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Abstract—Results of studying isotopic characteristics of precipitation at the foot of the southern slope of
Elbrus, in the Caucasus, are presented. The precipitation sampling was organized at Azau station (at an alti-
tude of 2300 m) on an everyday basis. The main precipitation sources for the Elbrus region have been estab-
lished using the method of HYSPLIT back trajectories. Values of δ18O of the precipitation reflect a pro-
nounced relation to the temperature of the surface air layer: Δδ18O/ΔT = 0.85‰/°C.
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INTRODUCTION
High-mountain glaciers accumulate in the compo-

sition of ice important climatic information such as air
temperature and dustiness and gas composition of the
atmosphere. These data represent the climatic signal
for middle and low latitudes and complement global
climate reconstructions performed by ice cores from
Greenland and Antarctic. In comparison with their
polar analogs, mountain drilling locations are charac-
terized by comparatively small-scale and complex
geometry, the closeness of glaciers to continental
sources of air masses, and a complex pattern of precip-
itation formation. Ice cores in mountains embrace
much shorter time intervals when compared with ice
covers; however, owing to higher snow accumulation,
they allow one to study climatic changes with annual
and even seasonal resolution.

Reconstructing air temperatures by oxygen isotope
composition of ice oxygen is thought to be an import-
ant key of interpreting climate information by ice
cores. Despite the global equations of the relation
between air temperature and δ18O of precipitation
(Dansgaard, 1964; Rozanski et al., 1992), the charac-
ter of the relation can change at high altitudes, which
is related to both different precipitation sources and
the rugged topography of mountain glaciers. A dis-
crepancy between the isotopic record by the core and
direct temperature observations occurred at the Alpine
glacier Colle Gnifetti (4450 m) due to considerable
losses of snow in winter as a result of the wind drift.

The negative effect of nonuniform accumulation or
losses of a part of precipitation falling on the glacier
leads to a interruption of the δ18O–Т relation. In
some measure, it can be overcome by averaging indi-
vidual core time series with a duration of 1.5 and
10 years; the coefficients of correlation between δ18O
and Т increased from 0.48 to 0.67 and 0.79, respec-
tively (Bohleber et al., 2018). The relation between
δ18O, δ2H, and deuterium excess value (dexc = δ2H –
8 × δ18O) completes the glacier ice temperature record
by knowledge about the origin sources and conditions
in vapor sources (Ciais and Jouzel, 1994; Vimeux
et al., 2001; Stenni et al., 2010) and processes during
precipitation, such as subcloud evaporation, as well as
processes that occur inside the snow mass and lead to
a transformation of the primary isotopic record. Ide-
ally, the interpretation of δ18O and δ2H values of ice
cores should take into account all these factors,
although it is not always possible in practice. Studying
precipitations falling either directly at the glacier or at
the nearest weather station is considered the first step
in this way. Sampling precipitation throughout the
year at drilling sites such as the western plateau or the
eastern peak (Mikhalenko et al., 2005; Kozachek
et al., 2015; Mikhalenko et al., 2015; Kutuzov et al.,
2019; Chizhova et al., 2019) is technically impossible.
Such work was done at the Azau station at the foot of
the southern slope of Elbrus. This work is aimed at
studying isotopic characteristics of atmospheric pre-
cipitation to establish the dependence of δ18O values
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on temperature at the time of precipitation and come
closer to understanding the processes forming isoto-
pic characteristics of the snow cover and glacier ice of
Elbrus.

MATERIALS AND METHODS
The Elbrus massif is the largest glaciation node of

Greater Caucasus. Currently, the area of glaciers is
shrinking. During the period from 1999 to 2012, the
area of glaciers declined by 4% and, from 1997 to 2017,
by 10.8% (Kutuzov et al., 2019). An analysis of long-
term changes in air temperature in the region
(Kozachek et al., 2015) shows that winter temperatures
of air (November–April) are characterized by larger
interannual variability than summer temperatures
(May–October); current climate changes manifest
themselves first and foremost in the summer warming.

To study the relation between the isotopic compo-
sition of precipitations and the local temperature of
air, precipitation sampling was organized during the
period from May 1, 2019, to September 27, 2021, at the
Azau station located at the foot of Elbrus at an altitude
of 2300 m. The sampling was carried out once a day at
09:00 Moscow time. The air temperature was recorded
at the Terskol weather station (Russian meteorological
service station no. 4334250). The samples were taken
into a sampler; in the case of solid precipitation, the
samples were melted, poured into test tubes, and
sealed with a parafilm tape. Analysis of the isotopic
composition of oxygen and hydrogen was performed
in the Climate and Environmental Research Labora-
tory of the Arctic and Antarctic Research Institute
(AARI) on a Picarro L2130-i isotope analyzer. The
measurement error was 0.04 and 0.5 for the δ18O and
δ2H values, respectively. The values were calibrated in
the VSMOW–VSLAP scale. In total, 238 samples
were analyzed.

To establish the main features of the long-range
transport of air and possible sources of water vapor
falling in the form of precipitation at Elbrus, the back
trajectories of air particles were reconstructed using
the NOAA HYSPLIT_4 trajectory model (Draxler
and Hess, 1998; Stein et al., 2015) and NCEP/NCAR
Reanalysis gridded fields of meteorological parame-
ters with a resolution of 2.5° × 2.5° (Kalnay et al.,
1996; Kistler et al., 2001). The back trajectories were
reconstructed for 120 h (5 days), which is caused by
the average time of the water vapor presence in the
atmosphere (Wallace and Hobbs, 2006). The back tra-
jectories were calculated for air particles coming to the
Azau station (43.2659° N, 42.4799° E) during the
period from January 12, 2019, to September 27, 2021,
in all days when precipitation was observed at the sta-
tion. The calculation was carried out for three 200-m-
thick layers centered at levels of 2500, 3500, and 5000 m
above sea level or, correspondingly, at heights of 200,
1200, and 2700 m over the Azau station. Within each
layer, for each hour of a precipitation day, three trajec-
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tories were calculated—for the level itself and for
heights of ±100 m from it. For the period under study,
an array of 19 756 back trajectories was calculated for
each level. Based on the obtained arrays, seasonal
fields of the regional probability of air particle transfer
P [%] were reconstructed for each level using the tech-
nique (Shukurov and Chkhetiani, 2017). The proba-
bility characterizes the repeatability of transfer of air
masses related to precipitation events at the Azau sta-
tion (the field resolution is 2.5° × 2.5°).

RESULTS
Values of δ18O and δ2H of precipitations vary from

0.52 to ‒28.22‰ and from 16.3 to ‒224.1‰, respec-
tively. They exhibit a regular seasonality with high val-
ues of δ18O and δ2H in summer and low values in winter
(Fig. 1). The deuterium excess varies within wide limits
from 24.8 to ‒14.6‰. The minimum δ18O and δ2H val-
ues of precipitation were recorded in February 2020.

The seasonal variations in values of δ18O and δ2H
correspond to the annual variations in air temperature
at the Terskol station. The relation between the isoto-
pic composition of oxygen and daily average air tem-
peratures on the day of sampling is expressed by the
linear equation δ18O = 0.825t ‒ 12.7‰, R2 = 0.69
(Fig. 2). When using ice cores for paleoclimatic recon-
structions, it is important to estimate to what extent iso-
topic parameters of precipitation are related to monthly
average air temperatures. When switching to estimating
the relation between monthly averaged arithmetic mean
δ18O values of precipitations and monthly average air
temperature, the coefficients δ18O/T remain almost
unchanged and the reliability of the linear approxima-
tion increases (δ18O = 0.85t ‒ 13.3‰, R2 = 0.86). This
means that the relation to the temperature for two
years on the whole is represented by the coefficient
Δδ18O/ΔT = 0.85‰/°C.

At the same time, meteorological parameters of
some seasons varied during the whole observation
period; this concerned mainly temperature conditions
of winter: the average (‒5.2°C) and minimum
(−16°C) air temperatures at which precipitations fell
in winter 2020 were lower than in winter 2021 (‒3.5
and −10°C, respectively). The isotopic parameters of
precipitations are also different—the average δ18O
value for winter months from January to March in
2020 was ‒18‰; the minimum value was ‒28.2‰. In
2021, the average δ18O value for winter months was
‒14.66‰; the minimum value was ‒23.59‰. The
relation between δ18O of precipitation and air tem-
perature is different for these two seasons (see Fig. 1).
Two time intervals are distinguished: the first period
lasts from May 2019 to May 2020, the second one from
June 2020 to September 2021 (see Fig. 2), and the
beginning of the summer season was used as the sep-
arator. For the first period, the relationship between
δ18O values and surface air temperatures is expressed by
 AND OCEANIC PHYSICS  Vol. 59  Suppl. 1  2023
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Fig. 1. (a) Variations of air temperature at the Terskol weather station values of (b) δ18O, (c) δ2H, and (d) d-excess (d) of precip-
itation sampled at the Azau field for the observation period: (1) average daily air temperatures, (2) air temperatures on the day of
sampling, (3) δ18O values of precipitation, (4) monthly average δ18O values of precipitation, (5) δ2H values of precipitation,
(6) monthly average δ2H values of precipitation, and (7) deuterium excess.
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the equation δ18O = 1.06t ‒ 13.9‰ (R2 = 0.93) and, for
the second period, δ18O = 0.64t ‒ 12.05‰ (R2 = 0.84).

All values of δ18O and δ2H are approximated by the
equation δ2H = 8 δ18O + 7.06 (R2 = 0.98) close to the
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
global meteoric water line. The average value of the
deuterium excess over all samples of precipitations
amounted to 6.82 ± 5.99‰. Earlier, relatively high
(>10‰) values of the deuterium excess were observed
in snow precipitations and snow cover for the region of
 Vol. 59  Suppl. 1  2023
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Fig. 2. Relationship between the δ18O values of precipita-
tion at the Azau station and surface air temperature at the
Terskol station for all individual samples of precipitation
(a) for the observation period, (b) averaged to monthly
averages, and (c) for monthly averages of two periods.
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Elbrus and Central Caucasus (Mikhalenko et al.,
2005; Vasil’chuk et al., 2020).

The back trajectories characterize general features
of the air transfer providing the arrival of moisture-
bearing air masses in the Elbrus region. These features
exhibit seasonality expressed in the change of the
moisture-bearing air mass source from winter to sum-
mer and in an increase in the distance from the sources
(average length of the air mass trajectory) from sum-
IZVESTIYA, ATMOSPHERIC
mer to winter. In general, an analysis of five-day back
trajectories shows that precipitation in Elbrus in win-
ter is related to the prevailing air mass transfer from the
Atlantic (Figs. 3a–3c); in summer, it is related to the
dominance of the transfer from regions of central
Europe and from the Mediterranean and Black seas
(see Figs. 3g–3i). The region of the Mediterranean
and Black seas is the sourse from where the air transfer
to Elbrus is the most probable in all seasons. Despite
the fact that the summer season accounts for the larg-
est number of trajectories, the region of transfer at all
levels in summer is minimal (see Figs. 3g–3i), which is
related to the decrease in the average speed of the air
transfer in this season due to weakening of the latitude
gradient of air temperature in the Northern Hemi-
sphere. With an increase in the zonal temperature con-
trast in transition periods and especially in winter, the
speed of air particles increases, which is expressed in an
increase in the transfer zone in spring (see Figs. 3d–3f),
in autumn (see Figs. 3j–3l), and in winter as compared
to summer.

RESULTS AND DISCUSSION
Possible Precipitation Sources and Deuterium Excess

One important factor determining the isotopic
parameters of atmospheric precipitations is the region
of moisture origin. Conditions in the vapor source,
such as relative humidity and sea surface temperature,
have an effect on the deuterium excess (Pfahl and
Sodemann, 2014). The distance from the vapor source
to the precipitation location also has an effect on iso-
topic characteristics of precipitation. In most cases,
isotopic parameters of precipitation are formed
according to the Rayleigh equation and related to suc-
cessive depletion of air masses on their way. This is
accompanied by a decrease in values of δ18O and δ2H
of the falling precipitation and an insignificant
increase in the deuterium excess (Gat, 2000).

The back trajectories of air masses in summer indi-
cate that the most probable source of precipitations is
the center of Europe, regions of the eastern part of the
Mediterranean Sea, the basin of the Black Sea, and
regions nearest to it. The Mediterranean and Black
seas are considered vapor sources for precipitations
with high values of the d-excess in southern Europe,
the Alps, and the Caucasus (Gat and Carmi, 1970).
One more source with high deuterium excess is the
recycling of moisture, when the moisture falling in the
form of precipitation is reevaporated from the ground.
This vapor is mixed with air masses coming to the
Elbrus region; as a result, the falling precipitations
contain higher values of dexc. Earlier, precipitations
with high dexc were observed at Elbrus; most snow pits
and shallow cores at the southern slope of Elbrus also
contain average values of dexc above 10‰. This is eas-
ily seen in the δ18O–δ2H diagram (Fig. 4), in which
the points characterizing the surface snow and ice core
 AND OCEANIC PHYSICS  Vol. 59  Suppl. 1  2023
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Fig. 3. Average seasonal probability of air particle transfer over the surface (a, b, c) in winter; (d, e, f) in spring; (g, h, i) in summer;
and (j, k, l) in autumn at levels of 2500, 3500, and 5000 m (from left to right). The area of cells containing at least 50 independent
back trajectories is bounded by a white line.
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Fig. 4. (a) δ18O–δ2H relationship for the all precipitation samples at the Azau station and (b) isotope parameters of snow and ice
on the Elbrus slope: (1) precipitation at the Azau station, (2) glacial ice on the Western Plateau of Elbrus, (3) fresh snow (Sept. 9–
11, 2010) on the southern slope of Elbrus in the altitude range of 3000–4900 m, and (4) glacial ice on the eastern peak of Elbrus.
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from the western plateau (Mikhalenko et al., 2005) are
located above the meteoric water line. In the study,
only 30% of precipitation is characterized by dexc above
10‰ (see Fig. 4). The main cause of the decrease in
dexc of the precipitation is evaporation occurring either
in the cloud or in the subcloud layer until the rain
drops reach the ground. Subcloud evaporation can
play a major role in summer months, when conditions
of low relative humidity and high air temperatures are
often observed in the ground air layer.

For individual precipitations at the Azau station,
both extremely low and extremely high values of dexc
were recorded during the whole observation period
disjointedly from the precipitation season. Neverthe-
less, when averaging all obtained values over the sea-
sons (Table 1), it is seen that values of dexc for winter
months are lower than for other months of the year.
The general character of the air mass motion for the
winter period (see Fig. 4) indicates the prevailing
transfer from the Atlantic; the typical values of dexc for
this vapor source in winter months are <10‰. At the
same time, the intense Rayleigh depletion along the
trajectory can lead to an increase in dexc of the precip-
itation from this source.

The station in Bakuriani (true altitude of 1665 m)
at which the isotopic composition of precipitation was
systematically observed is the nearest station to the
study area. The data at this station from 2008 to 2018
are included into the GNIP database (WMO Code
3752400). The annual average value of δ18O in precip-
itations for ten years of observations at this station is
‒10.4‰ (the monthly average δ18O values of precipi-
tations vary from ‒22.03 to 1.73‰) and the annual
average value of dexc is 12.8‰. When averaging the
IZVESTIYA, ATMOSPHERIC
δ18O and δ2H values of individual precipitation events
to monthly average and, then, to annual average val-
ues, the δ18O and dexc values at the field of Azau were
‒10.8 and 6.4‰, respectively. While the monthly
average values of δ18O and δ2H in precipitations of the
winter period at the Azau field are considerably lower
than in Bakuriani, the picture observed in summer is
reverse—δ18O and δ2H values of precipitations at the
Azau field are considerably higher (see Table 1). The
deuterium excess at the Azau field is lower than at
Bakuriani in all months of the year, with the exception
of April. In summer months, high values of dexc of pre-
cipitations at the Bakuriani station indicate a local
source of moisture. At the Azau field, the precipita-
tions must also contain high dexc due to the local
source and contribution of moisture recycling. How-
ever, summer precipitations at the Azau station have
high δ18O and relatively low dexc. These features are
explained by two processes: vapor origination from
regions of the Mediterranean and Black seas and the
contribution of moisture recycling, which result in an
increase in values of dexc of water vapor; as a result of
the following subcloud evaporation, values of δ18O in
rain drops increase and those of dexc decrease.

In winter months, the difference between δ18O val-
ues of precipitations at the Azau field and Bakuriani
can indicate the normal height effect (for January–
March, ‒0.3‰/100 m); however, low values of dexc in
precipitations of the winter period at the Azau station
are still hard to explain. The close location of the Bak-
uriani station to the exploration area allows one to pre-
suppose common features of the air transfer and origin
of precipitations at these stations. The considerable
orographic barrier of the Main Caucasian Range and
 AND OCEANIC PHYSICS  Vol. 59  Suppl. 1  2023
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Table 1. Seasonal and annual average values of δ18O, δ2H, and d-excess of precipitation at the Azau station and at the near-
est GNIP station in Bakuriani (41°43′59.99″ N, 43°31′0″ E)

Indices December–February March–May June–August September–November Year

Azau

δ18O, ‰ ‒18.69 ± 1.22 ‒7.02 ± 4.92 ‒3.4 ± 0.14 ‒11.9 ± 5.49 ‒10.8 ± 6

δ2H, ‰ ‒147 ± 10.2 ‒47.4 ± 37.7 ‒20.2 ± 1.1 ‒87 ± 42.5 ‒79.7 ± 50

d-excess, ‰ 2.53 ± 1.2 8.81 ± 6.2 7.17 ± 1.65 8.3 ± 1.6 6.4 ± 3.1
Bakuriani

δ18O, ‰ −16.05 ± 0.43 −10.33 ± 1.44 −3.8 ± 0.65 ‒11.2 ± 2.3 −10.4 ± 4.1

δ2H, ‰ −116.1 ± 3.36 ‒71.1 ± 11.2 −20.7 ± 5.3 ‒76.7 ± 20.4 −71.2 ± 32.2

d-excess, ‰ 12.3 ± 1.6 11.2 ± 1.1 12.8 ± 0.3 14.8 ± 1.05 12.8 ± 1.4
different location of the stations in height are treated as
the difference. These are probably the factors that play
a major role in the formation of precipitation in the
Elbrus region.

Half of precipitation events at the Azau station with
values dexc < 0‰ fall on precipitations of the winter
period. Negative values of dexc are also typical for pre-
cipitation falling in September 2019, June–July 2021,
and February 2021 (from ‒10.68 to ‒9.9‰). These
precipitations are related to the arrival of air masses
from central Europe, regions of the Mediterranean
Sea, and (partially) northern Africa. Five-day back
trajectories at all levels of air particle motion related
to precipitation events with dexc of about ‒10‰ are
characterized by a lower speed of the air particle
motion along the trajectories, which manifests itself
in a lesser extension of the back trajectories and rela-
tively close location of potential air mass sources
(Fig. 5 for 3500 m). In general, trajectories on days
with dexc of about ‒10‰ are localized near the Medi-
terranean Sea: in the warm season of the year (Septem-
ber 27, 2019; June 3, 2021; and July 6, 2021) over south-
ern Europe and in the cold time of the year over the
Mediterranean Sea and the Middle East (February 16,
2021). The back trajectories on days with extremely
low dexc during all five days before the arrival at Elbrus
were completely located in the continental zone of the
transfer and did not reach the Atlantic, which indicates
low speeds of the air particles. Thus, precipitations with
low values of dexc are related not to sources and routes of
the moisture arrival, but to processes occurring upon
condensation in a slow-moving air flow.

Atmospheric precipitations at high altitudes have a
complex picture of formation. This is related, on the
one hand, to the rapid change of air masses and, on the
other hand, to complex processes of convection and
turbulence arising at mountain slopes (in particular, in
diurnal cycles) (Kelsey et al., 2018). There are few
described precipitation events with negative values of
dexc, and they are related mainly to evaporation of rain
drops; however, values dexc < ‒10‰ of water vapor in
the air were observed for atmosphere inversion layers
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
with a low content of water vapor and in the boundary
layer (Sodemann et al., 2017; Salmon et al., 2019).

The most probable cause of precipitation events
with low dexc is the subcloud evaporation of water
vapor. To date, there is no possibility to estimate
whether the processes of intracloud evaporation and
vertical stratification of water vapor took place; that
remains beyond the scope of this consideration.

At heights above 3000 m at Elbrus slopes, isolated
cases of precipitation events with low values of dexc
were also recorded, e.g., snowfall in September 2010
(see Fig. 5). Sampling of the surface fresh snow at dif-
ferent heights showed that the fresh snow was charac-
terized by values of dexc from 12 to 24‰; for four sam-
ples, values of dexc were found to be from ‒2.2 to
‒7.3‰. The same processes of dynamic charge in iso-
topic characteristics of water vapor inside the cloud
can probably be also observed at high altitudes in indi-
vidual cases.

These processes can distort the valley–peak rela-
tion and deteriorate the accuracy of paleotemperature
reconstructions by ice cores.

Temperature Dependence

The high degree of correlation between the aver-
age isotopic composition of oxygen in precipitation
of temperate climate and annual average air tempera-
ture at the sampling location was established for the
first time by W. Dansgaard (Dansgaard, 1964). The
global dependence of δ18O values on the annual aver-
age surface temperature is expressed as δ18O =
0.69T ‒ 13.6‰. The temperature coefficient
δ18O/T ≈ 0.7 agrees well with the assumptions made
based on experimental and theoretical works and was
verified by numerous empirical data for middle and
high latitudes (Johnsen et al., 1989; Rozanski et al.,
1992; Tian et al., 2003). The relation is strongest in
high latitudes and manifests itself more weakly in mid-
dle latitudes and equatorial regions (Dansgaard,
1964). It is evident that the temperature coefficient
 Vol. 59  Suppl. 1  2023
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Fig. 5. Reconstructed back trajectories (level of 3500 m) of air masses for precipitation events with dexc < −10‰.
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can vary depending on the location of the observation
region and some meteorological factors. For correct
paleoclimatic reconstructions, it is necessary to esti-
mate this temperature coefficient in a specific region
at the time of interest.

Using the dependence Δ(δ18O)/ΔT obtained for
precipitations at the Azau station for paleotemperature
interpretation of ice core data obtained at true alti-
tudes above 4000 m presupposes introducing a correc-
tion for the altitude isotope effect. Direct observations
of temperature at the Elbrus slope in 2010 with the use
of an automatic weather station showed that the aver-
age height gradient of air temperature amounted to
0.4°C/100 m (Toropov et al., 2016). Earlier, the alti-
tude isotope effect was discovered for fresh snow at the
Garabashi glacier; it amounted to 0.3‰/100 m on
IZVESTIYA, ATMOSPHERIC
average (Vasil’chuk et al., 2005), which corresponds to
a temperature drop with height by 0.4°C per 100 m.

With allowance for this fact, the equation of the
δ18O–Т relation obtained for the Azau station is trans-
formed into the equation for the height of 4000 m in
the form δ18O = 0.85t – 17.8‰, i.e., the change con-
cerns only the free term in the regression equation.
The altitude isotope effect is not always apparent;
moreover, mountain slopes are often characterized by
the manifestation of the inverse altitude effect (Jing
et al., 2022). Therefore, the exact determination of the
isotopic shift between precipitations in the valley and
at high-mountain drilling sites remains debatable.
However, the relation character expressed by the ratio
Δ(δ18O)/ΔT = 0.85‰/°C can be used for paleorecon-
structions by ice cores of Elbrus. A similar approach
was used in studies of the Chongce ice core of the
 AND OCEANIC PHYSICS  Vol. 59  Suppl. 1  2023
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Tibetan Plateau (Pang et al., 2020). The value
Δ(δ18O)/ΔT = 1.61 ± 0.22‰/°C established for pre-
cipitations was used for the reconstruction of tempera-
tures by δ18O values of the ice core. The quantity
Δ(δ18O)/ΔT itself for Chongce is much larger than
most of slopes Δ(δ18O)/ΔT observed in regions of mid-
dle and high latitudes (0.6–0.7‰/°C) (Dansgaard,
1964; Rozanski et al., 1992), but it is comparable with
the data obtained for other ice cores of high-mountain
Pamir (Tian et al., 2006). The temperature depen-
dence is influenced by factors such as changes in the
seasonal distribution of precipitations, a shift of main
sources of moisture, the influence of the local recircu-
lation of moisture, and the different height level of the
discharge of air masses. A high coefficient Δ(δ18O)/ΔT
equal to 1.7‰/°C was obtained as a result of studying
the ice core from Colle Gnifetti in the Alps (Keck,
2001). For the Fiescherhorn glacier in the Bernese
Alps, the values Δ(δ18O)/ΔT = 1.1–1.45‰/°C were
reported (Rozanski et al., 1997; Schotterer et al.,
1997). Cooling of water vapor at the last portions of
Rayleigh condensation with an increase in height in
mountains and in coefficients of isotope fractionation
when passing from the vapor–water system to the
vapor–ice system was noted as a hypothesis for
explaining high coefficients Δ(δ18O)/ΔT (from the
established 1.7 to the possible ⁓3‰/°C) for high-alti-
tude regions of Alps (Keck, 2001).

The different character of the relation between δ18O
values of precipitations at the Azau station and air
temperature, as was established for two periods (the
first from May 2019 to May 2020 and the second from
June 2020 to September 2021), is caused by differences
in air temperature and amount of precipitation (970
and 1518 mm, respectively). In these two periods, a
different relation with global circulation processes as
the North Atlantic Oscillation (NAO) is observed.

Strong positive phases of the index are related as a
rule to temperatures above average throughout north-
ern Europe and to temperatures below average in
Greenland and, often, throughout southern Europe
and in the Middle East. They are also related to the
precipitation amount above average over northern
Europe and Scandinavia in winter and to precipita-
tions below average over southern and central Europe.
Assuming by convention that the Elbrus region is
located in southern Europe, one should expect inverse
correlation between the NAO indices and tempera-
tures (precipitation amount) at the Azau station.

In the 2019/2020 season, an inverse correlation
between monthly average air temperatures and the
NAO index is revealed (Fig. 6c). In the same season,
according to the calculated average seasonal probabil-
ity of transfer P over an array of 7695 back trajectories,
the long-range transport of air masses and dominant
influence of the Atlantic are observed (see Fig. 6a). In
the 2020/2021 season (9505 back trajectories), the
influence of the Atlantic is not as pronounced; the air
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was transported from central regions of Europe, from
northern Africa, and from central regions of the Euro-
pean Russia (see Fig. 6b). Such a character of trans-
port and large amount of precipitation resulted in the
absence of correlation between monthly average tem-
peratures and NAO index for the 2020/2021 season
(see Fig. 6d). In both seasons, no correlation between
the index and the precipitation amount is observed.

The obtained coefficient Δ(δ18O)/ΔT = 1.06‰/°C
for the period from May 2019 to May 2020 is related to
the considerable depletion of air masses by the time
they reached Caucasus. Both the lesser precipitation
amount during the season and the long range of trajec-
tories of air mass motion (see Fig. 6) are indicative of
the increase in the coefficient: when the concentration
of water vapor is low, its condensation is accompanied
by more pronounced isotopic effects, especially under
conditions of negative air temperatures, which leads to
higher sensitivity of δ18O–Т. The difference in coeffi-
cients of the relation Δ(δ18O)/ΔT for the distinguished
time periods suggests that the relation character read-
ily responds to changes in meteorological conditions.

Owing to the difference of these two years, the
established dependence Δ(δ18O)/ΔT = 0.85‰/°C
reflects the averaging performed for periods with dif-
ferent meteorological patterns and, in the first approx-
imation, can be used for paleoreconstructions. Using
the established regression equation and solving the
inverse problem of calculating the air temperatures by
the value of δ18O of the precipitation, we obtain the
average absolute calculation error of 3.2°C and the
determination coefficient of 0.67. These are the objec-
tive limits of the temperature reconstruction that are
caused by breaks of the δ18O–Т relation due to pro-
cesses accompanying the condensation. Studying the
ice cores in which the paleoinformation is averaged to a
considerable extent in the natural way, we meet not only
problems of temperature reconstruction accuracy, but
also the loss of the δ18O–Т relation (Kozachek et al.,
2015) due to nonuniform accumulation.

CONCLUSIONS

Values of δ18O and δ2H of atmospheric precipita-
tions sampled from May 2019 to September 2021 at the
Azau station in the Elbrus region vary from 0.52 to
‒28.22‰ and from 16.3 to ‒224.1‰, respectively,
and thus reveal a regular seasonality—high values of
δ18O and δ2H in summer and low values in winter. The
deuterium excess varies between very wide limits from
24.8 to ‒27.4‰. Precipitation in the Elbrus region in
winter is related to the prevailing transfer from the
Atlantic and, in summer, to the prevalence of the
transfer from regions of central Europe and the Medi-
terranean and Black seas. The Mediterranean Sea in
all seasons is considered as a region from which air and
moisture are transported to Elbrus.
 Vol. 59  Suppl. 1  2023
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Fig. 6. Average probability of air particle transfer at a level of 2500 m in the period (a) from May 2019 to May 2020 and (b) from
June 2020 to Sept. 2021. (c, d) Relationship between air temperature and the North Atlantic Oscillation index for these periods.
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All obtained values of δ18O and δ2H are approxi-
mated by the equation δ2H = 8.02 δ18O + 7.0 (R2 = 0.98)
close to the global meteoric water line. The average
value of the deuterium excess when averaging over all
samples was 6.82 ± 5.99‰.

In general, for two years of observations, the rela-
tionship between δ18O values of precipitation and sur-
face air temperature is expressed by the coefficient
Δ(δ18O)/ΔT = 0.85‰/°C. With allowance for different
meteorological conditions typical for two seasons of
observations, the total error of air temperature recon-
struction by the δ18O value of precipitation was ±3.2°C.
This is the objective error that is caused by breaks of
the δ18O–Т relation in view of processes accompany-
ing condensation (intracloud evaporation, orographic
precipitation, mixing of different air masses, and dif-
ferent air mass sources). When studying the relation by
IZVESTIYA, ATMOSPHERIC
paleoarchives such as ice cores from the western pla-
teau of Elbrus and the eastern peak, along with taking
into account the altitude isotope effect, it is required to
search for additional markers for referencing the isoto-
pic record by ice to accumulation seasons. Although
seasonal δ18O or δ2H variations are still used today for
counting annual layers, the search for new additional
markers for demarcation summer–winter accumula-
tion layers in the core remains topical.
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