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Abstract: Stable water isotopes in snowpack and snowfalls are widely used for understanding
hydrological processes occurring in the seasonally snow-covered territories. The present study
examines the main factors influencing changes of the initial stable water isotopes composition in
the seasonal snow cover of the south of Western Siberia. Studies of the isotopic composition of
snow precipitation and snow cover, as well as experiments with them, were carried out during
two cold seasons of 2019–2021, and laser spectroscopy PICARRO L2130-i (WS-CRDS) was used for
the determination of water isotope composition (δ18O and δD). The main changes in the isotopic
composition of the snow cover layers in the studied region are associated with the existence of a
vertical temperature gradient between the layers and with the penetration of soil moisture into the
bottom layers in the absence of soil freezing. During the winter period, the sublimation from the top
layer of snow is observed only at the moments of a sharp increase in the daily air temperature. At the
end of winter, the contrast between day and night air temperatures determines the direction of the
shift in the isotopic composition of the top layer of snow relative to the initial snow precipitation.

Keywords: stable water isotopes; atmospheric precipitation; snowpack

1. Introduction

Data on the stable isotope compositions of oxygen and hydrogen in precipitation and
snowpack is actively used to obtain important information about climatic, hydrological,
and ecological changes in the environment [1–14], including the assessment of the trans-
boundary transfer of atmospheric moisture falling on the studied area as precipitation, and
the identification of the sources of this moisture [15–24]. In contrast to snowfalls, seasonal
snow cover of middle and polar latitudes can give integral seasonal (for the winter period)
characteristics of the moisture’s isotopic composition entering the studied area [24–26].
At the same time, the sampling of snowpack during the maximum snow accumulation
period is simpler to perform in relation to the sampling of atmospheric precipitation and
allows you to cover a large area with the necessary sampling network. Unfortunately, it
is not correct to directly use the isotopic composition data of the seasonal snow cover for
hydrological, climatic, and ecological purposes because many researchers note that during
the winter period various processes leading to changes in the initial isotopic composition
of snow can occur in the layers of snowpack [27–48]. All this must be taken into account
when snowpack samples are used to assess the seasonal moisture supply and further
its redistribution among the components of the water runoff in the catchment area after
snow melting.

During the winter period, the main changes in the isotopic composition (δ18O and
δD) of water in the layers of the snowpack are associated with the penetration and con-
densation of soil moisture in the snow layer closest to the snow-soil interface [27,34,38,40],
movement and condensation of moisture (vapor and water) inside the snowpack due to
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the existence of a vertical temperature and pressure gradients [33,38], partial thawing of
snow layers [38–40], as well as vapor exchange between the upper layer of snow and the
atmosphere [38–40]. In addition, a significant effect on the change in the isotope composi-
tion of the snowpack can be exerted via canopy for forest areas [8,41–43] and for steppe
areas due to wind redistribution of snow previously accumulated on the ground [44–46].
All of these processes have different effects on the vertical redistribution of the initial iso-
topic composition of atmospheric moisture deposited on the underlying surface, and their
combined influence can manifest itself in different ways depending on regional weather
conditions. Therefore, studying regional peculiarities and factors influencing changes in
the snow’s initial stable water isotopes composition in the snowpack is an important task
with a wide practical application.

For the south of Western Siberia (this territory has a stable seasonal snow cover from
mid-November to mid-March), the data of the layer-by-layer analysis of the snowpack can
be successfully used to study the features of the spatio-temporal distribution of atmospheric
moisture deposited during the winter period. In this regard, the purpose of our work was
to identify the main factors and assess their contribution to the change in the initial water
isotopic composition (δ18O and δD) of snowfalls during their storage in seasonal snow cover
(until the beginning of the stage of active snow melting) in the south of Western Siberia.

2. Materials and Methods
2.1. Study Area

Altai Territory is located in the south of Western Siberia (Figure 1a) and covers an
area of about 168,000 km2 with a varied relief, including plains (steppe and forest-steppe
zones), foothills, and mountains. The region is characterized by a continental climate
due to frequent changes in air masses coming from the Atlantic, Arctic, and Central Asia,
which determine a large contrast in weather conditions [47,48]. The long-term average
annual temperatures range in the Altai Territory is from 1.18 to 3.76 ◦C [49]. In the summer
months, maximum temperatures reach 42 ◦C. At the same time, rather low temperatures
are formed in winter with an absolute minimum down to −52 ◦C [50]. During the cold
period of the year (from October to March), the prevailing wind directions are southern
and southwestern [51]. Precipitation in the Altai Territory is not uniform. On the flat part of
the territory, the amount of precipitation varies from 240–250 mm in dry-steppe regions to
550–570 mm in forest-steppe regions and increases from 650 to 900 mm in the foothills from
west to east [52]. Seasonal snow cover is established in the second decade of November and
is destroyed in the first decade of April. The height of the snowpack in the Altai Territory
averages 40–60 cm; in the western regions, it decreases to 20–30 cm [48]. The contribution
of snow melting to the water runoff of the large Ob River, which originates in the Altai
Territory and flows into the Kara Sea, is about 70–80% [53].

In this work, we studied the snowpack and winter precipitation falling on the flat
territory of the region, namely, within the catchment area of the Ob River from the city
of Biysk to the city of Kamen-na-Obi (Figure 1b). According to the seasonal snow cover
classification system [54], the snow cover of the studied area can belong to mixed of two
phenomenological classes—the prairie and taiga. The studied area is characterized by
a slight gradual decrease in atmospheric precipitation from the south-east to the north-
west [55]. The largest city and capital of the Altai Territory, Barnaul, is located in the central
part of the studied area. The average annual precipitation for Barnaul is 433 mm, of which
~40% falls in the form of snow [56].

2.2. Sampling

During two cold periods from November to mid-March (winter 2019–2020 and 2020–2021),
snowfalls and snow cover samples were recovered to study their water isotopic (δD and
δ18O) composition. Sampling was carried out in the catchment area of the Ob River from
Biysk city to Kamen-na-Obi city (Figure 1b), while the main work and experiments were
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carried out in the center part of this area—in and around Barnaul city (Figure 1c). The
sampling scheme was as follows:

(1) Samples of snow event-based precipitation during the cold period were collected im-
mediately after their fallout on experimental site III, located on the roof of the building
of the Institute for Water and Environmental Problems of the Siberian Branch of the
Russian Academy of Sciences (IWEP SB RAS) at the height of 25 m from the earth’s
surface (Figure 1c). Snowfalls were collected in internal removable high-density
polyethylene bags attached inside the barrel, equipped with blowing protection (Sup-
plementary, Figure S1a). A total of 97 event-based snowfalls samples were collected
during two cold periods.

(2) The bulk snowpack samples were taken during the period of maximum snow accu-
mulation (at the beginning of March) at the sites of the network (Figure 1b). All sites
were located in a field on a flat territory free from trees and bushes. Sampling was
performed using the envelope method (10 × 10 m). The composite sample consisted
of 5 snowpits collected with a plastic pipe (4.5 cm inner diameter). In March 2020, the
bottom layers of snowpack samples (thickness ~5–7 cm) were taken in addition to the
bulk ones. In total, 111 snow samples were taken and analyzed.

(3) The following experiments were carried out on three experimental sites (Figure 1c,
sites I, II, III) in 2019–2021:
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Experiment No. 1. At the beginning of winter 2019–2020, the 1.5 m high plastic barrel
was installed on the roof of the IWEP SB RAS building (site III) in addition to sampling
the individual snowfalls. In this barrel, after each heavy snowfall, a layer of fallen snow
was separated from subsequent precipitation with a plastic disk. The 11 layers of snow
obtained in this way were removed at the end of the winter (Supplementary, Figure S1b)
and analyzed separately.

Experiment No. 2. In the winter of 2020–2021, two barrels equipped with wind
protection devices were installed on the ground of each of the two sites (Figure 1c, sites I,
II). One barrel was intended to sample integral snow precipitation, the second one for a
separate sampling of snow layers (similar to experiment No. 1). The barrels’ contents were
removed for isotopic analysis at the end of winter. Moreover, we sampled two snowpack
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pits (bulk and layer-by-layer) on the earth’s surface near the experimental barrels at the
end of winter. Layer-by-layer sampling was carried out with a step as equal as possible to
the layers of snow in the corresponding second barrel. For this, we selected nine horizontal
layers in each pit (equal to the number of layers in each barrel) and determined their density.
Then, we took samples of the pit layers, the height of which in water equivalents was equal
to the corresponding layers in the barrel.

After collection, samples of snow (precipitation and snowpack) were placed in clean
tight-closing plastic bags and stored frozen until analysis.

2.3. Analytical Methods

All hydrogen and oxygen isotope ratios of precipitation are denoted as δ2H (or δD)
and δ18O, defined by

2H (or δD) =

(
(2H/1H)sample

(2H/1H)V-SMOW
− 1

)
·1000‰ (1)

δ18O =

(
(18O/16O)sample

(18O/16O)V-SMOW
− 1

)
·1000‰ (2)

where V-SMOW refers to the Vienna Standard Mean Ocean Water
The stable isotope (δ18O, δD) analysis of snow samples was carried out at the Chemical

Analytical Center of IWEP SB RAS. Directly before instrumental analysis, snow samples
were placed into the closed specially prepared plastic containers [25,34] and melted at room
temperature. Then, 10 mL of melted snow water was filtered through a membrane filter
with a pore diameter of 0.45 µm using sterile Minisart® NML Plus syringe and syringe
nozzles to determine the isotopic (δD and δ18O) composition. Five parallel samples were
taken from the filtrate and analyzed by laser absorption IR spectrometry on a PICARRO
L2130-i (WS-CRDS) instrument. The measurement accuracy of δD and δ18O (1σ, n = 5)
was ±0.4‰ and ±0.1‰, respectively. The secondary parameter d-excess proposed by W.
Dansgaard [57] was calculated as:

d − excess = δD − 8 · δ18O (3)

Using the error propagation method [58] and starting from errors of δ18O and δD, the
calculated accuracy for d-excess was estimated as ±0.8‰.

Precipitation-weighted mean values of stable isotope compositions (δD, δ18O, and
d-excess) in precipitation for the winter period were calculated by the formula:

Cvwm =
∑(Cj·Qj)

Q
(4)

where Cvwm is the seasonally precipitation-weighted mean values, ‰; Cj is the value
of δD, δ18O or d-excess in the j-th precipitation sample, ‰; Qj is the amount of the j-th
precipitation sample, mm weq.; Q is the total precipitation amount for the winter period,
mm weq.

Similarly, using Formula (4), the depth-weighted mean values of δD, δ18O, and d-
excess for a snow cover of the study area were calculated, where Cj is the value of δD, δ18O
or dexc in the snowpack of the j-th sampling point; Qj is the height of the snowpack at the
j-th point, mm weq.; Q is the sum of the snowpack’s depths at all points, mm weq.

3. Results
3.1. Isotopic Composition of Water in the Initial Event-Based Snow Precipitation

The water isotopic composition of the snow precipitation during the cold period
2019–2020 (from November to mid-March) in the studied area (Barnaul) varied from
−30.3‰ to −12.0‰ for δ18O and from −235.4‰ to −90.7‰ for δD, in the cold period
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of 2020–2021 the spreading of the isotopic composition values was more significant and
varied from −35.6‰ to −11.6‰ for δ18O and from −277.3‰ to −79.8‰ for δD. The
precipitation-weighted mean values were −19.2 and −21.5‰ for δ18O and −147.4 and
−166.6‰ for δD for the cold periods of 2019–2020 and 2020–2021, respectively (Table 1).
The precipitation-weighted mean value of deuterium excess (d-excess) was 5.9‰ for the
winter of 2019–2020 and 5.7‰ for the winter of 2020–2021, which indicates some depletion
of snow precipitation by deuterium atoms (δD) relative to δ18O. Local meteoric water line
(LMWL) calculated by the equation δD = 8.1 × δ18O + 8.1 (R2 = 0.98) for the O-D isotopic
data of the event-based snowfalls samples in the cold period 2019–2020 (Supplementary,
Figure S2a) indicates a slight excess of the slope relative to the global meteoric water line
(GMWL), calculated by the equation δD = 8 × δ18O + 10 [16]. For the cold period 2020–2021,
the LMWL for the O-D isotopic data of the event-based snowfalls samples was calculated
by the equation: δD = 7.9 × δ18O + 3.1 (R2 = 0.98), where the slope is already slightly lower
than the slope value of the GMWL (Supplementary, Figure S2b). The statistical estimates of
LMWL for event-based snowfall samples (errors of the estimates for slopes and intercepts)
are given in Table S1 in Supplementary Materials.

Table 1. Comparison of the isotopic composition of the bulk snowpack samples with the initial
atmospheric precipitation for the winter period 2019–2020 (1) and 2020–2021 (2).

δ18O, ‰ δD, ‰ D-Excess, ‰

1 2 1 2 1 2

Snowpack, n = 14 (sampling points 1–14, Figure 1b)
max −18.6 −18.7 −144.6 −141.5 6.4 8.4
min −21.9 −23.2 −170.3 −179.7 2.2 4.2

mean 1 −20.0 −20.4 −155 −157 4.7 6.4
SDOM 2 0.6 0.7 4.3 5.6 0.6 0.8

Atmospheric precipitation (n = 47 for 2019–2020; n = 50 for 2020–2021)
max −12.0 −11.6 −90.7 −79.8 11.3 17.2
min −30.3 −35.6 −235.4 −277.3 −6.1 −9.5

mean 3 −19.2 −21.5 −147.4 −166.6 5.9 5.7
SDOM 2 0.1 0.1 0.4 0.4 0.8 0.8

1 depth-weighted mean; 2 SDOM—standard deviation of the mean; 3 precipitation-weighted mean for the same
period as the snowpack.

3.2. Water Isotopic Composition of Snowpack

The spread in the values of the water isotopic composition in the snowpack (bulk
samples) in the studied area (Figure 1b) during the period of maximum snow accumulation
varied in winter 2019–2020 from −21.9‰ to −18.6‰ for δ18O and from −170.3‰ to
−144.6‰ for δD, and in winter 2020–2021 from −23.2‰ to −18.7‰ for δ18O and from
−179.7‰ to −141.5‰ for δD (Table 1). The calculated depth-weighted (mm of weq) mean
values of the water isotopic composition of the snow cover were −20.0‰ and −20.4‰
for δ18O and −155‰ and −157‰ for δD, respectively, for the cold period 2019–2020 and
2020–2021. Figure S2a,b (Supplementary Materials), show the LMWL for snow samples
taken at the end of winter 2019–2020 and 2020–2021. Relationship δD-δ18O in snow cover
is calculated by the equation δD = 7.9 × δ18O + 2.9 (R2 = 0.98) for winter 2019–2020 and
by the equation δD = 7.7 × δ18O + 0.4 (R2 = 0.98) for winter 2020–2021, which are located
below LMWL for the winter precipitation in the corresponding cold period (Figure S2a,b).
The statistical estimates of LMWL for snowpack samples (errors of the estimates for slopes
and intercepts) are given in Table S1 in Supplementary Materials.

At the end of winter 2019–2020, the snowpack’s lower layers (depth hoar) were taken
at all sampling sites in addition to the bulk samples. The isotopic composition of water in
the bottom layers of snow adjacent to unfrozen soils was noticeably heavier (on average by
4.5‰ for δ18O and by 33‰ for δD) relative to the corresponding bulk samples (Table 2),
while the lower layers of snow on frozen soil differed insignificantly (on average by 0.8‰
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for δ18O and by 9‰ for δD). The LMWLs for the lower layers of snow are presented in
Figure S2a separately for those on frozen and non-frozen soil.

Table 2. Comparison of the isotopic composition of the bulk snowpack samples (1) with the bottom
layer of the snowpack (2) depending on the soil freezing in winter 2019–2020.

Depth, mm w. Eq. δ18O, ‰ δD, ‰ D-Excess, ‰

1 2 1 2 1 2 1 2

Frozen soil (n = 8): sampling points 1 2, 4, 5, 6, 7, 9, 10, 13
max 155 20 −19.1 −17.7 −147.2 −134.6 6.4 9.8
min 78 14 −21.9 −20.8 −170.3 −158.0 2.4 4.4

mean 2 129 18 −20.3 −19.5 −158 −149 5 7
SDOM 3 0.6 0.7 4.3 5.9 1.0 1.1

No soil freezing (n = 6): sampling points 1 1, 3, 8, 11, 12, 14
max 180 23 −18.6 −14.1 −144.6 −113.0 5.8 3.5
min 134 17 −21.7 −16.6 −168.5 −130.3 3.4 -1.9

mean 2 162 21 −20.0 −15.5 −155 −122 5 1
SDOM 3 0.8 0.9 7.0 5.3 0.7 1.6

Atmospheric precipitation (snow n = 47; rain n = 12)
snow 4 150 33 −19.2 −17.8 −147.4 −133.5 6 9
rain 5 48 −10.9 −88.9 −2.1

SDOM 3 0.1 0.1 0.4 0.4 0.8 0.8
1 number according to Figure 1b; 2 arithmetic mean for the depth; depth-weighted mean for δ18O, δD, d-excess;
3 SDOM—standard deviation of the mean; 4 precipitation-weighted mean for the same period as the snowpack
layers; 5 precipitation-weighted for the last two months before snow cover.

3.3. Layer-by-Layer Analysis of Snowpack, Data of Experiments

Figure 2 shows the change in the isotopic composition of water in the isolated 11 snow
layers (from the bottom to the upper), which were taken out of the barrel at the end of
winter 2019–2020 (Experiment No 1; site III, Figure 1c). For comparison, the figure shows
the precipitation-weighted mean values of water isotopic composition in the event-based
snowfalls and the average daily air temperature calculated for the same period as the layers
of snow were formed in the barrel. The figure shows that the changes in δ18O and δD in
the layers of snow and in the precipitation-weighted mean value of snowfalls correlate
well both with each other and with the change of the average daily temperature. At the
same time, significant differences in the isotopic composition between the isolated layers
of snow and the initial compositions of snowfalls are observed at the moments of a sharp
increase in air temperature, when lighter water isotopes condensed at lower temperatures
can sublimate from the layer of snow back into the atmosphere even under the separating
plastic disk (along its edges). This situation was observed for layers 3, 8, and 9 (Figure 2).
In addition, lower values of deuterium excess in these snow layers relative to the initial
snowfalls indicate the existence of isotopic fractionation of snow in them.

The results of experiments to study changes in the isotopic composition of the water in
the initial snow precipitation, during their storage in the layers of snow cover in the winter
of 2020–2021 (experiment No. 2), are shown in Figure 3. To display all results at once, we
used a single scale, where the value of the water equivalent of each layer is the arithmetic
mean of the components of the figure since the water equivalents of the identified layers of
snow in barrels (experimental sites I and II, Figure 1c) and snow precipitation sampled for
a similar period (site III, Figure 1c) differ no more than by 25%.
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Figure 2. Comparison of changes in the isotopic composition (δ18O (a), δD (b), d-excess (c)) in
isolated layers of snow in the barrel (black), according to experiment No. 1 (see Section 2.2), with the
precipitation-weighted mean values of the isotopic composition of the event-based snowfalls (blue)
and the mean of the daily average air temperature (green dot line) calculated for the same period of
winter 2019–2020.

Figure 3 shows that changes in the isotopic composition of water in nine isolated layers
of the snowpack sampled at both experimental sites were close to each other and correlated
well with the precipitation-weighted mean values of the water isotopic composition in the
initial event-based snowfalls and the average daily temperature calculated for the same
period (Figure 3a,c). A completely different picture is observed in the snowpack formed
directly on the ground, the layers of which were not isolated from each other and were not
protected from wind redistribution. The vertical distribution of the isotopic composition in
such a snowpack was smoothed—the maximum differences did not exceed 10‰ for δ18O
and 75‰ for δD while for the layers in the barrel, it reached 20‰ for δ18O and 160‰ for δD.
The water isotopic composition in these layers differed from those in the barrel layers, and
the calculated precipitation-weighted mean values of the initial event-based snowfalls and
did not correlate with the average daily temperature (Figure 3b,d). In 2020–2021, similarly
to the 2019–2020 experiment, differences in the isotopic composition between the isolated
layers of snow and the initial compositions of snowfalls are observed at the moments of
a sharp increase in air temperature (layers 4, 6, and 8). However, since the experimental
sites in 2020–2021 were located at a noticeable distance from each other (sites II and III in
the city on the high left bank of the Ob River, and site I outside the city on the floodplain
section of the right bank), it is quite understandable why for the 8th layer this regularity
observed only in urban areas.
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Figure 3. Comparison of changes in the isotopic composition (δ18O and δD) of snowfalls during
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mean of the event-based snowfalls; green dot line—mean of the daily average air temperature
((a,c)—snowpack in the barrel; (b,d)—snowpack on the soil).
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4. Discussion

Many authors [27,28,33,40,59,60] point to the vertical homogenization of the isotopic
variance within the snowpack due to diffusion and dispersion of liquid and vapor molecules
of water inside the snow masses. In our case, this is clearly manifested in the smoothing
of the vertical change in the isotopic composition of the snowpack formed on the earth’s
surface, in contrast to the isolated snow layers in the barrel and the initial atmospheric
precipitation (Figure 3). Since in the winter of 2020–2021, the air temperature during the
formation of 2–8 layers of the snowpack was significantly below zero (Table S2), which
excluded thawing, the existence of a temperature gradient between the layers of snow is
the main reason for such vertical “smoothing”.

The increase in air temperature above zero after the first snowfalls leads to the first
snowfalls partially or completely not staying in the snowpack because they melt and
penetrate the still unfrozen surface layer of the soil. Under the condition of absence of the
influence of soil moisture, it can lead to depletion of heavy isotopes in the bottom layer of
the snowpack relative to the initial snowfalls, because the first snowfalls, as a rule, form at
higher air temperatures and are more enriched in heavier isotopes. In our case, it is evident
by comparing the bottom layer of snow formed in the barrels and directly on the earth
surfaces in winter 2020–2021 (Figure 3). The melting of a part of the snowfalls from the
bottom layer of the snowpack indicates that at both experimental sites (I and II, Figure 1c)
located at a considerable distance from each other (~50 km) isotopic composition of the
bottom layer formed on the soil surface was lighter by 3–4‰ for δ18O and by 15–18‰ for
δD relative to the bottom layer in the barrel and precipitation-weighted mean value of
snowfalls for the same period. It should be noted that there was short-term warming (one
day 11 December 2020) after the first snowfalls, and then thaws were no more in the Altai
Territory until the end of February. However, at the end of November, long severe frosts
were established with an even lower snowpack height, which led to deep freezing of the
soil throughout the studied area, until the end of the winter. The freezing of the initially
wet soil contributed to the fact that the soil moisture could not spread from the soil and
condense in the bottom layer of the snowpack, which allowed us to notice the depletion in
heavy isotopes of the bottom layer of the snowpack relative to the snowfalls.

Thus, the initial conditions for the snowpack formation are of great importance for the
possibility of the soil moisture inflow into the bottom layer of snow. As a rule, the isotopic
composition of the snow bottom layer is enriched in heavier isotopes by soil moisture;
for example, Friedman et al. (1991) observed that the bottom of snow cores deposited in
Fairbanks (Alaska) was enriched in heavier isotopes compared with the bulk snowpack
before the beginning of the melt season [27]. The results of our work showed that the
amount of soil moisture condensation in the snowpack depends on the condition of the
underlying soil. Table 2 shows the data of the isotopic composition of the snowpack (bulk
and separately the bottom layer) deposited on frozen and unfrozen soil in the flat part of
the Altai Territory at the end of winter 2019–2020. For comparison, the table also presents
the precipitation-weighted mean values of the isotopic composition of snowfalls during
the same period and rainfalls within two months before the snow cover formation. The
data in the table show that the average values of δ18O, δD, and d-excess in bulk samples
of snowpack deposited on frozen and non-frozen soil practically do not differ, while the
bottom layers differ distinctly. This difference for unfrozen soil can only be explained by
the water transfer from the soil to the bottom layer of snow. We can estimate the isotopic
composition of the soil moisture by the composition of rainfalls, which was enriched
in heavier isotopes, compared with the snowfalls and had a negative d-excess (Table 2).
Therefore, the input of such soil moisture can explain the change in the isotopic composition
in the bottom layers of the snowpack on the non-frozen soil relative to the bulk samples,
while its input is insignificant for the bottom layers on the frozen soil. The difference in
the isotopic composition of the bottom layers of the snowpack on unfrozen soil is clearly
shown by their local line of meteoric waters (Figure S2a, green line), the slope of which is
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less than the LMWL for bulk samples of snowpack and samples of the bottom layer on
frozen soil.

Comparison of the isotopic composition in the bottom layers of snowpack on the
frozen soil with the precipitation-weighted mean value of the isotopic composition of
snowfalls over the same period (Table 2) showed that the bottom layers on frozen soil were
less enriched (by 1.7‰ for δ18O and by 15‰ for δD) relative to the initial atmospheric
precipitation, which is in good agreement with the data for the cold season 2020–2021
(Figure 3b,d) and can be explained by the partial melting of the first snowfalls. At the
same time, the deuterium excess of the bulk samples and the bottom layer of the snowpack
deposited on the frozen soil indicates a weak sublimation of snow relative to the initial
atmospheric precipitation.

Some studies showed that, with an increase in solar radiation for regions with solar
and snow conditions similar to the Altai region, sublimation from the top layer enriches the
snowpack in heavier isotopes in the daytime [29,33,43,61]; in contrast, night condensation
of air moisture, which is more depleted in heavy isotopes, might fully compensate for the
effects of the daytime sublimation [33,61,62]. In our opinion, before the beginning of the
active snow melting, the resultant multidirectional processes of moisture exchange between
the top layer of snow and the atmosphere depends on the difference between day and
night temperatures. For example, in 2019–2020, the mean value of difference between day
and night temperatures during the formation of the upper layer of the snowpack (No. 11)
did not exceed 6 degrees (Table S2), and we noted some enrichment of snow in heavier
isotopes with the decreasing of d-excess value relative to the initial snowfalls (Figure 3),
that indicates the predominance of the sublimation process for this period. However,
in 2020–2021, during the formation of the upper layer, the difference between day and
night temperatures was already significant (mean value was 14 and max value reached
30 degrees), and the depletion in heavy isotopes of the snow layer relative to the initial
snowfalls indicates the predominance of the night air moisture condensation over the
process of daytime sublimation of the upper snow layer (Figure 3).

5. Conclusions

According to our results, in the cold periods of 2019–2021, the main factors controlling
the change in the initial isotopic composition of water (δ18O and δD) in the layers of
seasonal snow cover in the south of Western Siberia are the existence of a vertical (between
layers) temperature gradient, which contributes to the vertical “smoothing” of the isotopic
composition within the snowpack, and the influence of soil moisture, which enriches the
bottom layer of snowpack in heavier isotopes. Soil moisture has the most significant effect
on the bottom layer of snowpack in contact with unfrozen soil. During the winter period,
the sublimation of the upper layers of snowpack is observed only at the moment of a
sharp increase in the daily air temperature. At the end of winter, with an increase in solar
radiation, the contrast between day and night air temperatures determines the shift in the
isotopic composition of the top layer of snowpack, relative to the initial snowfall, towards
its enrichment in heavier isotopes (a temperature difference of less than 10 degrees, as per
the top snow layer in 2019–2020) or depletion (a temperature difference over 15–20 degrees,
as per the top snow layer in 2020–2021).



Appl. Sci. 2022, 12, 625 11 of 13

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12020625/s1, Figure S1: Sampling site on the roof of the building of the Institute for
Water and Environmental Problems of the Siberian Branch of the Russian Academy of Sciences
(IWEP SB RAS) (a) Snowfall’s event-based collecting; (b) getting the snow layers from a plastic barrel
(experiment No.1), Figure S2: Local meteoric water lines (LMWL) for winter (a) 2019–2020 and
(b) 2020–2021. Blue–event-based precipitation, black–snowpack (bulk), green-bottom layer of the
snowpack on a non-frozen soil, red-bottom layer of the snowpack on a frozen soil, Table S1: The
statistical estimates of LMWL for snowpack and snowfall samples getting in Altai region in winter
2019–2020 and 2020–2021 (Ordinary least squares regression (OLSR) was applied), Table S2: The daily
average air temperature and difference between day and night air temperatures during the formation
of layers of the snowpack (Experiment No. 1 and No. 2).
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