Tagesson et al., 2024). These ecosystem respiration products
demonstrated good reliability through comparisons with ground observations(Tagesson et al., 2024; Tramontana et al., 2016),
and showed a high degree of concordance with one another (Supplementary Figure 11). These three products are widely used
in ecological studies (Huang et al., 2021; Zhong et al., 2023; Tang et al., 2022; Yang and Noormets, 2024). As FLUXCOM
provides carbon flux data generated by a variety of methods, we used the average flux product of all nine machine learning
methods.

Snowpack data were derived from the ERAS-Land daily dataset at a 0.1° spatial resolution (Mufioz-Sabater et al., 2021).
The dataset used an intermediate complexity snowpack scheme (Boone and Etchevers, 2001), which provided up to five layers
of snowpack parameters including temperature, mass, density, liquid water content, and albedo (ECMWF, 2023; Arduini et al.,
2019). Six snowpack indicators were extracted from the ERAS-Land dataset, including three snowpack physical indicators
(mean snowpack depth, mean snowpack density, and total snowmelt) and three snowpack phenology indicators (snowpack
onset date, snowpack end date, and snowpack duration). In accordance with the seasonal variations in snowpack in the NH,
the duration spanning from 1 August of the present year to 31 July of the following year is termed a snowpack year (Dong,
2018; Mudryk et al., 2020). To minimize the impact of ephemeral snowpack in the process of extracting snowpack phenology
(Peng et al., 2010; Chen et al., 2015), the snowpack onset date was defined as the first day of the first five consecutive days
of snowpack presence within each snowpack year (Supplementary Materials Equation 1), the snowpack end date was defined
as the final day of the last five consecutive days of snowpack presence within each snowpack year (Supplementary Materials
Equation 2), and the snowpack duration was defined as the number of days between the snowpack onset date and the snowpack
end date.

In addition, climate and soil data were collected to explore the drivers of ecosystem respiration. The daily air temperature,
precipitation, wind speed, downward shortwave radiation, soil temperature, and soil water content data were obtained from the
ERAS5-Land dataset. The Northward component and the Eastward component of the surface 10-m wind data were converted
into the surface 10-m wind speed data using the Pythagorean Theorem (Conant and Beyer, 1974). The mean soil temperature

and mean soil water content were synthesized via depth weighting in the four soil layers (Albergel et al., 2015).
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All datasets used in this study were restricted to 2001-2015 and interpolated to a resolution of 0.25 x 0.25 degrees. Given
the significant differences in winter length between high and low latitude regions in the NH, we uniformly restricted the
study period to span from November to March of the following year. The study area is restricted to locations with stable
seasonal snowpack (>30°N, and snowpack duration length between 60 and 300 days) where the natural vegetation has remained

unchanged. The land cover classification is based on the ESA CCI land cover map (CCI, 2017).
2.2 Statistic analysis

This study examined the impacts of different snowpack indicators on Reco,,;, ¢ by conducting a partial correlation analysis on
a per-pixel basis. This methodology was employed to mitigate the confounding effects of other climate variables, including air
temperature, precipitation, solar radiation, and wind speed during the corresponding period. Notably, our analysis was confined
to pixels with significant correlations (p<0.05) and the magnitude of the significant correlations. Therefore, we identified the
key snowpack indicators in the relation between snowpack and Recointer-

Partial least squares regression (PLSR) analysis per pixel was used to identify the main factors affecting Recoyinter to
reduce the correlation between different snowpack indicators. Combining the advantages of multiple linear regression and
principal component analysis, PLSR analysis not only avoids multi-collinearity between different snowpack indicators, but
also enables accurate prediction of the complex relation between independent and dependent variables, and has been widely
used in ecological studies (Liu et al., 2023b; Guo et al., 2021; Carrascal et al., 2009). Variable importance to prediction (VIP)
values were then applied in the PLSR model to reveal the contributions of different impacts to Recoyinter (Supplementary
Materials Equation 6). The VIP values represented the ability of indicators to explain changes in Recoy;nter, and indicators
with VIP values greater than 1 were considered relatively important (Wold et al., 1987). We utilized snowpack, soil, and climate
indicators as independent variables in the PLSR models, facilitating a comparative assessment of the importance of snowpack
in relation to other influential factors. Soil indicators include soil water equivalent and soil temperature, and climate indicators
include air temperature, precipitation, radiation and wind speed. We conducted pixel-to-pixel analysis to reveal the spatial
patterns of the snowpack impacts on Reco,, ;e and compared the relative importance of snowpack, climate, and soil indicators
for Recoyinter. We further determined the proportion of each indicator type that had the maximum VIP value for comparison
of the relative importance of snowpack, climate, and soil indicators for Reco,,;,+. Within the NH regions with stable seasonal
snowpack. Subsequently, we calculated the proportion of each indicator type that exhibited the maximum VIP value in the
PLSR analysis, in order to compare the relative significance of snowpack, climate, and soil indicators for Reco,,;yte, Within
the study area. To highlight the importance of considering multiple snowpack indicators in revealing the snowpack-Reco;pter
relation, we calculated the determination coefficients (R?) of models utilizing different snowpack indicators. We then compared
these coefficients with R? of model that did not use any snowpack indicators, allowing us to determine the enhancements in R?
resulting from the inclusion of different snowpack indicators.

We divided the study area according to different geographical conditions to explore the variations in the relation between
snowpack and Reco,,;,te-- The annual mean air temperature and annual total precipitation were used as partitioning rules. The

air temperature conditions were defined as different air temperatures with intervals of 1°C. The precipitation conditions were
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binned every 50 mm. For each partition, we calculated the proportion of the most important factors and the average regression
coefficient of the snowpack indicators in the PLSR analyses. To further determine where the relation between snowpack and
Recoyinter might vary across regions with different geographical conditions, piecewise linear regression was employed (Wang
et al., 2011). A t-test was employed to evaluate the slope in the linear regression, with a p value <0.05 deemed significant.
Intervals with fewer than 50 observations were excluded from the linear regression, and a minimum of five intervals were
required for the linear regression. The purpose was to ensure the reliability of the fitting trend. Furthermore, considering
the variations in biomass and biological composition across different ecosystems, we examined the variations in the relation
between snowpack and Recoy,;nte- among five vegetation types (broadleaf forests, needleleaf forests, grasslands, shrublands,
and tundras) within the study area. These vegetation types constituted the majority of the NH regions with stable snowpack

and were highly representative. Vegetation classification data were obtained from the ESA CCI land cover map (CCI, 2017).

3 Results
3.1 Dominant snowpack indicators affecting Reco,;nter

We obtained an insight into the impacts of snowpack dynamics on the variability of Reco,,te by conducting partial correla-
tion analyses between six snowpack indicators and Recoy;nie (Figure 1, Supplementary Materials Figure 9-10). The impacts
of air temperature, precipitation, wind speed, and solar radiation were regulated during correlation coefficient calculations. This
approach allowed us to identify the key snowpack indicators that are crucial for characterizing Reco,inter. We conducted par-
tial correlation analyses between six snowpack indicators and Reco,;p e using FLUXCOM, BEPS, and LGS datasets (Figure
1, Supplementary Materials Figure 9-10). The results were similar for all three products, with similar significant correlation
directions, proportions, and spatial patterns. We selected FLUXCOM Reco,,;,te,- for further analysis.

Spatial heterogeneity was observed in the magnitude and regions of significant correlations between different snowpack
indicators and Recoy,inter. Snowpack indicators generally showed a stronger positive correlation with Recoiner, With the
exception of snowpack onset date. The snowpack indicator with the strongest partial correlation with Reco., ;e Was snowpack
depth, which was significantly positively/negatively correlated in 11.82%/8.62% of the study area, with average significant
correlations of 0.79/-0.74, respectively. Snowpack depth and Reco,,;nt.r Were positively correlated in the interior of North
America, West Siberia, and Northeast China, whereas negative correlations were observed in the coastal areas of Canada,
Ukraine, and the interior of Eurasia. Snowpack duration and Reco,;,t., Were significantly positively correlated in 11.06% of
the study area (0.73), mainly in Central Siberia and Northeast Canada. Snowpack density and Reco,;nter Were significantly
positively/negatively correlated in 6.78%/3.40% of the study area, with an average degree of significance of 0.71/-0.73. The
areas with significant partial correlations between snowpack density and Reco,, ;e sShowed notable fragmentation. Positive
correlations were predominantly observed on the Eurasian continent, whereas negative correlations were primarily concentrated
in northern Canada. The correlations between snowpack end date and Reco,,;,:., paralleled those observed between snowpack
duration and Recoy,in¢e-. This was evidenced by the proportion of significant positive correlations greatly exceeding that of

significant negative correlations. Furthermore, significant positive correlations were predominantly found within the Eurasian
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Figure 1. (a—f) Spatial patterns of the significant partial correlation coefficients between the snowpack indicators and winter ecosystem
respiration (Recowinter) based on the FLUXCOM product. The region shaded in gray denotes areas of non-significance (p > 0.05). (g) Pro-
portions of the significant partial correlation coefficients between the snowpack indicators and Recointer based on FLUXCOM, BEPS, and
LGS product. The red and blue bars indicate the proportions of significantly positive and negative correlations, respectively. SD, snowpack

depth; SDEN, snowpack density; SM, total snowmelt; SDD, snowpack duration days; SOD, snowpack onset date; SED, snowpack end date.

continent despite variations in spatial patterns. For snowpack onset dates and total snowmelt, the significant correlations with
Recointer Were observed only within a confined area exhibiting a sporadic and non-uniform spatial distribution.

Upon examining the intensity and proportion of significant correlations, we assumed that snowpack depth, snowpack density,
and snowpack duration could serve as the key snowpack indicators for characterizing the relation between snowpack and
Recoyinter, upon examining the intensity (0.71-0.79) and proportion (6.78%-11.82%) of significant correlations. Therefore,
the three snowpack indicators were used as proxies for snowpack in subsequent studies. These three snowpack indicators
comprehensively characterized the physical properties and temporal information of snowpack, thus reflecting a comprehensive
picture of the impact of snowpack. Although there was a relatively strong partial correlation between snowpack end date and
Recoyinter, Snowpack end date was not considered because of its similarity to snowpack duration.

As several snowpack indicators were applied in the analysis, a degree of covariance was inevitable due to the intrinsic links
between the indicators. However, our results revealed that strong correlations between different snowpack indicators were
not universal, which is visualized in Supplementary Materials Figure 3. We did find a relatively strong correlation between
snowpack depth and snowpack density (24.71%, 0.68), as together they characterize the physical nature of snowpack. However,

the regions that exhibited strong correlations (central Europe, Yukon in Canada, and central Siberia) did not exactly overlap
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with the areas significantly influenced by these indicators. The correlations between snowpack depth and snowpack duration
(7.91%, 0.27), as well as those between snowpack density and snowpack duration (6.50%, 0.25), were weak. The results imply
that integrating various snowpack indicators facilitates a comprehensive analysis of the impact of snowpack from diverse and
complementary perspectives. This multi-perspective approach enhances the thorough comprehension and evaluation of the

ecological impacts of snowpack.
3.2 Impacts of snowpack dynamics on Reco,,;nter Variability

We further quantified the contributions of snowpack to Reco,;nte Using PLSR analysis (Figure 2). The most dominant factor
for Recoy,inter Was identified for each pixel using VIP values, and the impacts of snowpack, soil, and climate were compared.
The three snowpack indicators (snowpack depth, snowpack density, and snowpack duration) were the dominant factors influ-
encing Reco,;nter changes in 30.43% of the region, exceeding the contributions of the four climate indicators (11.26%, Figure
2a). Among the three snowpack indicators, snowpack depth was the dominant factor influencing Reco,;, ¢, variability in ap-
proximately 13.85% of the region, followed by snowpack duration (8.83%) and snowpack density (7.75%). By evaluating the
spatial distribution of the VIP values for snowpack indicators (Figure 2 b—d), we found that the impact of snowpack depth was
more important within the Eurasian continent south of 60°N, whereas snowpack density and snowpack duration were more
important north of 60°N. The intensity and proportion of positive impacts exceeded those of negative impacts for all snowpack
indicators. The magnitude, direction, and distribution patterns of the impacts of different snowpack indicators on Reco;pter
showed strong spatial heterogeneity (Figure 2e—g). The snowpack density had positive impacts on Reco,,;y e, in Eurasia north
of 50°N, and had negative impacts on Reco,,;te in northern North America, and Eurasia south of 40°N. Snowpack duration
had a positive impact on Reco,,;,te in central Canada north of 60°N and the Eurasian continent except for West Siberia, and
a negative impact on Recoy,;n e in West Siberia.

Furthermore, the utilization of three snowpack indicators represents a more efficacious approach than the use of a single
snowpack indicator or two snowpack indicators for the characterization of Reco,;nter (Figure 3). We compared the determina-
tion coefficients (R?) across PLSR models incorporating no, one, two, or three snowpack indicators to evaluate the incremental
contributions of snowpack. The integration of a single snowpack indicator into the models, in contrast to those lacking such
indicators, resulted in an enhancement of R? by 0.19-0.21 across 19.10% to 21.01% of the study area (Figure 3 a—c). Ad-
ditionally, the inclusion of two snowpack indicators increased R? by an average of 0.21-0.22 over 35.17%-38.78% of NH
ecosystems, compared with models without snowpack indicators (Figure 3 d—f). By utilizing all three snowpack indicators in
the PLSR analysis, R? improved by 0.1-0.81 (average 0.23) over 50.18% of the study area (Figure 3g). We observed that re-
gions exhibiting a notable improvement in model performance, which is due to the utilization of multiple snowpack indicators,
tend to be situated at higher latitudes. In particular, the introduction of snowpack indicators improved R? by more than 0.3 in
18.49% of the regions >60°N (Supplementary Materials Figure 2d), which suggested that snowpack dynamics had a relatively
good interpretation of Recoy, ;e changes at high latitudes in the NH. The inclusion of snowpack indicators led to a notable
increase in R2? by an average of 0.15 in regions between 30°N and 60°N, suggesting the presence of factors other than snow-

pack that influenced Reco,;n e Additionally, few regions (8.75%) presented no discernible increase in model accuracy. These
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Figure 2. (a) Spatial pattern of the dominant indicators for winter ecosystem respiration in partial least squares regression (PLSR) analysis.
Only pixels with variable importance on projection (VIP) >1 and determination coefficients (R*) >0.8 are remained. The inset waffle plot
indicates the proportion of the dominant indicator, with each pixel corresponding to 1%. (b—d) Spatial pattern of the VIP values of snowpack
indicators The inset barplots indicate the proportions of VIPs in different intervals. (e—g) Spatial pattern of the regression coefficients of
snowpack indicators. The inset barplots indicate the proportions of negative and positive regression coefficients in different intervals. SD,
snowpack depth; SDEN, snowpack density; SDD, snowpack duration days; CLM, climate indicators; ST, soil temperature; SWC, soil water
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Figure 3. Improvements of determination coefficients (R?) in the partial least squares regression analysis employing one snowpack indicator
or their combinations respectively. The inset barplots indicate the proportion of R? improvement in different intervals. SD, snowpack depth;

SDEN, snowpack density; SDD, snowpack duration days.



202
203
204
205

206

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

https://doi.org/10.5194/egusphere-2026-242
Preprint. Discussion started: 13 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

areas are more dispersed and less concentrated. In conclusion, it is more important to consider multiple snowpack indicators
when characterizing the variability of Reco,,;, . than to rely on a single snowpack indicator, particularly in cold, high-latitude
regions. Given the spatial variability in the impact of snowpack indicators, investigating various aspects of snowpack could

contribute to a thorough understanding of the variations in Reco;nter-
3.3 Impacts of snowpack on Reco,,;, i under different thermal conditions

The relation between snowpack and Reco,,;,te,- Showed great spatial variability, influenced by environmental factors. We par-
titioned the study area according to different geographical conditions, and analyzed whether there were significant differences
in the intensity and extent of the relation between snowpack and Recointer across the sub-zones. Our study revealed that
the relation between snowpack and Reco,,;,t Was more sensitive to variations in air temperature, rather than to variations in
precipitation (Figure 4).

Overall, the intensity and proportion of the impacts of snowpack on Recoy,;¢. decreased significantly along the tempera-
ture gradient (p<0.01, Figure 4d-e). However, snowpack impacts remained unchanged across the precipitation gradient. This
suggested that the impact of snowpack on Reco,,;n..» Was more pronounced in regions with colder temperatures. The three
snowpack indicators were the dominant factors for Reco,, iyt in more than 40% of the regions where the annual mean air tem-
perature was less than —5°C (Figure 4e). Among these indicators, snowpack duration and density exerted the greatest influence,
whereas snowpack depth impacted a relatively smaller region. However, in regions where the annual mean air temperature is
above 0°C, snowpack depth became the snowpack indicator that exerted the widest impact. This finding suggested that snow-
pack duration and snowpack density had a wide range of impacts on Reco,, ;e in cold regions; however, in relatively warmer
regions, the impact of snowpack depth became predominant. In regions where the annual mean air temperature was above 0°C,
the proportion of areas where climate was the dominant factor exceeded that of snowpack, implying that climate had a greater
impact on Recoy,inter than snowpack in warm areas.

We further analyzed the variations in the relation between snowpack and Reco.inter among vegetation types in the NH
(Figure 5). We used five vegetation types, broadleaf forest, needleleaf forest, shrubland, grassland, and tundra, as these veg-
etation types encompass a substantial portion of the NH regions with stable snowpack. Concurrently, the vegetation type of
the region underwent a transition from tundra, needleleaf forest, grassland, shrub, and broadleaf forest as the annual mean
air temperature increased. As the vegetation type shifted, the percentage of the regions impacted by snowpack significantly
declined from 54.06% to 24.47%, and the average enhancement in R? attributable to snowpack diminished from 0.19 to 0.11
(Figure 5a). Moreover, the impacts of different snowpack indicators on Reco,;nte, varied as the vegetation type shifted. In
the coldest tundras, snowpack duration can affect up to 41.21% of the area. However, as vegetation types transitioned to those
more suitable for warmer conditions, there was a marked decrease in the impact of snowpack duration, with snowpack duration
acting as the dominant indicator in only 2.41% of the broadleaf forests. Moreover, the impact of snowpack depth expanded
considerably, from 8.13% in tundra to 19.46% in broadleaf forests. Snowpack density exhibited relatively substantial impact
in less cold regions (needleleaf forests and grasslands), and the overall impact was relatively minor. In addition, the effect of

the regional annual mean air temperature on the snowpack-Reco,,in e relation was identified in needleleaf forests, shrublands,
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Figure 4. Variations in the significance of snowpack to winter ecosystem respiration (Recointer) along temperature and precipitation
gradients. In (a), each zone represents the mean value of improvements in the determination coefficients (R?) when multiple snowpack
indicators are considered in a specific interval of temperature and precipitation gradients. In (b) and (d), the points represent the mean value
of R? improvements along a single gradient. In (c) and (e), the barplots represent the proportions of the dominant indicators for winter
ecosystem respiration (Recowinter) in a specific interval of a single gradient. Only intervals with more than 50 observations are remained.
The temperature and precipitation gradients are binned every 1°C and 50 mm, respectively. The shaded area indicates the 95% confidence
interval. SD, snowpack depth; SDEN, snowpack density; SDD, snowpack duration days; CLM, climate indicators; ST, soil temperature;

SWC, soil water content.

and grasslands (Figure 5b). There was a wide range of annual mean air temperatures in the regions covered by these vegetation
types. However, this pattern was not found in broadleaf forests and tundras. In the regions covered by broadleaf forests or
tundras, the variation in regional annual mean air temperatures was smaller than that in the former three vegetation types, and
the snowpack-Reco,inter relation showed limited variability. Tundras were located in the coldest regions where snowpack had
the most significant impact on Recoq,inter, Whereas broadleaf forests in the warmest part of the study area exhibited the least

impact.

4 Discussion
4.1 Complex and profound impacts of snowpack on Reco.,;nter

Our analysis revealed that snowpack had a considerable influence on Reco,,;nte,- in NH ecosystems with a stable seasonal

snowpack, especially in the pan-Arctic (Figure 1, 2). Snowpack depth, snowpack density, and snowpack duration presented
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Figure 5. Variations in the significance of snowpack to winter ecosystem respiration (Recowinter) among five main vegetation types. In (a),
the stars with digits indicate the mean value of improvements in the determination coefficients (R?) when multiple snowpack indicators are
considered, and the bars represent the proportions of the dominant indicators for Reco.inter. In (b), the points represent the mean value of R?
improvements along the temperature gradient among five vegetation types. The temperature gradients are binned every 1°C. SD, snowpack

depth; SDEN, snowpack density; SDD, snowpack duration days; CLM, climate indicators; ST, soil temperature; SWC, soil water content.

the most extensive areas of correlation and the strongest correlations. This finding is consistent with previous studies that have
highlighted the significance of snowpack depth (Natali et al., 2011; Slater et al., 2017; Yi et al., 2020; Christiansen et al.,
2018) and snowpack density (Mavrovic et al., 2023; Gouttevin et al., 2012; Lawrence and Swenson, 2011), as they jointly
define the physical properties of snowpack insulation. Snowpack duration provides information on the temporal impact of
snowpack insulation, and had a strong impact on Reco,;,te at high latitudes with an extended snowpack duration (Lafreniere
et al., 2013). More importantly, considering three snowpack indicators is a more comprehensive and effective method for
characterizing the variability of Recoyinter (Figure 3). Employing multiple snowpack indicators inevitably resulted in some
level of covariance; however, our findings indicated that significant correlations among these snowpack indicators were not
common (Supplementary Materials Figure 3), which was consistent with previous studies that reported different magnitudes of
variation in snowpack depth and snowpack density at both regional and site scales (Sturm et al., 2010; Fassnacht et al., 2013).
The direction and magnitude of changes in different aspects of snowpack are not consistent in the presence of climate change
(Lawrence and Slater, 2010; Callaghan et al., 2011a; Mudryk et al., 2020). A sole focus on a single aspect of snowpack fails to
capture a complete understanding of the intricate patterns of snowpack changes across the NH.

Our studies compared the impacts of snowpack, soil, and climate indicators on Reco,,;nter, and revealed that the spatial
extent and intensity of the impacts of snowpack exceeded those of climate on Recointer, second to the impacts of soil

hydrothermal conditions, which can be explained by the distance of ecosystem contact. Soil is in direct contact with roots,
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microorganisms, and other living organisms capable of respiration, therefore, soil indicators are the most important factors for
Recoyinter (Wang et al., 2014; Natali et al., 2019). Snowpack covers the surface of soil and vegetation, maintaining the soil
temperature (Zhang et al., 2018; Slater et al., 2017; Wang et al., 2013; Christiansen et al., 2018) and preventing the evaporation
of soil moisture (Niu and Yang, 2006). In contrast, the distance between the near-surface atmosphere and the ecosystem is
relatively long, with snowpack acting as a medium (Slater et al., 2017; Christiansen et al., 2018); therefore, the influence of
climate factors will be weaker than that of snowpack in winter ecosystems.

Our study revealed that the influence of multiple snowpack indicators on respiration is predominantly positive. However, in
some regions, negative impacts have been observed. This can be attributed to the two-faceted nature of the snowpack insulation
effect. The snowpack acts as a blanket over vegetation and the ground, allowing the surface beneath the snowpack to maintain
temperatures higher than the ambient air, thus facilitating respiration (Zhang et al., 2018; Slater et al., 2017; Christiansen et al.,
2018). In conditions with moderate snowpack depth and density, the insulating effect of the snowpack leads to a temperature
increase compared to snow-free conditions, allowing effective respiration of roots and microorganisms beneath (Slater et al.,
2017; Yi et al., 2020). However, if the snowpack is too thick or impermeable (Kim, 2014; Mast et al., 1998), the insulation effect

is limited, and gas exchange within the snowpack becomes restricted, impairing the respiration of the organisms underneath.
4.2 Drivers behind the varied relations between snowpack and Reco,;nter

Our study revealed that the impact of snowpack on Recoy,;nter varies widely across regions with different annual mean air
temperature conditions (Figure 4, 5). This finding is consistent with previous findings that snowpack affects Reco,, iy e, through
snowpack insulation(Zhang et al., 2018; Slater et al., 2017; Christiansen et al., 2018). In ecosystems characterized by low
air temperatures, snowpack functions as an insulation layer, thereby significantly affecting the heat exchange between the
soil and the atmosphere (Slater et al., 2017; Christiansen et al., 2018; Yi et al., 2020). This results in higher ground surface
temperatures than snowpack-free scenes (Zhang, 2005), which favors the maintenance of respiration. The impact of snowpack
on Recoyinter 18 most pronounced in the coldest regions, highlighting the importance of measuring the carbon balance of
winter terrestrial ecosystems in the pan-Arctic region. Although the replenishment of soil moisture by snowpack contributes to
microbial activities beneath snowpack (Brooks et al., 1996), snowmelt signals were not observed in most Arctic regions because
of low soil temperatures, and the partial correlation between snowmelt and Reco,,;,te- 1S weak (Figure 1c, g). However, site
studies have revealed that snowmelt is increasing during the winter in the North America and is sensitive to climate warming
(Musselman et al., 2021). This implies that future studies should pay attention to the impacts of snowpack on the winter soil
water content. Our study did not identify significant differences in the impact of snowpack on Reco,,;, e across regions with
varying annual total precipitation or winter soil water content. Nonetheless, further investigation is required to confirm this
result, particularly by incorporating site observations and model validation.

The impact of snowpack on Reco,, ;e is most pronounced in the coldest regions, and diminishes with increasing annual
mean air temperatures (Figure 4d). This can be explained by changes in the dominant microbial communities and the total

microbial population (Schimel et al., 2004; Li et al., 2016; Wang et al., 2020). Previous studies have shown that the temperature
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sensitivity of soil respiration is greater when the temperature is less than 0°C (Segura et al., 2019; Arndt et al., 2023), suggesting
that Reco,,inter 1S more sensitive to temperature changes below 0°C compared to those above 0°C.

The impact of snowpack on Recointer diminishes in regions with higher annual mean air temperatures (Figure 4d), in-
dicating that in colder regions, the insulating effect of snowpack is greater, and Reco,y;nter is more facilitated. This can be
explained by changes in the dominant microbial communities and the total microbial population (Schimel et al., 2004; Li et al.,
2016; Wang et al., 2020). Previous studies have shown that the temperature sensitivity of soil respiration is greater when the
temperature is less than 0°C (Segura et al., 2019; Arndt et al., 2023; Zheng et al., 2025), suggesting that Reco,in e, 1S more
sensitive to temperature changes below 0°C compared to those above 0°C. In regions with warmer climates, respiration is less

constrained by ambient temperatures, and the impact of snowpack on respiration is limited.
4.3 Uncertainties and perspectives

Our results are subject to uncertainties stemming from two primary sources: the quality of the input datasets and the method-
ology of the analysis. The FLUXCOM and LGS product both used multiple machine learning methods to spatially interpolate
respiration observations from FLUXNET sites to global scales, and the scarcity of FLUXNET sites at high latitudes contributes
to dataset uncertainty (Schimel et al., 2015; Tramontana et al., 2016). There is an overestimation of snowpack depth in ERAS-
Land at high elevations, especially in the high mountain regions of Asia (Mufioz-Sabater et al., 2021; Monteiro and Morin,
2023). We considered the high uncertainty of snowpack depth and respiration measurements in areas with snowpack depths
greater than 2.5m, and excluded them during data preprocessing. Uncertainty also results from the interpolation of all datasets
to a uniform spatial resolution in data preprocessing. In this study, the analysis of the impact of snowpack on Reco,;nter did
not incorporate additional factors, such as microbial community richness and soil nutrients, owing to insufficient data avail-
ability. Owing to the absence of simultaneous in-situ measurements of snowpack and respiration, ground-based observations
were not utilized to validate our hypotheses. The analysis focuses on the relation between snowpack and Reco,;, ¢ at the 25
km monthly scale, and the applicability of the results to other spatial-temporal scales requires further investigation.

Our study provides a general understanding of the impact of snowpack on Recointer in NH ecosystems on the basis
of multi-source data. Furthermore, incorporating long-term in situ observations with high spatial-temporal resolution remote
sensing data will significantly assist in elucidating the relation between snowpack dynamics and ecosystem respiration in future

studies.

5 Conclusions

This study provides detailed evaluations of the spatial extent and magnitude of the relation between snowpack and Reco;nter
from multiple perspectives of snowpack insulation in the NH. Our results demonstrated that snowpack had critical impacts
on Recoy,inter in the NH, with the extent of influence exceeding that of climate. In this study, the Snowpack Blanket Frame-
work clearly identifies three pivotal parameters—snowpack depth, snowpack density, and snowpack duration—as crucial in

determining the snowpack-Reco,,;nte relation. These parameters collectively characterize the snowpack’s insulation effect on
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the basis of the physical properties and temporal dynamics of snowpack. Snowpack functions as an insulating barrier, thereby
significantly affecting the temperature difference between the near-surface and the atmosphere, thus protecting ecosystem res-
piration from harsh external cold. The insulation effects of snowpack are characterized by positive impacts of snowpack on
Recoyinter, Where increased snowpack amplifies these impacts, leading to a larger amount of Recoy;nter- The Snowpack
Blanket Framework addresses the limitations inherent in single-parameter models, thereby providing a more thorough com-
prehension of the ecological impacts associated with snowpack. If fewer snowpack indicators are considered, there would be a
reduction in the explanation of Reco,,;nte across a significant portion of the study area. The impacts of snowpack indicators
on Recoy,inter Were spatially heterogeneous, and were moderated by different temperature conditions rather than precipitation
conditions. In regions with lower annual mean air temperatures, the impact of snowpack was more pronounced. These find-
ings emphasize the significant impact of snowpack on Reco,,;,t at large scales, thereby enhancing the comprehension of the
ecological impacts of snowpack. Integrating snowpack-regulated ecological processes will be essential for future predictions

of ecosystem carbon stocks in the NH.

Code and data availability. Snowpack data and meteorologic data are obtained from the ERAS-Land dataset at (Mufioz-Sabater, 2019).
Respiration data are available from three sources including (a) the FLUXCOM initiative (Jung et al., 2020), (b) the Chinese National Ecosys-
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