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Abstract Using four reanalysis data sets and ground-based observations, this paper uncovers that

on average, 30% of the time, Northern Hemisphere snow cover experiences unfrozen bottom soil. It is
demonstrated that the probability of occurrence of unfrozen soils is correlated with the snow types and is
maximum over the ephemeral followed by the maritime and prairie snow. The results based on reanalysis data
unveil that the seasonal evolution of the unfrozen soil areas is not synchronous with the snow cover extent

and exhibits sub-annual bi-modality with two annual maxima in April and October. Interannual trend analyses
indicate that shrinkage of spring snow in the past few decades has been accompanied by an increase in the
proportion of unfrozen bottom soils, more significantly over polar climate regimes dominated by the tundra and
taiga snow. The findings imply that the snowpack basal melting could have increased due to global warming.

Plain Language Summary Unfrozen bottom soils below snow layers play an important role in the
persistence and stability of snowpack, yet less knowledge is known about its spatial variability and seasonal
evolution on a global scale. This study uncovers that, on average, around 30% of annual Northern Hemisphere's
snow cover extent is over unfrozen soils with a spatial variability that is highly correlated with snow types.
Specifically, unfrozen soils appear more frequently below the ephemeral followed by the maritime and prairie
snow. In addition, it is demonstrated that the unfrozen soil areas exhibit different seasonal evolution from snow
cover extent with two annual peaks in April and October. The results show that the areas of unfrozen soils are
expanding in spring as the snow cover extent is shrinking.

1. Introduction

Snow cover has cooling effects on the climate system (Cohen & Rind, 1991; Cohen et al., 2012; Vavrus, 2007)
and influences seasonal carbon balance across different biomes (Pulliainen et al., 2017; Winchell et al., 2016)
by modulating the underlying soil frost depth (Iwata et al., 2010) as well as activities of snow (Dominé &
Shepson, 2002; Zhu et al., 2019) and soil microbial communities (Zona et al., 2016). Meltwater of snow is criti-
cal for the functioning of the ecosystem and sustainability of socioeconomic developments (Mankin et al., 2015).
Snowmelt is one of the main sources of streamflow (Barnhart et al., 2016; Nijssen et al., 2001) and groundwater
recharge in headwater basins (Earman et al., 2006; Wu et al., 2020), northern forests, and cold semi-arid climates
(Gray, 1970). Observational evidence (Brown & Robinson, 2011; Derksen & Brown, 2012; Déry & Brown, 2007;
Robinson et al., 1993) and climate projections (Brown & Mote, 2009; Mudryk et al., 2020) suggest that the
Northern Hemispheric (NH) snow has been and will continue to shrink due to global warming (Cohen, 1994;
McCabe & Wolock, 2010) and changes of precipitation patterns (Karl et al., 1993; Tamang et al., 2020). Early
snowmelt shifts the peak runoff to the early spring, causing water shortages for the downstream ecosystem in
summer (Barnett et al., 2005).

Stability and maintenance of seasonal snowpack depend on the dynamics of its energetics (Lemke et al., 2007;
Pomeroy et al., 2003). Snow largely exchanges energy and mass over its interface with the atmosphere and soil
through radiative, sensible, latent, and advective heat fluxes (Pomeroy & Brun, 2001). Compared to energy
exchanges with atmosphere, the ground heat flux is traditionally considered to be a small portion of the energy
balance (DeWalle & Rango, 2008). However, due to its persistence, it has a significant cumulative effect on
accelerating or retarding the seasonal melting processes (Pomeroy & Brun, 2001).

Numerous field studies (Blankinship et al., 2014; Boike et al., 2003; Decker et al., 2003; DeWalle & Rango, 2008;
Granger & Male, 1978; Marks & Winstral, 2001; Tyler et al., 2008) indicate that the temperature at the soil-snow
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Table 1
Specifications of MERRA-2, ERA-Interim, ERAS, and GLDAS Products
MERRA-2 ERA-Interim ERA-5 GLDAS
Spatial resolution (degree) 0.5 x 0.625 0.25 x 0.25 0.25 % 0.25 0.25 % 0.25
Temporal resolution (hourly) 1 3 1 1
Number of soil layers 6 4 4 4
Top soil thickness (cm) 0-10 0-7 0-7 0-10
Time coverage 01/1980 — 12/2020 01/1979 — 08/2019 01/1979 — 12/2020 01/2000 — 09/2020

interface can be frequently above the freezing point. Diurnal and seasonal dynamics of the bottom soil temper-
ature (ST) can alter the timing and distribution of snowmelt runoff. When the bottom soil unfreezes, there exist
positive pulses of upward heat fluxes from soil to snowpack (Huang et al., 2017; Zhang, 2005). These fluxes
can reach up to 850 kJ m~2 per day (Goodrich, 1982) and melt the snowpack from the bottom. Consequently,
the advective heat flux of meltwater infiltration can further warm up the upper soil layer and amplify its infil-
tration capacity (Williams & Smith, 1991). When the interfacial soil moisture refreezes at night, a significant
amount of latent heat is released (Zhao et al., 1997), which can increase meltwater overland runoff (Mazurkiewicz
et al., 2008) due to impeded infiltration over frozen soils (Iwata et al., 2010). Therefore, dynamics of bottom ST
can strongly influence the present and future trends of snow cover extent (SCE) Mudryk et al. (2017).

Despite numerous field experiments, it is not yet well-understood when and where the ST below snowpack can be
above 0°C. Satellite observations in the visible to microwave bands enable to retrieve the surface skin temperature
(André et al., 2015; Duan et al., 2017; Holmes et al., 2009; Jiménez-Muiloz et al., 2014; Kerr et al., 1992; Mao
et al., 2005; McFarland et al., 1990; Njoku & Li, 1999; Sobrino et al., 2004) but not at the soil-snowpack inter-
face. This paper quantifies when and where the surface ST beneath the snowpack can be above the freezing point
across the NH and studies the trend in spatial extent and occurrence of this phenomenon for different snowpack
climatology in the past 40 years — using four reanalysis products and ground-based observations.

2. Data

The four reanalysis products used in this study are the second Modern-Era Retrospective analysis for Research
and Applications (MERRA-2) (Gelaro et al., 2017) by the National Aeronautics and Space Administration
(NASA), the ERA-Interim (Dee et al., 2011) and ERAS (Hersbach et al., 2020) by the European Centre for Medi-
um-Range Weather Forecasts (ECMWF), and the NASA's Global Land Data Assimilation System (GLDAS,
version 2.1) (Rodell et al., 2004). More descriptions about land surface models of each reanalysis are provided in
the Supporting Information S1.

For each reanalysis product, two land surface variables are used: top surface ST and snow depth (SD) to determine
the presence or absence of snow (Table 1). To complement the analyses, we also use hourly measurements of ST
and SD from the SNOwpack TELemetry (SNOTEL) network (Schaefer & Paetzold, 2001; Serreze et al., 1999) in
the western United States — collected from 220 valid sites, available in the International Soil Moisture Network
(ISMN) (Dorigo et al., 2011) database. Those sites with at least 5 years of measurements with good quality flags
(Dorigo et al., 2013) are used in this study.

3. Methodology

For each snapshot of reanalysis data at time ¢, the snow cover at each pixel (i, j) is where SD is greater than
1 mm rather than zero to avoid the influence of artifacts in the treatment of snow melt. The threshold of SD is
determined based on the uncertainty analysis reported in the Table S1 in the Supporting Information S1. Note
that, unlike other reanalysis products, the SD in MERRA-2 is only reported over the snow-covered fraction of its
grid cells (Reichle et al., 2017; Toure et al., 2018). Therefore, to present the results consistently, the MERRA2
mean SD over the entire grid cell is computed by multiplying the SD with its fraction. The snow-covered pixels
with unfrozen soils are those where ST is above 0°C. The SCE for all pixels and those with unfrozen bottom
soils (SCE ;) are the sum of the areas of all pixels at each snapshot. To compute the probability of occurrence
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of SCE,,, over a time window, we first generate a binary mask I, (i, j) at time ¢, where I, (i, j) = 1, when
snow exists with unfrozen bottom soils and zero elsewhere. Then, the conditional probability of occurrence over
a period of time T, given that the snow cover exists, is pups(i, j) = T ZLI I, (i, j)- Five different range of

probability values are considered for discussion: low (0 + 0.2), moderately low (0.2 — 0.4), moderate (0.4 — 0.6),
moderately high (0.6 — 0.8) and high (0.8 - 1).

For the trend analysis, we adopt the Theil — Sen estimator (Sen, 1968; Theil, 1992), which does not rely on any
parametric assumptions about the probability distribution of the data. This method is less sensitive to outliers and
remains robust to skewed and heteroskedastic data (Wilcox, 2010), compared to an ordinary least squares estima-
tor (Matousek et al., 1998). To quantify the statistical significance of the trends, the bootstrap Mann — Kendall
test (Douglas et al., 2000) is adopted, which is known to be suitable for proper detection of linear trends in a
non-Gaussian sample space (Yue & Pilon, 2004). See the Supporting Information S1.

4. Results and Discussion
4.1. Spatial Variability

Seasonal variability of p . (i, j) over NH for the reanalysis data are shown in Figure 1. Although there exist
known uncertainties in reanalysis data (Albergel et al., 2015; Cao et al., 2020; Holmes et al., 2012; Wang
et al., 2016; Yang & Zhang, 2018); we see extensive areas of unfrozen soils for more than 50% of the snowpack
life cycle. Over the winter, all reanalysis products are relatively consistent, showing the areas of unfrozen bottom
soil with an occurrence probability of >0.5 vary from 13 (GLDAS) to 19 (MERRA-2) million km?2, which is
equivalent to 20 — 27% of SCE. As the temperature rises, the discrepancies between the reanalysis products
grow. For example, from March to May, on average, the areas associated with p - (i, j) > 0.5 are 27, 23, 23, 14
million km? in MERRA-2, ERA-Interim, ERA35, and GLDAS, respectively. In the summer, this area expands to
23 — 37 million km? that is, 71 — 94% of SCE.

The shown classes are Ice (Ic), ephemeral (Ep), prairie (Pr), maritime (Ma), alpine (Al), taiga (Ta), and tundra
(Tu).

Spatial variability of p, . (i, j) (Figure 1a) seems to be strikingly correlated with the snow classes (Figure 1b) as
defined by Sturm et al. (1995) that discriminate the NH snow into taiga, alpine, maritime, prairie, ephemeral,
and tundra — based on the snow stratigraphy and texture. Tundra snow is thin with maximum depth of 75 cm
and consists of a basal layer of depth hoar overlaid by multiple wind slabs. The Taiga snow represents a moder-

ately thick but light snowpack with maximum depth and density of 120 cm and 260 kg m~3

, with a stratigraphy
that is dominated by depth hoar covered by new snow. The alpine and maritime snows are the deepest and
the most structurally complex ones, with layers of varying grain size, wetness, and ice bodies. The prairie and
ephemeral snow are shallow with a depth of less than 50 cm. The prairie snow is moderately cold with substan-
tial wind drift and frequent wind slabs while ephemeral snow consists of thin layers of new warm snow with ice

layers on the top and bottom.

Figures 1a and 1c show that during the winter, p . (7, j) values are maximum below the ephemeral snow followed
by the maritime. The values are low over the tundra and taiga snow in Russia, Canada, and Northern Europe
above 45°N as well as over the Tibetan highlands. The extension of these low probability areas over high-altitude
mountains such as the Rockies and Alps is also evident. The alpine snow in Canada does not experience frequent
unfrozen bottom soil, while this is not the case in Western Russian and Eastern Europe where the probability
ranges from moderately low to moderate. There are moderately high to high p . (7, j) values over the South-
ern United States, Eastern China, and Middle East. The transition from low to high probabilities over Asia is
sharper than Europe and North America, perhaps because the snow type transitions sharply from tundra to prairie
over Asia while in Europe and North America this transition is moderated due to the presence of more persis-
tent alpine and maritime snow. It is important to observe that the probability is high under the ephemera snow,
consistently among all reanalysis data, and in North America, this high probability even extends to the maritime
snow of the Coast Mountains of Canada.

The probability of warm soil sharply increases, on average, from 0.14 to 0.46 (0.11-0.37) over the prairie (alpine)
snow from winter to spring (Figures la and 1c). In spring, the tundra and taiga snow above the Arctic Circle
do not experience frequent unfrozen soils, especially over Russia and Canada and the probability remains low
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Figure 1. Seasonal spatial variability of p . (i, j) for the reanalysis data (a), snow classes by Sturm et al. (1995) (b), and
spatial mean of p . (i, j) for each snow type at different seasons (c). For each season, the values of snow cover extent (SCE)
and SCE, with p, (i, /) > 0.5 are reported on the insets, where SCE denotes the maximum seasonal snow cover extent.

above the Arctic Circle. Although, there are some noticeable inconsistencies among reanalysis products over the
Scandinavian Mountains in Norway, where the snow is largely tundra in the north and maritime in the south. The
probability transition from low (north) to high (south) in MERRA-2 and ERAS is consistent with the snow class;
however, it remains high (low) from north to south in ERA-Interim (GLDAS). Another example is over the Aleu-
tian Islands in Alaska, where the probability is high in MERRA-2 but moderate in the other reanalysis datasets.
Between 45 and 60°N, the taiga snow over Eastern Russia exhibits a low to moderately low probability of warm
soil. However, across the western Eurasia with a mixture of alpine, prairie, and maritime snow; the probability
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increases to moderate and moderately high. Below 45°N, the snow type is largely prairie (maritime) over Eurasia
and Western (Eastern) United States. It appears that the probability of unfrozen soil is moderately high to high
regardless of the snow type in this latitudinal belt in spring. As the elevation increases, the probability decreases
to moderately low for example, over the Rockies and Tibetan highlands.

In summer, snow is largely above 45°N, where p,, . (i, j) values, on average, are more than 0.5 for all types. Among
all reanalysis products, the probability is moderately high to high outside the Arctic Circle, even over the Tibetan
highlands (Figures la and 1c). However, in MERRA-2, moderate and moderately high probable areas extend
even to tundra, while above 60°N, the probability remains below moderately low in other data sets, especially
over the Taymyr Peninsula and the Arctic Archipelago. Transitioning to the autumn, the pattern of spatial prob-
abilities becomes similar to the spring; however, warm soil is slightly more probable below the tundra and taiga
snow. Within 45 — 60°N, the probability increases from east to west over Eurasia when the dominant snow type
transitions from tundra and taiga in the Russian Far East to alpine, prairie, and maritime in western Europe. In
MERRA-2, the probability remains high and does not seem to be correlated with the snow type over the United
States. However, in the other three products, it is often lower over the Rockies. The bottom soil of maritime snow
in this belt is consistently warm among all data sets near the coastlines. As previously explained, reanalysis data
are subject to model errors. The questions are — what is the accuracy of reanalysis data in modeling the ST below
the snowpack? Can we obtain the same order of p . (i, j) using ground-based data?

To answer the first question we need to compare the ground-based observations and reanalysis data. However,
Cao et al. (2020) found that ERAS has systematic warm and cold biases, from polar to middle latitudes, ranging
from —1.6 to 2.09°C at the surface soil layer. Guided by this finding, we delineate and report the areas with p, . (i,
J) < 0.5 (Figure S1 and Table S2 in the Supporting Information S1), considering that the freezing point exhibits
uncertainty range +1-2°C.

To address the second question, we focus on hourly measurements of surface ST and SD from the SNOTEL
network across the Western United States and Alaska, using available high-quality surface ST below snowpack
with a sample size of 10,000-100,000 at each station. The results confirm that the probability of warm soil
varies across different snow types and is at the same order of magnitude as inferred from the reanalysis data
(Figure 2a). Annual p,  is typically less than 0.4 over Alaska where tundra and taiga are the dominant snow types
and increases noticeably over the southern coastlines of Alaska with maritime snow. The probability values in the
Western United States, with maritime and ephemeral snow, are moderately high or high, consistently among all
stations. However, among those with the alpine and prairie snow, a great deal of heterogeneity is observed due to
the impacts of complex topography on snow energetics.

Figure 2b shows the probability density function (PDF) of ST for different snow types + obtained by collapsing
the measurements of all available stations over each snow class. The probability of unfrozen soil is 0.19 and 0.31
over tundra and taiga, where the ST can decrease to —15°C. By contrast, on average, it increases to more than
0.6 for alpine (0.65), maritime (0.75), prairie (0.7), and ephemeral (0.85) snow, where the ST barely drops below
—2°C. Time series of bottom ST for three stations with different snow classes are shown in Figures 2c and 2e,
over a period of time that all stations were operational. However, the reported p,,  is for the entire available data
at each station.

At the Monahan flat in Alaska with perennial tundra snow and p, = 0.38, the seasonality of ST is not synchro-
nous with the presence and absence of snow, especially after the calendar year 2012. During the late fall when the
snow begins to deepen and late winter when it starts to melt, the ST changes gradually and there are transitioning
time windows over which the ST is above the freezing point. The mean SD below which the soil is unfrozen is
around 0.2 m; however, it can be seen that SD varies significantly, likely due to the snowfall climatology of the
station.

For a deep seasonal alpine snow at the Big Flat station, with p - = 0.64, the dynamics of temperature and snow
are synchronous. Unfrozen soil persists, with temperatures barely above 0°C, throughout the winter even when
SD is greater than 2 m. The melting time is in order of a few weeks and the changes in seasonal snow significantly
contribute to the increase of ST (Zhang, 2005). Over the time window of snow melting from more than 1 m to
zero, STs sharply increases from 0 to more than 10°C. At the Bear river station with shallower and less persistent
prairie snow, p,,. is 0.88. The bottom ST is noticeably above the freezing point throughout the entire snow accu-
mulation seasons, compared to the Big Flat station.
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Figure 2. Annual probability of snowpack with unfrozen bottom soil p . at selected SNOwpack TELemetry sites (a),
probability density function (PDF) of bottom soil temperature (ST) for stations with the same snow type (b), and time series
of ST and snow depth (SD) at the Monahan flat (63°2'N, 147°4’W) (c), Big Flat (38°18'N, 111°21'W) (d), and Bear River
(40°5'N, 110°5"W) (e) stations. The number of stations used for demonstration of the PDFs and corresponding p,,, are
presented in the legends.

4.2. Seasonal Variability

Figures 3a—3c shows the mean seasonal evolution of SCE and SCE,;, as well as their ratio. The data over Green-
land is not considered as the MERRA-2 does not report the snow properties over the ice sheet. We observe
that MERRA-2 (GLDAS) slightly overestimates (underestimates) ERA-Interim and ERAS in terms of all three
variables. While the seasonal evolution of all products are consistent, MERRA-2 exhibits the largest degree of
uncertainty to the soil freezing threshold, especially during the late fall and winter.

Consistent with previous findings (Déry & Brown, 2007), SCE is minimum in July/August and begins to sharply
increase from 1.4 — 2.4 million km? to its maximum 49 — 59 million km? in January. However, all reanalysis
data consistently demonstrate that, unlike SCE, the extent of unfrozen bottom soil shows sub-annual bi-modality
with two annual maxima in April and October. This pattern is due to a time lag between the rate of shrinkage/
expansion of SCE and unfrozen soils. In fact, during the early melting seasons, when snow cover begins to decline
from January to April, the retreating rate of SCE is slower than the expansion rate of unfrozen soils, leading to
a notable increase of SCE , . However, throughout the rest of melting seasons, the melting of snow accelerates
and dominates the expanding rate of unfrozen soils. During the accumulation seasons, as snowfall becomes the
dominant form of precipitation, the snow cover expands rapidly over warm soils until October. From October to
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Figure 3. Seasonal evolution of snow cover extent (SCE) (a), SCE with unfrozen bottom soil (SCE,, ) (b), and their ratio

(c) in Northern Hemisphere excluding Greenland. The boxes show the 25th and 75th percentiles around the median and the
whiskers extend to 1.5 times the interquartile. The shaded areas show the uncertainty when the freezing threshold is perturbed
by +0.5°C.

January, the frozen soil areas grow faster than SCE, resulting in a reduction of SCE .. This bi-modality is largely
controlled by the dynamics of snow cover and ST over Eurasia as shown in Figure 1, where the expansion and
retraction of snow are more dramatic than over North America. Surprisingly, the ratio of SCE ,  to SCE shows a
seasonal cycle completely asynchronous with SCE (Figure 3c).

It is important to note that the presented results are based on the mean-cell values for all reanalysis products.
Thus, when a snow fraction within a grid cell is less than 100%, the snow bottom ST could be overestimated,
especially in ephemeral snow regions. This overestimation makes the results sensitive to SD uncertainties to some
extent. To examine such sensitivity, we changed the SD thresholds from 0.1 to 5 cm (Figure S2, Supporting Infor-
mation S1). The analyses show that the results can be quite sensitive to this threshold and increasing the threshold
makes the values of SCE far less than other climate data records (Estilow et al., 2015; Mudryk et al., 2020).
Nevertheless, we found that such uncertainty generally has limited influence on the observed seasonal evolution
of SCE and SCE ,; as well as their ratios.

4.3. Interannual Variability and Trends

It is well documented that SCE is declining in a warming climate (Brown, 2000; Déry & Brown, 2007; R. Brown
& Derksen, 2013; Chen et al., 2016; Y. Zhang & Ma, 2018; Bormann et al., 2018; Mudryk et al., 2020). The ques-
tion is whether melting of snowpack from the bottom has accelerated or not in the past few decades. Confining
our considerations to MERRA-2, ERA-Interim, and ERAS, we quantify interannual variability of the monthly
SCE and ratios of SCE, to SCE across different latitudinal belts over the observation periods (see Table. 1).
Throughout, the null hypothesis is that there exists no interannual trend and we reject it when the p-values are
smaller than a significance level of 0.05.
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Figure 4. Significant monthly trends of snow cover extent (SCE) and the ratio of SCE with unfrozen bottom soils to SCE (SCE ) per decade, at different latitudinal
belts (a+b) as well as monthly mean values of hourly soil temperature (ST) (c) and occurrence of unfrozen soils below snowpack in month of May within 60 — 75°N
(d). Only significant trends (p-value <0.05) are shown and the shaded areas are 95% bootstrap percentiles, obtained based on daily mean values.

Consistent with previous findings, all reanalysis data (Figure 4a) demonstrate that the monthly mean SCE exhib-
its a significant declining trend across different seasons and latitudes, although there exist some notable incon-
sistencies in the magnitude, seasonality, and location. Unlike SCE, the monthly mean values of the ratio exhibit
a significant positive trend in all three reanalysis data (Figure 4b)-mainly from early spring to early fall. In other
words, the data indicate that expansion of unfrozen bottom soil could outpace shrinkage of SCE. Even though,
the reanalysis data are not fully consistent in terms of the space-time distribution of the trends, it appears that
throughout the year, significant values become more frequent over higher latitudes and reach to 3%—4% per
decade. Note that uncertainty analysis, in response to changes of SD, indicates that SD thresholds have very
limited influence on the trends of SCE and ratios of SCE , to SCE.

Since the majority of positive trends are in spring, it appears that bottom melting could be a major contributing
factor in reported shrinkage of springtime NH snowpack (Bormann et al., 2018; Derksen & Brown, 2012). For
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example, as shown in Figure 4c, the mean values of ST, below arctic snow (60 — 75°) in spring, are warming up
at the rate of 0.18 and 0.8°C per decade in ERA-Interim (ERA5) and MERRA-2, respectively. Even though, the
mean values are below zero, as demonstrated in Figure 4d, this non-stationarity manifests itself in a growing prob-
ability of occurrence of unfrozen bottom soil with a rate of 0.011-0.021 per decade. Compared to 40 years ago,
the taiga and tundra snow, above the Arctic Circle, are now experiencing 50% more unfrozen bottom soil in the
month of May. Note that since 2004, ERAS has assimilated snow-no-snow satellite data (Mortimer et al., 2020).
Therefore, any changes of the trends in ST after 2004 and its possible connections with the effects of satellite
snow data assimilation worth further investigations.

S. Summary and Concluding Remarks

Using snow depth and topmost soil temperature from MERRA-2, ERA-Interim, ERAS, and GLDAS reanal-
ysis data as well as ground measurements from the SNOTEL network; this paper studied the spatiotemporal

variability of snow cover extent with unfrozen bottom soil (SCE ;) at multiple scales and its interannual trend

ubs:

in Northern Hemisphere. It was documented that, on average, 30% of annual snow extent covers unfrozen soil,
while during July and August, this ratio ranges from 45 (GLDAS) to 95% (MERRA-2). We demonstrated that
unfrozen soil is more frequent below the ephemeral followed by the maritime and prairie snow. Seasonal analysis
indicated that, unlike snow cover, SCE exhibits a sub-annual bi-modality and reaches its maximum in April
and October. The trend analysis indicated that over middle to high latitudes (45 — 75°), where the dominant snow
types are taiga and tundra, expansion of unfrozen soils below snowpack has outpaced the shrinkage of snow cover
extent — an indication of accelerated basal snowpack melting.

On the other hand, we observed noticeable differences amongst reanalysis products for both SCE and soil temper-
ature. Future research is still needed to investigate the reasons about the observed differences for improved param-
eterization of the snowpack ground heat flux. Additionally, current satellite data do not provide any information
about soil moisture below wet snowpack (Entekhabi et al., 2010; Kerr et al., 2010; Njoku et al., 2003). The results
of this study show that unfrozen soil and thus liquid soil moisture below snowpack are widespread globally even
during the winter. Future research is needed to understand how the presence of liquid soil moisture below snow-
pack can change its microwave emission and to develop algorithms for its global passive microwave retrievals.

Data Availability Statement

MERRA-2 data set are publicly available through http://doi.org/10.5067/RKPHT8KC1Y1T; ERA-Interim data
set are available through https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/; ERAS data set
are available at http://doi.org/10.24381/cds.adbb2d47; GLDAS data set are available at http://doi.org/10.5067/
E7TYRXPIKWOQ.
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