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How organisms respond to climate change during the winter depends on snow cover, because the subnivium
(the insulated and thermally stable area between snowpack and frozen ground) provides a refuge for plants, an-
imals, and microbes. Satellite data characterizing either freeze/thaw cycles or snow cover are both available, but
these two types of data have not yet been combined to map the subnivium. Here, we characterized global pat-
terns of frozen ground with and without snow cover to provide a baseline to assess the effects of future winter
climate change on organisms that depend on the subnivium. We analyzed two remote sensing datasets: the
MODIS Snow Cover product and the NASA MEaSUREs Global Record of Daily Landscape Freeze/Thaw Status
dataset derived from SSM/I and SSMIS. From these we developed a new 500-m resolution dataset that captures
global patterns of the duration of snow-covered ground (Dws) and the duration of snow-free frozen ground
(Dwos) from 2000 to 2012. We also quantified how Dws and Dwos vary with latitude. Our results show that both
mean and interannual variation in Dws and Dwos change with latitude and topography. Mean Dws increases
with latitude. Counter-intuitively though, Dwos has longest duration at about 33°N, decreasing both northward
and southward, even though the duration of frozen ground (either snow covered or not) was shorter than that
at higher latitudes. This occurs because snow cover inmid-latitudes is low and ephemeral, leaving longer periods
of frozen, snow-free ground. Interannual variation in Dws increased with latitude, but the slopes of this relation-
ship differed among North America, Europe, Asia, and the Southern Hemisphere. Overall, our results show that,
for organisms that rely on the subnivium to survive the winter, mid-latitude areas could be functionally colder
than either higher or lower latitudes. Furthermore, because interannual variation in Dwos is greater at high lati-
tudes, we would expect organisms there to be adapted to unpredictability in exposure to freezing. Ultimately,
the effects of climate change on organisms during winter should be considered in the context of the subnivium,
whenwarming couldmakemore northerly areas functionally colder inwinter, and changes in annual variation in
the duration of snow-free but frozen conditions could lead to greater unpredictability in the onset and end of
winter.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Winter is a key driver of species distributions through its effects on
individual performance, community composition, and ecological inter-
actions (Williams et al., 2014). Thus, differences in the distributions of
species often reflect differences in their susceptibility to resource scarci-
ty and energy deficits during winter (Kreyling, 2010; Pauli et al., 2013).
Discussions of the effects of climate change on ecological systems are
often centered around the growing season, where climate warming
will affect flowering phenology, the length of the growing season,
droughts, fire regimes, etc. However, winter is also subject to climate
change (Williams et al., 2014) through changes in snow cover, soil
freeze/thaw cycles, and lake and river ice (Fountain et al., 2012; Kim
et al., 2012; Peng et al., 2013). These changes may strongly influence
biophysical conditions and biogeochemical processes (Fountain et al.,
2012; Makoto et al., 2013), and hence organisms (Kreyling, 2010;
Pauli et al., 2013). Winter as a distinct season attracts less scientific at-
tention by biologists than other seasons, at least partly due to the per-
ception that there is little biological activity and to the inherent
difficulties of field work during winter (Campbell et al., 2005).

Whether or not an area is covered by snowduringwinter can greatly
affect the condition and survival of organisms because snow cover af-
fects microclimates (Decker et al., 2001; Isard and Schaetzl, 2007;
Williams et al., 2014). Beneath the snow there is an insulated and ther-
mally stable refugium – the subnivium (Pauli et al., 2013). The
subnivium forms when heat is released from the soil, and warm,
moist air is trapped by the snow (Petty et al., 2015). Areas with a
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subnivium generally have higher overwintering success of plants, ani-
mals, and microbes (Aitchison, 2001; Pauli et al., 2013; Williams et al.,
2014). The higher temperatures in the subnivium can reduce root dam-
age and plant death during winter by alleviating frost penetration into
the soil (Kreyling, 2010; Starr and Oberbauer, 2003). Animals that over-
winter in surface soils, including reptiles, amphibians and insects, may
require the thermally stable subnivium for survival (Aitchison, 2001;
Bale and Hayward, 2010; Jones, 1999; Williams et al., 2014). Further-
more, the subnivium can also keep soil temperatures above the thresh-
old required for microbial respiration (Pauli et al., 2013; Sullivan et al.,
2008), causing rates of soil microbial activity to be sufficiently high in
winter to comprise a significant percentage of annual activity
(Campbell et al., 2005). High rates of microbial activity can also result
in increased mineralization of organic matter and trace gas concentra-
tions during winter (Campbell et al., 2005; Pauli et al., 2013; Schimel
et al., 2004). However, despite its ecological importance, the subnivium
has not been mapped globally (Pauli et al., 2013; Williams et al., 2014).

Mapping the subnivium requires information on frozen ground and
snow cover, yet most research has focused on only one of these two at-
tributes. As a result, there are excellent remote sensing datasets of
freeze/thaw cycles in terms of the date of spring thaw, the date of fall
freeze, and the duration of the frozen/non-frozen season (Kim et al.,
2012; Smith et al., 2004; Zhang et al., 2011), as well as assessments
how these dates have shifted in recent decades, causing earlier spring
thaw and shorter frozen seasons. Similarly, there are excellent remote
sensing datasets of the length of the snow season, the maximum snow
depth, the maximum snow extent, the timing of snowmelt, etc. (Déry
and Brown, 2007; Dye, 2002; Kim et al., 2015; Peng et al., 2013). Trends
in recent decades have been earlier spring snowmelt, longer snowmelt
periods, and decreased snow cover duration (Kim et al., 2015; Peng
et al., 2013). However, to our knowledge, few studies have combined
freeze/thaw status and snow cover (Kim et al., 2015), even though the
combination of these two attributes determines the duration of the
subnivium.

Satellite remote sensing data have greatly advanced the scientific
understanding of snow cover, soil freeze/thaw status, and other
winter-specific variables at regional to global scales. Ground-based me-
teorological networks have been monitoring snow for a long time, but
thediscrete distribution of stations cannot capture spatial variability, es-
pecially in remote areas (Pu et al., 2007). A number of digital snowprod-
ucts based on remote sensing observations are available (Frei et al.,
2012), and the longest NOAA snow cover extent (SCE) climate record
(CDR) has beenwidely used for regional-scale climate studies, monitor-
ing, and model validation (Estilow et al., 2014). A suite of MODIS snow
cover products available since 2000 have been generated using MODIS
sensor measurements (Hall et al., 2002). The advantage of the MODIS
data is their higher spatial resolution. In particular, the 8-day composite
product of MOD10A2 minimizes the effect of cloud contamination
(Liang et al., 2008), and its global availability at 500-m resolution is
ideal for broad-scale research on winter ecology.

Microwave remote sensing iswell suited for freeze/thawmonitoring
due to its relative insensitivity to atmospheric contamination and solar
illumination effects, and strong sensitivity to changes in the predomi-
nant frozen/thawed state of water (Kim et al., 2011; Kim et al., 2012).
One of the NASA MEaSUREs Global Record of Daily Landscape Freeze/
Thaw Status datasets from Scanning Multichannel Microwave Radiom-
eter (SMMR), Special Sensor Microwave/Imager (SSM/I), and Special
Sensor Microwave Imager/Sounder (SSMIS) provides a consistent
long-term global record available daily since 1979 of land surface
freeze/thaw state dynamics for all vegetated regionswhere low temper-
atures are a major constraint on ecosystem processes. Prior analyses of
this dataset have revealed close biophysical linkages between several
freeze/thaw-associated variables and the duration of seasonal snow
and frozen ground, the timing and length of the growing season, and
vegetative productivity and water cycling (Kim et al., 2012, 2015;
Zhang et al., 2011). The microwave satellite-based dataset is thus an
ideal option for monitoring ground freeze/thaw status given its long
duration.

Here, we characterize global patterns of frozen ground with and
without snow cover to assess the duration of the subnivium; this pro-
vides baseline data to understand current and forecast future winter
conditions that affect overwintering organisms. We combined two
datasets, the MODIS Snow Cover product and the NASA MEaSUREs
Freeze/Thaw dataset from SSM/I and SSMIS, and developed a new
500-m resolution dataset from 2000 to 2012 which shows global pat-
terns of the duration of snow-covered ground (Dws) and the duration
of snow-free frozen ground (Dwos). We defined the timing and length
of the frozen season based on the daily freeze/thaw records. To illustrate
the potential use of our new dataset, we investigated latitudinal pat-
terns in the mean and variation of Dws and Dwos. These patterns show
both nonlinear latitudinal gradients and differences in latitudinal gradi-
ents among continents, emphasizing the value of our dataset.

2. Data and methods

2.1. Data

We used the NASA MEaSUREs Global Record of Daily Landscape
Freeze/Thaw Status dataset (Version 3) from SSM/I and SSMIS to deter-
mine frozen/thawed status, and the timing and duration of the frozen
season. The dataset is available on a daily basis with 25-km spatial res-
olution from 1979 to 2012. It applies a seasonal threshold approach to
the continuous daily (A.M. and P.M.) radiometric brightness tempera-
tures (Kim et al., 2011). Thus, four discrete categories are distinguished
on a daily basis: frozen (A.M. and P.M.), thawed (A.M. and P.M.), transi-
tional (A.M. frozen and P.M. thawed), and inverse transitional (A.M.
thawed and P.M. frozen) ground. Mean annual classification accuracies
at P.M. and A.M. are approximately 92.2 and 85.0%, respectively (Kim
et al., 2011). The retrieved status represented predominant frozen or
thawed conditions within the satellite footprint and does not distin-
guish individual landscape elements, including soil, vegetation, and
snow cover (Kim et al., 2015). The dataset excludes non-vegetated
areas, and those areas which are not constrained by seasonal cold tem-
peratures detected by a simple cold temperature constraint index (Kim
et al., 2015). The daily dataset is available at the National Snow & Ice
Data Center (NSIDC) (http://nsidc.org/).

We analyzed the 8-day composite MODIS Snow Cover product
(MOD10A2) to determine ground snow-cover status. The dataset is
available globally, at a spatial resolution of 500m, from 2000 to present.
The snow-cover algorithm is based on a grouped-criteria technique,
which applies band ratio and a suite of threshold-based criteria to deter-
mine snow or no snow status on different land-cover types (Hall et al.,
2002). The MODIS snow cover products have been assessed at both
global and regional scales, and the overall accuracy is generally N80%
but varies by land-cover type, snow conditions (e.g., snow depth), and
the number of days used to make the composite (Hall and Riggs,
2007; Klein and Barnett, 2003; Liang et al., 2008; Pu et al., 2007). Com-
pared to the daily MODIS snow cover product (MOD10A1), the 8-day
composite effectively reduces cloud contamination and thereby pro-
vides more consistent coverage (Liang et al., 2008; Pu et al., 2007). Be-
cause MODIS sensors cannot receive optical information effectively in
high-latitude areas during winter due to the effect of polar night, we
were not able to analyze areas above 62°N. The MODIS snow cover
data that we used were also downloaded from the NSIDC.

2.2. Methods

Wedefined the timing and duration of the frozen season annually on
a pixel basis, and calculated Dws and Dwos within the pre-defined frozen
season (Fig. 1). For each pixel, we calculated the freeze frequency,which
we defined as the number of occurrences of frozen ground (A.M. and
P.M. frozen, A.M. frozen and P.M. thawed) at the same day-of-year
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Fig. 1. Flowchart of the major data processing procedures to assess the duration of snow-
covered ground, and snow-free frozen ground.
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(DOY) during the 13 years (2000−2012); as an example for a single
calendar day, we gave the frequency map at DOY 210 (Fig. S1). We
found that there were some pixels with frozen or transitional status oc-
curring only one time (frequency = 1) during the 13 years, especially
during the summertime; for example, in DOY210 singleton pixels oc-
curred at middle or low latitudes in the northern hemisphere
(Fig. S2). We treated these pixels with caution by examining their
neighborhoods within specific spatial and temporal windows, respec-
tively. For each pixel with frequency equal to 1, we checked the
freeze/thaw status of its six adjacent dates in the year that frozen
ground appeared in the data, and its eight neighboring pixels within a
3 by 3 pixel window. If the occurrence of frozen ground was equal to
or greater than one within neighboring pixels in either time or space,
then we left the frozen pixel unchanged. If not, we treated the frozen
pixel for the specific year as an “outlier” and reclassified it as thawed
status. On average, the number of pixels with a freeze frequency equal
to 1 was 52,749 per year, and out of these we did not incorporate into
our subsequent analyses on average 11,274 per year for the full year,
and 2010 per year for the frozen season (Fig. S3). Because the number
of pixels that we removed (2011 per frozen season) accounted for
very small proportion of total frozen pixels (12,744,067 per frozen
Fig. 2. Scatterplots (a) between station-based Dws and remote sensing-based
season on average), this step did not affect our general conclusions,
but it removed likely erroneous observations. Through these steps, we
derived a filtered daily freeze/thaw dataset with “outliers” removed.

Even though the 8-day compositeMODIS Snow Cover product effec-
tively reduced cloud cover, there were still some cloud pixels which
would cause underestimates of Dws. Thus, we interpolated the cloud
pixelswithin the 8-day composite snow-cover images inwintermonths
(Northern Hemisphere: December–February; Southern Hemisphere:
June–August). For a given cloud pixel, we examined the snow cover sta-
tus of its four neighboring pixels (sharing an edge) and its two adjacent
MODIS dates. Spatially, if all four neighboring pixels were classified as
snow, we treated the central cloud pixel as snow. If the above criterion
was not met but temporally the pixels at the two adjacent MODIS dates
were both classified as snow, thenwe also reclassified the cloud pixel as
snow. If both criteriawere notmet, thenwe treated the cloudpixel as no
snow cover. We derived a new 8-day snow cover dataset with interpo-
lated cloud pixels if the above criteria were met.

We determined the timing and length of the frozen season annually
for each pixel using the daily freeze/thaw records so that we confined
our analysis within the prevalent frozen period. We defined the start
and end of the frozen season according to prior non-frozen season def-
initions (Kim et al., 2012; Xu et al., 2013; Zhang et al., 2011). For the
Northern Hemisphere, the start of the frozen season was defined as
the middle day of the first period of 15 consecutive days from Septem-
ber through February for which at least 8 days were classified as frozen
(including A.M. and P.M. frozen, and A.M. frozen and P.M. thawed). The
end of the frozen season was determined as the middle day of the first
period of 15 consecutive days from February to August for which at
least 8 days were classified as thawed (A.M. and P.M. thawed). For the
Southern Hemisphere, we examined the periods March–August and
September–February to identify the start and end of the frozen season,
respectively. If there was no frozen or transitional status detected in
any year for a specific pixel, we defined it as “no frozen days”. If neither
a start nor an end of the frozen season was detected in any year for a
specific pixel, we defined it as “no frozen season”. The length of the fro-
zen season was defined as the period between the start and end of the
frozen season. We calculated the start and end of the frozen season
globally for each year from 2000 to 2012, and used them to constrain
our calculations of Dws and Dwos within the range of the frozen season.

We calculated Dws and Dwos annually for each pixel by integrating
the freeze/thaw status, the snow-cover status, and the range of the fro-
zen season. If a pixel had both frozen ground and snow cover, and its
date was within the range of the frozen season, one day was added to
Dws, and (b) between station-based Dwos and remote sensing-based Dwos.



Table 1
Correlation coefficients, linear regression slopes, and root-mean-square errors between station-based Dws and remote sensing-based Dws by land cover classes and elevation levels.

Land cover class Elevation

Forest Grassland Cropland b=250 m 250– 500m 500– 1500m N1500m

R 0.94 0.97 0.96 0.93 0.94 0.94 0.94
Slope 0.83 0.89 0.93 0.82 0.87 0.88 0.82
RMSE 24 17 13 18 15 17 21
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Dws. Likewise, if a pixel was classified as frozen ground without snow
cover, and its date was within the range of the frozen season, then one
day was added to Dwos. Because we combined the datasets with differ-
ent spatial resolutions, our calculations assumed that the frozen status
was homogeneous within a 25-km pixel. To test the validity of this as-
sumption, we analyzed Daymet daily minimum temperature data for
North America at 1-km spatial resolution from 2000 to 2012
(Thornton et al., 2016), and calculated the percentage pixels whose
minimum temperature was b0 °C within the corresponding frozen
pixel at 25-km resolution at the same date. We summarized the per-
centages by the days of year and by frozen seasons (Fig. S4 and
Fig. S5). The percentages from DOY 1 to 150, and DOY 270 to 365
were stable and high, and the average percentage was about 97%
(Fig. S4). The percentages decreased after DOY150, and then increased
after reaching the minimum at about DOY 200. However, the period
with low and unstable percentages was less likely to be included in
our analyses because this was largely out of the range of the frozen sea-
son; within the frozen season, 95.3% of the 25-km pixels were on aver-
age frozen (Fig. S5).

To combine snow cover, frozen status, and frozen season, we ex-
tracted pixel values of different layers at the MODIS spatial resolution
of 500 m. Specifically, we first determined the coordinates of pixel cen-
ters on the snow cover layer (fine resolution). Second, we transformed
them into the coordinates under the coordinate systems of other data
layers for freeze/thaw status and the start and end of the frozen season.
Third, we extracted the freeze/thaw status and frozen season informa-
tion (the start and end of the frozen season) from the pixel where
each transformed coordinate fell. Finally, we checked if these extracted
attributes met the criteria of Dws and Dwos. We derived global Dws and
Dwos at 500-m spatial resolution from 2000 to 2012, and stored the
data in a sinusoidal map projection for each MODIS tile. We did not cal-
culate Dws and Dwos for the non-cold constraint, permanent ice, non-
vegetated, and urban areas in the MEaSUREs Freeze/Thaw data for
which no freeze/thaw data were available.

We quantified global patterns of frozen ground with and without
snow by calculating the mean and coefficient of variation (CV) of Dws

and Dwos for each pixel. We summarized the mean and CV of Dws and
Dwos for each one-degree interval of latitude and used local polynomial
regression fitting (LOESS) to smooth these variables across latitude.
LOESS curve fitting is a local regression model that fits a straight line
or a polynomial curve in the locality of a given x value, weighting each
of the (xi, yi) pairs according to the distance of xi to x. It requires deci-
sions to be made regarding the weights, the bandwidth around each
point x, and the parametric functions to be fitted (Cleveland and
Loader, 1996). Here, we carried out unweighted fit using a bandwidth
Table 2
Correlation coefficients, linear regression slopes, and root-mean-square errors between station

Land cover class El

Forest Grassland Cropland b=

R 0.87 0.95 0.91 0.
Slope 0.82 0.89 0.92 0.
RMSE 22 16 13 17
of 75% of points and set the overall degree of the locally fitted polynomi-
al to 2.

2.3. Accuracy assessment

For our accuracy assessment, we used theGlobal Historical Climatol-
ogy Network (GHCN) data (Menne et al., 2012) to evaluate our remote
sensing-derived Dws and Dwos. We examined snow depth records for all
stations of the GHCN data globally, and selected the stations with com-
plete daily snow depth records from 2000 to 2012. Most stations that
met the criteria were in North America with only a few stations in the
Netherlands and Germans. Given this, we decided to focus our accuracy
assessment on all 731 stations within North America in order to cover
different land-cover types and elevational gradients. For each station,
we extracted daily frozen/thawed status from the MEaSUREs Freeze/
Thaw data records, and frozen season information from 2000 to 2012.
We calculated Dws and Dwos in the same way as above, but replaced
the input MODIS snow cover with station-based snow depth. We ex-
tracted land-cover type for each station and each year from 2000 to
2012 from theMODIS land cover product of the corresponding year (be-
cause the MODIS land cover product started from 2001, we extracted
the land-cover type for 2000 from MODIS land cover product of 2001).
We made comparisons between remote sensing-based and station-
based by calculating root-mean-square error (RMSE), linear regression
slope (slope), and correlation coefficient (R), and summarized results
by three land-cover types and four elevation levels (divided based on
quantiles).

3. Results

3.1. Accuracy of Dws and Dwos

Dws values derived from theMODIS snow cover product were highly
consistent with those using station-based snow depth data (RMSE =
18; Slope=0.87; R=0.96) (Fig. 2a). The accuracy ofDws differed slight-
ly among three main land-cover classes and among elevation (Table 1).
In croplands, Dws had the lowest RMSE and the slope closest to 1
(RMSE = 13; Slope = 0.93; R = 0.96), indicating the highest accuracy.
In contrast, Dws of forests had the lowest accuracy with the highest
RMSE and the slope farthest from 1 (RMSE = 24; Slope = 0.83; R =
0.94). Dws estimates at elevations of 250–500 m had higher accuracy
as indicated by the lowest RMSE and the slope closer to 1 (RMSE =
15; Slope = 0.87; R = 0.94). In contrast, the estimates at
elevations N 1500 m had lower accuracy as indicated by the highest
-based Dwos and remote sensing-based Dwos by land cover classes and elevation levels.

evation

250 m 250– 500m 500– 1500m N1500 m

88 0.91 0.93 0.89
83 0.95 0.91 0.81

15 16 20



Fig. 3. Spatial patterns for 2000–2012 of (a) the mean duration of snow-covered frozen ground (Dws) and (b) the mean duration of snow-free frozen ground (Dwos).
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RMSE and the slope farther from 1 (RMSE = 21; Slope = 0.82; R =
0.94).

Dwos values derived from the MODIS snow cover product also
showed high accuracy when assessed using station-based Dwos esti-
mates (RMSE=17; Slope=0.88; R= 0.91) (Fig. 2b), but accuracy var-
ied slightly by land-cover classes and elevation (Table 2). Dwos of
croplands had higher accuracy as indicated by the lowest RMSE and
the slope closer to 1 (RMSE = 13; Slope= 0.92; R = 0.91). In contrast,
Dwos of forests had the lowest accuracy with the highest RMSE and the
slope farthest from 1 (RMSE = 22; Slope = 0.82; R = 0.87). The accu-
racy for Dwos estimates at elevations of 250–500 m were highest with
the lowest RMSE and the slope closest to 1 (RMSE = 15; Slope =
0.95; R = 0.91). By comparison, Dwos estimates at elevations N 1500 m
had the lowest accuracy (RMSE = 20; Slope = 0.81; R = 0.89).

In addition to these overall summary statistics, wemademaps of the
spatial patterns of mean Dws and Dwos according to station-based snow
depth records (2000−2011) (Fig. 3a, b). Spatial patterns of Dws and
Dwos from station-based data were generally consistent with those de-
rived from remotely sensed snow cover products (see below).
Fig. 4. Global patterns for 2000–2012 of (a) the mean duration of snow-covered frozen ground
frozen ground (Dwos). No frozen season was assigned to pixels for which the start or the end of
had no frozen or transitional status in any year. Gray areas were excluded because they are in d
permanent ice, non-vegetated, or urban areas in the MEaSUREs Freeze/Thaw data for which n
3.2. Global patterns of mean Dws and Dwos

Snow-covered ground occurred mainly in the Northern Hemi-
sphere (Fig. 4a). Of the global area with more than one day of
snow-covered ground, the Northern Hemisphere accounted for
97%, and of the global area with N10 days of snow-covered ground,
the Northern Hemisphere accounted for 99%. The global pattern of
mean Dws changed with latitude and topography (Fig. 4a). Spatially,
Dws became longer as latitude increased. Areas with long Dws

occurred mainly in mountainous regions at high altitude (including
the Rocky Mountains, the Southern Andes Mountains, and the Tibet-
an Plateau) and at high latitudes (including Canada, Russia,
Kazakhstan, and Mongolia). Shorter Dws occurred in most cold-
constrained areas of the Southern Hemisphere, and at middle and
low latitude of the Northern Hemisphere (including the contiguous
US, the Western Europe, and China). Overall, global patterns of
mean Dws are similar to those of the length of the frozen season,
which indicates that Dws becomes longer with increasing frozen sea-
son duration (Fig. 4a and b).
(Dws), (b) the mean length of the frozen season, and (c) the mean duration of snow-free
the frozen season was not detected in any year. No frozen days was assigned to pixels that
arkness for extended periods inwinter. The white areas correspond to non-cold constraint,
o freeze/thaw data were available.
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Fig. 5. Changes in (a) the duration of snow-covered ground, Dws, and (b) the duration of snow-free frozen ground, Dwos, with latitude. We smoothed the data using the local polynomial
regression fitting (LOESS) method, and gray bands represent 95% confidence intervals.
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In contrast toDws, meanDwos did not changemonotonically with lat-
itude (Fig. 4c): middle latitudes showed longer Dwos, even though the
frozen season was shorter than at high latitudes. For example, we
found longDwos in the central contiguous US,Western Europe, northern
China, and Mongolia. The high-latitude regions to the north (Canada,
Russia, and Kazakhstan) had shorter Dwos. We also found shorter Dwos

at low latitudes adjacent to areas with no evident frozen season
(Fig. 4c).

We averagedmeanDws andDwos across one-degree latitudinal bands
(Fig. 5). In both Northern and Southern Hemispheres, Dws increased
with latitude, but the rate of increase was much lower in the Southern
Hemisphere (Fig. 5a). The increase of Dws with latitude in North
America was similar to that in Asia. In contrast, the slope of Dws in
Europe was relatively shallow; presumably, this is because winter in
Europe is mild due to its temperate and maritime climate. This made
Dws shorter in Europe than in North America and Asia at the same lati-
tude. In contrast to Dws, Dwos was longest at 35–40°N in the Northern
Hemisphere, decreasing both northward and southward (Fig. 5b). We
found similar hump-shaped patternswith latitude in all northern conti-
nents, but the peak Dwos at middle latitudes (about 35–40°N) in Asia
was much longer than in North America and Europe (Fig. 5b). In the
Southern Hemisphere,Dwos decreasedwith latitude to 20–25°S. Overall,
the change in Dws and Dwos in the Southern Hemisphere depended
mainly on the snow cover and frozen ground distribution in the Andes
mountains, with longer Dwos towards the Equator and longer Dws to-
wards the south.

3.3. Global pattern of Dws / (Dws + Dwos)

To derive a synoptic measure of the relative length of time frozen
ground is covered by snow, we computed 100 ∗ Dws / (Dws + Dwos),
andwe refer to this as theDws percentage.While theDws reflects the ab-
solute number of days of snow cover within the frozen season, the per-
centage indicates the duration of snow cover relative to the duration of
the frozen period. The same Dws values could correspond to different
percentages, and vice versa. Moreover, compared to Dws the percentage
reflects whether snow was persistent or ephemeral on the ground. We
found a zone in both North America and Eurasia where the gradient of
percentages changed rapidly from20% to 90% (Fig. 6). Spatially,Dwsper-
centage changed consistently with latitude (Fig. 6). The areas with
higher Dws percentage were mainly distributed at high latitudes
(e.g., Canada and Russia) and in mountainous areas (e.g., the Rocky
Mountains and the southern Andes Mountains). In contrast, the areas
at middle and low latitudes had relatively lower Dws percentage,
which included most cold-constrained areas of the Southern
Hemisphere, the contiguous US (except for the western mountainous
regions), Western Europe, and China.

We averaged Dws percentage in one-degree latitudinal bands
(Fig. 7). In the Northern Hemisphere, Dws percentage increased fastest
atmiddle latitudes (Fig. 7). In the Southern Hemisphere,Dws percentage
was lower between 7 and 30°S, and then started to increase further
south with a lower slope than in the Northern Hemisphere. Patterns
ofDwspercentagewere similar among continents in theNorthernHemi-
sphere, although Dws percentages in North America and Asia were
higher than those in Europe above 43°N.

3.4. Interannual variation in Dws and Dwos

Interannual variation in Dws and Dwos is important for organisms, es-
pecially species depending on the subnivium (Pauli et al., 2013; Petty
et al., 2015; Williams et al., 2014). If climate warming leads to a reduc-
tion of snow cover, resulting in exposure to lower air temperatures, this
may lead to an increasing frequency of freeze-thaw cycles and higher
risk of ice encasement (Bale andHayward, 2010). The CV is the standard
deviation divided by themean; dividing by themean removes the inev-
itable dependence of the standard deviation of Dws and Dwos on the du-
ration of frozen days with and without snow cover, respectively. Thus,
CV measures the relative interannual variation in Dws and Dwos among
years, with lower values indicating less variability.

Interannual variation in Dws decreased with latitude (Fig. 8a). Areas
with low interannual variation inDwsoccurredmainly in Canada, Russia,
Kazakhstan, and some mountainous regions (e.g., Rocky Mountains),
while the areas at middle and low latitudes, including the contiguous
US, the Western Europe, China and Mongolia, had greater interannual
variation (Fig. 8a). Interestingly, we found the highest interannual var-
iation in Dws in the Tibetan Plateau and Andes Mountains. In contrast,
higher interannual variation in Dwos was observed at high latitudes of
North America (except for the western mountainous areas), Russia,
and Kazakhstan, while the vast middle-latitude areas had lower inter-
annual variation in Dwos, which included the contiguous US, Western
Europe, and China (Fig. 8b).

We averaged the CV in Dws and Dwos in one-degree latitudinal bands
(Fig. 9). In the Northern Hemisphere, the CV ofDws diminishedwith lat-
itude, and the rate of decrease was higher at low latitudes (Fig. 9a).
However, we found a nonlinear relationship between the CV of Dwos

and latitude in the Northern Hemisphere, which was characterized by
a decreasing trend below 33°N and an increasing trend further north
(Fig. 9b). The CV of Dwos in Asia was higher at low latitudes than in
North America, but lower at high latitudes. However, the CV of Dwos in
Europe did not show the nonlinear relationship with latitude. In the



Fig. 7.Changes in theDwspercentagewith latitude.We smoothed thedata using the LOESS
method, and gray bands represent 95% confidence intervals.

Fig. 6. Global pattern of Dws percentage, 100 ∗ Dws / (Dws + Dwos).
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Southern Hemisphere, the CV of both Dws and Dwos decreased with
latitude.

4. Discussion

Wedeveloped a new global dataset from 2000 to 2012 that captures
the duration of snow-covered ground (Dws) and snow-free frozen
ground (Dwos) by combining the MODIS Snow Cover product and the
NASAMEaSUREs Freeze/Thawdataset from SSM/I and SSMIS.We calcu-
lated both metrics annually based on the estimated frozen season on a
per-pixel basis.We generated our new dataset at theMODIS spatial res-
olution of 500 m rather than at the spatial resolution of the freeze/thaw
data (25 km), because the landscape frozen/thawed statuswas relative-
ly homogenous within the 25-km grid, as inferred from analyses of
Daymet data. We analyzed global patterns of mean Dws and Dwos and
their interannual variation (2000–2012). As expected, we found that
areas at high latitudes had longer Dws. Counter-intuitively though,
areas atmiddle latitudes had longerDwos, even though the frozen season
was shorter than at high latitudes. Our research is useful for under-
standing the duration and condition of the subnivium, which deter-
mines the local microclimate inhabited by many organisms in winter.
Not only is this valuable information for understanding present distri-
butions and fluctuations in plant, animal, and microbe populations, it
also provides a baseline to assess the effects of future climate change
on organisms that overwinter.

We quantified spatial patterns of mean Dws and Dwos, and their var-
iation with latitude. We found that the spatial pattern of Dws coincided
with that of the length of the frozen season, with Dws increasing with
the duration of the frozen season. Longer Dws at high-latitudes resulted
from long frozen seasons and lower air temperatures. In general, the du-
ration of frozen ground correlates positively with the extent of snow
cover throughout the year, and in a given season, especially at high lat-
itudes (Kim et al., 2015). Air temperatures could also influence Dws by
determiningwhether and how long snow cover stays on the ground. In-
creasing temperaturesmay reduce the duration of snow-covered frozen
ground causing earlier spring thawing or later fall freezing, and by
shortening the persistence of snow cover on the ground (Choi et al.,
2010; Kim et al., 2012; Peng et al., 2013). In contrast to Dws, we found
longer duration of snow-free frozen ground at middle latitudes, even
though the frozen season was shorter there than at high latitudes. This
pattern is highlighted by the hump-shaped relationship between the
Dwos and latitude (Fig. 5b). Atmiddle latitudes, longer frozen season du-
ration coincides with low temperate and dry climate zones that pro-
mote less precipitation in winter and are not favorable for snow
persistence, leading to low or negative correlations between frozen sea-
son and snow-cover duration (Kim et al., 2015). Therefore, vast areas at
middle latitudes had a longer absence of the subnivium while the
ground was frozen (Brown and DeGaetano, 2011; Pauli et al., 2013;
Petty et al., 2015). For many organisms that rely on the subnivium,
this implies that middle latitudes might be functionally colder than ei-
ther more southerly or more northerly latitudes.
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We quantified global patterns of temporal variation in Dws and
Dwos. We found that temporal variation in Dws was less at high lati-
tudes, because temperatures within the frozen season at high lati-
tudes were cold enough to maintain snow cover. In contrast, mid-
and low-latitude areas had greater temporal variation in Dws due to
the longer period of transitional frozen/thawed state that made
snow cover less stable. Prior research showed that mid- and low-
latitude areas have longer annual snowmelt periods and greater
Fig. 8.Global pattern of the temporal variation (CV) for (a) the duration of snow-covered groun
to 2012.
annual fluctuations in the length of the snow season (i.e., the interval
between the first appearance and the last disappearance of snow)
(Choi et al., 2010; Kim et al., 2015). Although Dwswas longer and sta-
ble at high latitudes, Dwos had greatest temporal variation at high
latitudes.

For organisms that rely on the subnivium, Dwos gives an indicator of
the number of days when cold stress may be particularly severe. There-
fore,Dwosmay be a keymeasure of the potential effects of future climate
d (Dws) from2000 to 2012 and (b) the duration of snow-free frozen days (Dwos) from 2000
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change on these overwintering organisms. However, we did not
perform a trend analysis of our data because our time series is too
short, having only 12 years. Other research, though, has already found
substantial changes in snowmelt period, frozen ground duration and
snow cover duration in high-latitude areas (Kim et al., 2015; Peng
et al., 2013), and current forecasts predict greater rates of global
warming at higher latitudes than towards the Equator (IPCC, 2014).
This warming may though increase cold stress at high latitudes if it in-
creases mean Dwos towards values currently found at mid latitudes
(Fig. 5). High latitudes are currently experiencing the greatest interan-
nual variation in Dwos (Fig. 7), and if this high variation is maintained
at the same time as mean Dwos increases, then organisms that rely on
the subnivium may be subject to particular cold stress, with high and
highly variable duration of frozen ground with no snow cover. The
high Arctic, however, is also forecast to have increased precipitation
with global warming (IPCC, 2014), and if this precipitation adds to
snow cover, then the effects of increasing temperature on Dwos could
be mitigated.

Several potential sources of error may have affected the accuracy of
our dataset. MODIS sensors detect solar radiation reflected from targets
on the ground. Daily MODIS images are often contaminated by cloud
cover, which is why we chose the 8-day composite MODIS snow cover
product, which provides the maximum snow extent at 8-day intervals.
By using this dataset for our calculations, we assumed that all eight
days would be covered by snow if a pixel was classified as ‘snow’. How-
ever, this assumption may not always be true, especially at low lati-
tudes, and this may have caused overestimates of Dws. We reduced
this potential bias by constraining the calculation of Dws to days within
our pre-defined frozen season. Furthermore, even in the 8-day compos-
ite MODIS snow cover product some pixels were cloudy, and these
could lead to underestimates of Dws, which is why we interpolated the
cloud pixels using their neighbors across space and time for only winter
months. In addition, the accuracy of MODIS snow cover is influenced by
varied snow depth, land-cover types, and the number of days used for
compositing (Hall and Riggs, 2007; Liang et al., 2008; Pu et al., 2007),
all of which might have affected our estimates of Dws and Dwos. Finally,
because the current NASA MEaSUREs Freeze/Thaw records stopped in
2012, we could only generate Dws and Dwos for the period 2000–2012.
This 13-year time period is too short to investigate long-term trends
in the durations of frozen days with and without snow cover.

The freeze/thaw data product determines freeze/thaw status by
comparing a spatial and seasonal scale factor derived from brightness
temperatures (Tb) with dynamic thresholds on yearly and cell-by-cell
bases (Kim et al., 2011). However, the empirical algorithm derived
from the linear relationships between Tb–based scale factors and
Fig. 9. Changes of (a) the coefficient of variation (CV) for Dws and (b) the CV for Dwos with l
confidence intervals.
surface temperatures does not take into account the different contribu-
tions to the microwave signal from soil, vegetation, snow, and so forth.
Hence, the FT product reflects landscape FT rather than only soil FT. In
boreal forests, the uncertainties in identifying soil FT might be particu-
larly high because of the complex continuum of soil, snow, and forests
(Roy et al., 2015; Roy et al., 2016). For example, in boreal forests
where the deep organic soil is saturated with water, the delay between
forest freezing and soil freezingmight cause inaccurate freeze/thaw sta-
tus. We also caution that the mapping of frozen/thawed status is much
more complex when ground is covered by snow (Jones et al., 2007;
Rawlins et al., 2005). Thus, the frozen status for snow-cover ground
might reflect the conditions of snow rather than soil depending on the
influence of snow pack's wetness, depth, density, crystal structure on
brightness temperatures (Mcdonald and Kimball, 2005). For example,
the temperature retrievals from microwave satellites correspond more
closely to minimum daily air temperatures and MODIS land surface
temperatures than soil temperatures for snow-cover areas (Jones
et al., 2007). However, the subnivium depends mainly on whether the
ground is covered by snow or not. Whether or not the ground is frozen
only matters where there is no snow cover. Therefore, even though
some of the retrievals may present frozen/thawed status of the snow
pack instead of the soils, we are not overly concerned about this, be-
cause our calculated Dws, which is defined as the number of days
when ground was covered by snow and classified as frozen, is still a
good measure of the subnivium.

5. Conclusions

Our research characterized global patterns of snow-covered and
snow-free frozen ground, which can be useful indicators of the effects
of cold temperatures on organisms. Frozen ground without a buffering
snow cover may expose soil systems to more-extreme low tempera-
tures, damage vegetation, and reduce winter soil decomposition and
respiration processes (Isard and Schaetzl, 2007; Kim et al., 2015;
Williams et al., 2014). Indeed, organisms from very cold and snowy re-
gions are frequently less cold-tolerant than those from regions with a
shallower and less-persistent snowpack (Williams et al., 2014). Similar
to the complex mechanisms during the growing season, the frozen sea-
son is characterized by complicated interactions among climate, land
surface, and ecosystems (Williams et al., 2014). Winter climate change
impacts land surface status by altering snow cover (e.g., extent, depth,
and snowmelt), soil freeze/thaw cycles, and lake and river ice
(Fountain et al., 2012; Kim et al., 2012), and in turn, these changes
give positive or negative feedbacks to climate (Chapin et al., 2008;
Euskirchen et al., 2007; Peng et al., 2013). The combined climate and
atitude. We smoothed the data using the LOESS method, and gray bands represent 95%
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land surface changes have strong influence on organisms, their biophys-
ical conditions, and underlying biogeochemical processes (Kreyling,
2010; Makoto et al., 2013; Starr and Oberbauer, 2003). Our remote
sensing-based data at medium spatial resolution offer important inputs
for both ecological and biogeochemical models to understand
organism-environment interactions at broad scales, thereby providing
a baseline to assess the effects of future climate change on ecosystems.

We integrated two satellite-based datasets, the MODIS snow cover
product and NASA MEaSUREs Freeze/Thaw dataset from the SSM/I
and SSMIS, and developed a new global dataset at a spatial resolution
of 500 m from 2000 to 2012 that captures global patterns of the dura-
tion of snow-covered ground (Dws) and snow-free frozen ground
(Dwos). Generally, Dws was longer at higher latitudes, which coincided
with the spatial pattern of the length of the frozen season. Areas atmid-
dle latitudes had longer Dwos, even though the frozen season was
shorter. Furthermore, Dwos had relatively higher temporal variation at
high latitudes. Therefore, vastmiddle-latitude areasmay be functionally
colder for organisms that use the subnivium, because soil surface tem-
peratures when uncovered by snow may be very low. Global warming
may result in a counter-intuitive trend of large areas, especially at
high latitudes, becoming functionally colder as snow cover diminishes,
which has important consequences for overwintering organisms.
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