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Abstract
Event-based sampling of isotopes in precipitation (δ18O and δ2H) was done in a large European Moscow city (Russian 
Federation) to understand modern climate variability and isotopic sensitivity to air temperature and precipitation amount. 
A strong seasonality of δ18O and δ2H values, with a maximum in summer and a minimum in winter, was a consequence of 
the temperature effect as expressed by significant correlation (r = 0.76). Compared with historical monthly values (Global 
Network of Isotopes in Precipitation in 1970–1979), event-based stable isotope values in monthly means were lower in March 
and October and slightly higher in summer due to larger variability in precipitation amount of some events and, particularly, 
by an increase of the precipitation amount amplitude in last years, relative to the long-term. The isotopic signature of some 
monthly precipitation values was determined by the predominant role of one or two events, which provide up to 50% of the 
monthly value. A wide range of d-excess values from − 8.7 to + 27.9‰ for individual events was associated with a frequent 
change in air masses trajectories moving through Moscow, high mobility of atmospheric transport and cyclonic activity. 
The low correlation of δ18O values with the North Atlantic Oscillation (NAO) index, absence of the significant relationship 
between NAO, air temperature and precipitation amount were indicative for a partial effect of the NAO on the precipitation 
patterns and isotopic composition of precipitation in Moscow. The study provides a first background for understanding of 
hydrometeorological processes using event based isotopic signature in East European precipitation.

1  Introduction

Understanding of climate variability is mainly based on air 
temperature and precipitation amount that is available for 
long-term periods and cover many regions worldwide. How-
ever, in the last five decades, stable isotopes ratios in the 
water molecule (δ18O and δ2H) have been used to address 
problems related to the precipitation cycle, including trac-
ing the water vapor source, moisture transportation, and 
precipitation formation (Dansgaard 1964; Rozanski et al. 

1982; Brown et al. 2006; Aggarwal et al. 2016; Vystavna 
et al. 2020). These isotopic tracers link to hydrological and 
meteorological conditions and provide important constrains 
on the effect of local and remote processes on precipita-
tion spatial and seasonal variations, potentially forecasting 
perturbations in regular precipitation cycles (Rozanski et al. 
1982, 1992). Compared to the meteorological parameters, 
isotopes connect both climate and hydrology and provide 
understanding of water origin and dynamics through space 
and time (Dansgaard 1964; Gat et al. 2001; Guo et al. 2019). 
Owning to this inherent hydroclimate connection, the iso-
topic composition of meteoric water is often used as a proxy 
for climatological, hydrological, and paleoclimate studies 
(Gao et al. 2016; Vystavna et al. 2020, 2021).

In general, variations in the isotope composition of pre-
cipitation depend on fixed (latitude, continentality, and alti-
tude) and time-varying (temperature, precipitation amount, 
and origin) factors (Rozanski et al. 1982; Terzer-Wassmuth 
et al. 2021; Vystavna et al. 2021). Time-varying climatic fac-
tors control the isotope composition in precipitation through 
the seasonality of temperature and precipitation amount 
determining the so-called temperature (positive empirical 
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relationship of isotopes with surface air temperature) and 
amount (negative relationship of isotopes with precipitation 
amount) effects (described for  δ18O by Dansgaard (1964)). 
Therefore, the isotopic signature of precipitation is defined 
by conditions of evaporation at the moisture source, local 
meteorological conditions during condensation, and air tem-
perature (Dansgaard 1964; Fricke and O’Neil 1999). This 
leads to a great variability in the isotope composition of 
individual precipitation events (Sjostrom and Welker 2009; 
Klein et al. 2015; Chizhova et al. 2017; Vystavna et al. 
2020). Recent studies consider the relationship between the 
isotope values and the source of moisture defined by back 
trajectories to trace the location of air mass sources and path 
of moisture that provides a link of isotopic signature of pre-
cipitation with evaporation conditions in the region (Sjos-
trom and Welker 2009; Vachon et al. 2010; Friedman et al. 
2002; Kurita 2011; Aemisegger 2018; Wang et al. 2021). 
Compared to monthly resolution sampling, event-based 
sampling can give additional information on the convective 
processes and moisture sources of precipitation (Klein et al. 
2015; Krklec et al. 2018; Heydarizad et al. 2019). However, 
despite these benefits, such high-resolution sampling is com-
plicated in term of methodology and continued observations 
and cannot be easily achieved at many sites.

Not only an individual isotopes measurement but also 
isotope relationship is particularly useful to understand pre-
cipitation formation processes in climate studies. Defined 
as the deuterium excess (or d-excess = δ2H – 8δ18O), by 
Dansgaard (1964), this isotopic relationship has shown to be 
dependent on the humidity conditions in the area of moisture 
evaporation (Merlivat and Jouzel 1979; Juhlke et al. 2019). 
According to the theoretical model of isotope fractiona-
tion processes during evaporation from the ocean surface, 
d-excess value in vapor is defined by relative humidity (RH) 
of the near-surface air with respect to water vapor saturation 
pressure at the ocean surface, as well as to the ocean surface 
temperature (Merlivat and Jouzel 1979). Therefore, despite 
the processes of isotope kinetic fractionation during the for-
mation of snow crystals (Jouzel and Merlivat 1984) and sub-
cloud evaporation, d-excess in the precipitation reflects the 
conditions of temperature and humidity in moisture source 
(Pfahl and Sodemann 2014).

The main goal of our study was to understand the changes 
of hydroclimate conditions in a large European city (Mos-
cow, Russian Federation) located in the continental climate 
using hydrometeorological and isotopic values. The objec-
tives of the research were (i) to evaluate long-term changes 
in air temperature and precipitation amount; (ii) to compare 
values of isotopes in precipitation in modern (2018–2019) 
and past (1970–1979) periods; (iii) to discuss influence of 
meteorological conditions and atmospheric oscillation on 
the event-based values; and (iv) to estimate the difference 
between the monthly average and individual isotope signal 

of precipitation. In this paper we present δ18O and δ2H data 
of precipitation on individual precipitation events sampled 
in 2017–2018. New stable isotope data, after a 35-year gap, 
allows to assess whether the main features of isotopic char-
acteristics of precipitation have changed in recent years due 
to climate change. The research provides a background for 
understanding of isotopically evident hydroclimate varia-
tions in the continental part of Eastern Europe that is poorly 
studied and rarely presented in international reviews.

2 � Materials and methods

2.1 � Sampling site

Precipitation was sampled at the Meteorological Observa-
tory of the Lomonosov Moscow State University in Mos-
cow, Russian Federation (55.707 N, 37.522 E). Long-term 
(1960–2020), monthly data on precipitation amount and air 
temperature in Moscow provide annual means of 702 mm 
and 5.6 °C, respectively. Long-term temperature of the cold-
est month (January) is – 7.9 °C and the warmest (July) is 
19 °C. Half of the annual precipitation amount falls from 
June to October. The isotopic values for 1970–1979 period 
were collected from the IAEA (International Atomic Energy 
Agency)/WMO (World Meteorological Organization) 
Global Network for Isotopes in Precipitation (GNIP) (access 
link https://​nucle​us.​iaea.​org/​wiser). In Moscow, based on 
monthly precipitation sampling of Hydrometeorological 
Service Soviet Union, the δ18O and δ2H data in precipita-
tion were obtained and included to the GNIP database in 
1970–1979. In 1980, the sampling program was stopped; but 
in 2014, stable isotope measurements in precipitation have 
been resumed as an event-based sampling.

2.2 � Samples collection and analysis

The study was based on the data for all individual events, 
including rain, snowfall, or snow-rain mixture, and was done 
from the time of precipitation event occurrence till the end 
of the event on the current or adjacent day. Precipitation was 
sampled using a vinyl plastic 80 × 80 cm funnel, located at 
2 m above the ground surface. A plastic bucket was placed 
under the funnel to collect rainwater. In winter, after the end 
of the snowfall, the snow from the funnel was collected with 
a plastic scoop into a bucket for thawing at room temperature 
(24 °C) without additional heating. Samples were stored in 
small plastic bottles sealed with parafilm. All precipitation 
events (281 samples) were sampled in 2017–2018, covering 
two calendar years. Air temperature, amount of precipita-
tion, and its duration were recorded daily.

Oxygen and hydrogen stable isotope analyses were 
carried out in the stable isotope laboratory of Geography 
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Faculty, Lomonosov Moscow State University (Russian 
Federation) using Delta V Plus mass spectrometer (Thermo 
Co., Germany) combined with the GasBench II option in 
helium continuous flow regime (CF-IRMS). Hydrogen iso-
tope analysis was carried out by the method of isotopic equi-
libration with H2 for 40 min. All δ18O and δ2H values were 
calibrated using three standards to ensure quality control 
and to cover the entire range of variations: GISP, V-SMOW, 
and V-SLAP2. The average measurement accuracy was ± 0.1 
and ± 0.7‰ for δ18O and δ2H, respectively.

2.3 � Moisture source tracking

To assess the possible influence of long-range transport 
on the isotopic composition of Moscow precipitation, the 
method of computing back trajectories by the hybrid single-
particle Lagrangian integrated trajectory (HYSPLIT) model 
was used to track a moisture source (access link NOAA, 
https://​ready.​arl.​noaa.​gov). It is assumed that the movement 
of air particles corresponds to the global transfer of air mass, 
including water vapor. It was previously presumed that the 
residence time of water vapor in the air is 5 days. How-
ever, recent studies show that the residence time can reach 
8–10 days (van der Ent and Tuinenburg 2017) and has led 
to calculation trajectories 240 h back (10 days) in the latest 
works on isotope meteorology (Aemisegger 2018; Bailey 
et al. 2019). In our study, we use 144-h back trajectories, 
which cover an excessive time interval for moisture source 
tracking. Depending on the conditions of RH and the height 
of the air particle relative to the boundary layer height, a 
partial condensation or additional evaporation occurs during 
air movement along the trajectory (Sodemann et al. 2008). 
In most cases, the back trajectories are too long and located 
over the ocean, likely being fed by moisture from several 
sources. Therefore, the constructed back trajectories rather 
schematically indicate the geographical position of the main 
source region of moisture. The moisture source region and 
the distance of air mass transfer were diagnosed by air parcel 
back-trajectories HYSPLIT, using the GDAS 1° × 1° meteor-
ological dataset (Draxler and Rolph 2011; Stein et al. 2015; 
Rolph et al. 2017). The trajectories were calculated for each 
day of precipitation with endpoints at 3000 m at 12:00 UTC.

2.4 � Additional data collection and calculations

Long-term meteorological data for Moscow was retrieved 
from databases of Federal Service for Hydrometeorology 
and Environmental Monitoring (access link www.​aisori.​ru). 
The normality of the data was verified using the Kolmogo-
rov–Smirnov test. Nonparametric regression modeling based 
on an analysis of model residuals was used to define non-lin-
ear trends (Vystavna et al. 2020). Methods included locally 
weighted regression and smoothed scatterplots (LOWESS). 

Kernel functions were used to weight the observations. The 
nonparametric regression modeling maximized the statisti-
cal coefficient of explanation (determination) by performing 
a test of significance. Mann–Kendall seasonal test was used 
to detected trends in precipitation and air temperature. Shift 
and trends decomposition were done to understand the time 
variation in meteorological data. Calculations were done 
using R software v.3.6.3.

Previous observations of isotopes composition in Mos-
cow precipitation were obtained from the GNIP Database 
(access link https://​nucle​us.​iaea.​org/) for the period of Janu-
ary 1969 to December 1983. Index NAO was retrieved from 
the NOAA Climate Prediction Center (access link https://​
www.​cpc.​ncep.​noaa.​gov). An ordinary least square regres-
sion model of the relation between δ2H and δ18O was used 
to establish a local meteoric water line and significance was 
determined using Spearman's correlation coefficient.

The calculation of the amount weighted monthly values of 
δ2H and δ18O of precipitation was carried out as following:

where X is the amount of weighted monthly values of δ2H 
and δ18O; Xi—value of δ2H or δ18O of the ith precipitation 
event; Ai is the amount of precipitation of the ith event in 
mm, and A is the total amount of precipitation of the month 
in mm.

The δ18O dependency on the temperature (given per 1 °C 
of air temperature) was calculated as follows:

where Δ δ18O and ΔT are the difference between the 
monthly highest and lowest δ18O values, and the recorded 
highest and lowest monthly air temperature, respectively.

3 � Results and discussion

3.1 � Isotopes values in precipitation events, its 
relation to air temperature and precipitation 
amount

Long-term (1960–2020) monthly data on air temperature at 
the Moscow station displayed a significant increasing trend 
(Fig. 1) that was confirmed by results of the Mann-Kendall 
seasonal trend (tau = 0.195, 2-sided p value = 0.00001). 
Moving average trend indicated a pronounced increase in air 
temperature since end of the 1980th (Fig. SI-1), particularly, 
in an increase of temperature minima.

Analysis of breaking points in the time series indicated 
1988 as a year, when the temperature trend significantly 
changed (increased). Nonparametric regression revealed 
significant air temperature growth trends in summer and 

(1)X = Σ(Xi × Ai∕A)

(2)δ18Ot = Δδ18O∕ΔT

1651Stable isotope composition of precipitation events revealed modern climate variability

https://ready.arl.noaa.gov
http://www.aisori.ru
https://nucleus.iaea.org/
https://www.cpc.ncep.noaa.gov
https://www.cpc.ncep.noaa.gov


1 3

winter (Fig. SI-1). While no significant trend was found for 
precipitation amount, still we can observe an increase of 
the precipitation amount amplitude (as difference between 
minimum and maximum values) since 1995 (Fig. 1). These 
results suggest a change of the precipitation regime, with a 
higher frequency of months with extreme low and extreme 
high precipitation amounts. Breaking points analysis indi-
cated a shift of the precipitation regime in 1991. This shift 
well corresponds to similar shifts in hydroclimate conditions 
observed in the Northern Hemisphere (Vystavna et al. 2017, 
2020) and likely attributed to changes in North Atlantic 
Oscillation (Baldini et al. 2008). This is discussed in detail 
below.

Stable isotope signature of precipitation reveals a 
strong seasonality, with a maximum in summer and a 
minimum in winter (Fig.  2). The high values of δ18O 
(from − 1.59 to − 4.9‰) and δ2H (from − 8 to − 34‰) were 
obtained for rain samples, which fell in June and August 
2017, and May and July 2018. The lowest values were 
obtained for mixing snow-rain events on 31 October 2017 
(δ18O =  − 30.2‰, δ2H =  − 228‰) and for snow in January 
2018 (δ18O =  − 23.1‰, δ2H =  − 181‰).

The isotopic seasonality is a consequence of the tem-
perature effect, which is expressed by a linear relation-
ship with a significant correlation coefficient (Fig. 3). The 
Spearman’s correlation coefficient for all events was 0.76, 
which indicates a high significance of temperature for δ18O 
values of precipitation. Such seasonality and strong rela-
tionship between isotopes and air temperature is typical for 
many continental stations located in the Northern Hemi-
sphere, including most of Europe stations and Greenland. 
The δ18O dependency on temperature (δ18Ot) is 0.45‰/°C 
for precipitation amount-weighted monthly mean and 
0.5‰/°C for arithmetic mean. Established δ18Ot was close 
to that for 2014 (0.5‰/°C (δ18O = 0.5t − 15.34, R2 = 0.92 
for monthly amount-weighted averages) (Chizhova et al. 

2017). Globally, for monthly mean values, the δ18Ot varies 
from 0.7‰/°C at high latitudes to 0‰/°C at low latitudes 
(Dansgaard 1964; Gat et al. 2001). For Europe, δ18Ot of 
0.58‰/°C was earlier defined by Rozanski et al. (1992) 
and 0.11–0.47‰/°C for Central Europe (Salamalikis 
et al. 2016). For Krakow (Poland) precipitation (obser-
vation period is 1975–2018), the δ18Ot was 0.57‰/°C 
and 0.42‰/°C for arithmetic and precipitation amount-
weighted annual mean, respectively (Duliński et al. 2019). 
The δ18Ot ratio for weighted values in Austria varies from 
0.31‰/°C in Salzburg to 0.62‰/°C in Langenfeld and was 
0.35‰/°C (δ18O = 0.35 t – 13.43) in Vienna (data from 
Austrian GNIP stations). For all precipitation in Austria, 
the resulting δ18Ot is 0.39‰/°C with R2 = 0.85 (Hager 
and Foelsche 2015). Therefore, δ18Ot ratio established for 
Moscow precipitation in 2017–2018 is close to that for 
European stations. However, the use of arithmetic mean 
δ18O values in some studies complicates a direct compari-
son with amount-weighted means (Rozanski et al. 1992). 
A significant difference between the amount-weighted and 
arithmetic means of δ18O values of precipitation in Moscow 
(Table 1) can be explained by high variability of monthly 
precipitation amount.

The amount-weighted mean is important as an isotopic 
signature of precipitation for river runoff and groundwa-
ter studies where balance calculations are used. However, 
the arithmetic mean is an indicator of the stability/insta-
bility of the precipitation pattern and shows the isotopic 
signature of the prevailing precipitation. It also reflects 
the dependence on the condensation temperature since the 
relationship with temperature in this case is not affected by 
precipitation amount.

In our data for 2017–2018, a slight difference in the 
isotope-temperature relationship was found between the 
amount-weighted and arithmetic means of δ18O values 
(Fig. 3). No significant correlation was observed between 

Fig. 1   Time series of the estimated moving average trend of air temperature (T) (a) and precipitation amount (PP) (b) in Moscow
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Fig. 2   δ18O, δ2H, and d-excess values of all precipitation events in 2017–2018

Fig. 3   The δ18O-temperature 
relationship for Moscow pre-
cipitation

1653Stable isotope composition of precipitation events revealed modern climate variability
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δ18O values and precipitation amount for individual precipita-
tion event and for monthly means.

In the framework of the GNIP program in 1970–1979, the 
isotope signature of precipitation was established monthly, 
i.e., the monthly composite samples, which represented 
all precipitation that fell during the calendar month. Thus, 
these samples had already a precipitation amount-weighted 
monthly isotopic signature. The monthly δ18O values for 
2017–2018 differ from those (Fig. 4). Figure 3a illustrates 
that δ18O values of some months were constant between 
years and in the long-term. A larger annual variability in 
monthly mean δ18O values derived from differences in mete-
orological conditions of a particular year such as air temper-
ature and amount of individual precipitation events (Fig. 5).

A significant difference (~ 5 ‰) in relation to long-term 
monthly mean was found in March 2018 and May and 
October 2017. The amount-weighted mean δ18O value of 
precipitation in March 2018 was significantly lower (by 
6‰) than in 2017 and lower than the long-term mean. 
March 2018 was characterized by lower air temperatures 
with the mean monthly temperature of − 5.2 °C, compared 
to March 2017, when the mean monthly air temperature 
was + 2.7  °C. In March 2017, 70% of precipitation had 
δ18O values from − 11 to − 15‰, and 30% of precipitation 
had δ18O value >  − 11‰. However, in March 2018, 50% 
of precipitation had δ18O values from − 11 to − 15‰ and 
the other 50% of precipitation had values of two precipita-
tion events occurring on the 4th and 22nd of March, − 21.8 
and − 19.9‰, respectively, indicating a dominant effect of 
these two events on the monthly isotopic composition. We 
suggest that the extreme values of isotopes in precipitation 
in March 2018 were associated with the temperature effect 
in relation to air temperature difference between 2017 and 
2018. However, during March 2018, precipitation had a 

correlation coefficient with temperature of r = 0.6; the δ18O 
values varied from − 12 to − 21.8‰ while the air tempera-
ture on these days varied from − 0.7 to − 9.4 °C. The δ18O 
values for March 2018 were lower compare to the recorded 
temperatures and correspond to the winter season (such val-
ues are typical for January and February). The arithmetic 
mean δ18O for March corresponds to the range of δ18O for 
precipitation in January 2017, but the air temperatures in 
March 2018 were higher than in January 2017. In January 
2017, the correlation coefficient between δ18O and air tem-
perature was 0.78 indicating a high correlation. Considering 
that only eight precipitation events occurred were during 
March, a significant deviation from the long-term average is 
expressed for the arithmetic mean values as well. In March 
2018, back trajectories indicate the North Atlantic, Green-
land, and southern regions of Europe as moisture sources, 
which is typical for winter and spring seasons. Possible rea-
son for unusual isotope-temperature signatures of precipita-
tion is a combination of two factors: (i) the different mois-
ture sources of precipitation and (ii) local meteorological 
conditions such as temperature gradients in the troposphere 
of Moscow. The atmosphere of Moscow is characterized 
by frequent changes in the magnitude of temperature gra-
dients and unstable atmosphere, especially in winter and 
spring–autumn seasons (Kadygrov et al. 2002).

In October 2017, precipitation was characterized by very 
low monthly weighted δ18O value (− 18.2‰). We found that 
this low isotopic value was caused by the contribution of one 
precipitation event on 31 October (28 mm that equals to 30% 
of the monthly precipitation), with a δ18O value of − 30.2‰. 
It was a mixture of snow and rain falling at an air tempera-
ture of + 2.4 °C. Most likely, mixed precipitation was the 
result of the partial melting of snow crystals in a warm lower 
atmosphere. These meteorological features also describe 

Table 1   Arithmetic and 
amount-weighted mean values 
of δ18O, δ2H, and d-excess of 
precipitation in Moscow for 
2017–2018

Month n Average Amount-weighted mean

δ18O, ‰ δ2H, ‰ d-excess 2017 2018

δ18O, ‰ δ2H, ‰ δ18O, ‰ δ2H, ‰

January 31  − 16.8 ± 4.7  − 126.1 ± 38.4 8.5 ± 6.8  − 17.5  − 129.0  − 18.3  − 139.5
February 23  − 15.4 ± 4.2  − 113.6 ± 33.5 9.5 ± 4.9  − 16.4  − 121.9  − 17.2  − 127.2
March 20  − 14.2 ± 3.8  − 104.9 ± 30.2 8.9 ± 4.6  − 12.4  − 90.7  − 18.7  − 136.0
April 22  − 9.9 ± 2.6  − 67.5 ± 20.8 11.5 ± 5.1  − 9.8  − 68.3  − 9.8  − 63.7
May 18  − 9.1 ± 4.7  − 59.7 ± 36.2 12.9 ± 8.0  − 11.8  − 78.2  − 7.2  − 43.3
June 23  − 8.2 ± 3.5  − 57.1 ± 27.1 8.5 ± 6.7  − 7.9  − 51.6  − 7.7  − 47.7
July 27  − 8.9 ± 3.0  − 61.7 ± 23.6 9.8 ± 7.7  − 10.1  − 74.5  − 10.0  − 66.0
August 14  − 6.1 ± 2.6  − 39.2 ± 16.1 9.6 ± 7.0  − 6.8  − 42.4  − 7.8  − 46.2
September 17  − 8.6 ± 3.4  − 54.4 ± 25.7 14.7 ± 5.6  − 7.5  − 48.7  − 11.3  − 74.0
October 25  − 13.0 ± 5.6  − 93.8 ± 45.0 10.4 ± 7.9  − 18.2  − 136.1  − 12.8  − 85.9
November 20  − 13.7 ± 3.2  − 98.6 ± 26.5 10.9 ± 5.9  − 15.9  − 115.8  − 10.9  − 74.4
December 40  − 17.4 ± 4.0  − 125.0 ± 31.6 14.0 ± 5.2  − 15.0  − 106.0  − 19.6  − 141.7
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Fig. 4   Monthly amount-weighted mean values of δ18O (a), d-excess (b), and NAO-index (c) of precipitation (d) for 2017–2018. The standard 
deviations from the monthly means 1970–1979 shown by dotted lines in (a)

Fig. 5   δ18O-δ2H plot for all 
samples of precipitation in 
Moscow in 2017–2018

1655Stable isotope composition of precipitation events revealed modern climate variability
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the deviations of the monthly amount-weighted mean val-
ues from the long-term average. Generally, all fluctuations 
of the monthly mean values of δ18O are mainly connected 
with temperature and by the difference in the contribution 
of individual events. The fact that half of the monthly pre-
cipitation was associated with one or two events explains 
the observed increase in the precipitation amount amplitude 
since 1995 (Fig. 1).

At the annual scale, the amount-weighted mean annual 
value of δ18O was − 12.0‰ for 2017 and − 12.8‰ for 2018. 
This difference is due to the large contribution of summer 
precipitation in 2017 (Fig. 4d). In June and August 2017, 
precipitation amount was 30% higher than long-term amount 
and dramatically higher than in summer 2018. A total 
amount of precipitation in 2018 (620 mm) was ~ 30% lower 
than in 2017 (900 mm).

The δ18O and δ2H values of precipitation in Moscow in 
2017–2018 clustered close to the Global meteoric water 
line and can be approximated by the equation δ2H = 7.83 
δ18O + 8.7 (R2 = 0.98); however, the points of individual pre-
cipitation events had some pronounced deviation (Fig. 4).

3.2 � Deuterium excess and moisture source origin

The monthly values of d-excess varied from − 5 to 25‰ 
without a significant correlation with δ18O (Fig. 6) indi-
cating a high degree of intra-annual variations with a wide 
range of d-excess values. The arithmetic mean of d-excess 
for all precipitation was 10.8‰, and the average deviation 
was 5.4‰. Therefore, following Klein et al. (2015), we clas-
sified precipitation events with < 5.4‰ as events with low 
d-excess values and those with > 16.2‰ with high d-excess 
values. In 2017–2018, 62 events with low d-excess and 63 
with high d-excess values were determined. About 60% of 
precipitation events was characterized by d-excess values 
lying within range of the calculated mean and its average 
deviation (10.8 ± 5.4‰) and 40% of precipitation events was 
characterized by d-excess values outside of this range.

Low d-excess values were mainly observed in May, June, 
and July and mostly attributed to partial under-cloud evapo-
ration of rain droplets in conditions of low RH (from 58 
to 80%) and high temperatures (above + 15 °C) in summer 
months. However, low d-excess values were also found in 
January 2017 and December 2018. In winter season, the 
re-evaporation effect becomes negligible and cannot result 
in low d-excess values. According to vertical sounding in 
the suburbs of Moscow (station No. 27713 in the Univer-
sity of Wyoming database access link www.​weath​er.​uwyo.​
edu/​upper​air/​sound​ing.​html), no significant air drying was 
observed at altitudes of 2000–3000 m a.sl in the winter 
period. From earlier work of Jouzel and Merlivat (1984), 
it is known that the influence of the kinetic effect during 
the formation of snow crystals is not responsible for high 
d-excess since they are typical both for snow and rainfall. 
Therefore, we suggest that low and high d-excess values of 
precipitations were the result of conditions determined by 
the source of moisture and, possibly, of the air mass trajec-
tories moved into Moscow.

For 2% of precipitation events, the trajectories ended 
in the high-latitude sector of the Arctic or the Canadian 
Arctic Archipelago. Precipitation in Moscow is mainly 
related to the total western transport of air masses, 
according to back trajectories for each precipitation date. 
Some precipitation events were also associated with the 
influx of air masses from the continental and southern 
regions.

According to the results of the back trajectory analy-
sis, main regional sources of precipitation in Moscow in 
2017–2018 were I—the North Atlantic (26% of precipita-
tion events), II—the Atlantic Ocean in the sector from 45 to 
40°N (19%), III—the North and Norwegian Seas (5%), IV—
the sector of the Arctic Ocean from Svalbard to the Kara 
Sea (7%), V—the Mediterranean Sea and inland regions of 
southern Europe (14%), and VI—the sector that includes 
the Black Sea and the inland areas south of Moscow (27%) 
(Fig. 7).

Fig. 6   Variations of d-excess 
values (d-exc) in Moscow pre-
cipitation in 2017–2018
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In the winter season, precipitation is mainly associated 
with the North Atlantic (the southern cape of Greenland), 
in summer with the southern continental regions and also 
the Mediterranean Black, and Caspian Seas. This factor is 
also responsible for the high d-excess values in summer pre-
cipitation since these seas are sources of moisture with high 
d-excess values (Gat and Carmi 1970; Juhlke et al. 2019). 
The contribution of re-evaporating moisture from continen-
tal areas is also responsible for high d-excess values. It is 
known that the contribution of moisture recycling leads to 
high d-excess values of precipitation (Frӧhlich et al. 2008; 
Terzer-Wassmuth et al. 2021). Thus, high d-excess values 
in summer precipitation could be associated with air inflow 
from the Mediterranean and Black Seas, as well as from 
inland regions of Russia and Europe (re-evaporation from 
freshwater reservoir).

Significant variations in d-excess of winter precipitation 
(including autumn and spring months, i.e., from October to 
April) are not so obvious. There were 35 events of precipi-
tation with low d-excess and 37 events with high d-excess 
from October to April. For precipitation with low d-excess 
values (from − 7 to 5.4‰), the back trajectories indicate the 
movement of air masses from the North Atlantic (Fig. 7a), 
from continental Canada, high Arctic, and even from the 
Kara Sea and continental regions of Western Siberia. The 
last two sources were quite rare for Moscow.

The d-excess values of precipitation primarily reflect 
the conditions in the moisture source, low d-excess val-
ues are associated with high values of RH over the ocean 
surface and vice versa. Earlier, it was shown that high 
d-excess values correspond to a low RH (Jouzel and Mer-
livat 1982). For winter precipitation in Reykjavik, such a 
relationship was established as − 0.68‰/% (Aemisegger 
2018). Recently, it has been shown that d-excess values and 
RH (d-excess =  − 0.47RH + 52.5, R2 = 0.48) were clearly 
correlated (Uemura et al. 2008; Sodemann et al. 2008).

Winter precipitation in Moscow with low d-excess values 
is associated with the transport from the Atlantic, but the 
source is located both in the northern regions (near Green-
land) and more southern regions, up to 35°N, as can be seen 
from the shape of back trajectories (Fig. 8).

In some cases, air masses have moved from the high Arc-
tic or the Canadian Arctic Archipelago, covered with sea ice. 
The sea ice area was the largest in April 7, 2018, accord-
ing to NOAA data (access link https://​nsidc.​org). By this 
date, the area occupied by sea ice gradually increased from 
December and reached its maximum. Some of the trajecto-
ries end above the ice surface. This cold air blows down to 
the open water region and removes vapor from the ocean 
surface.

Studies of the relationship between d-excess values and 
the source of precipitation in Siberia (Kurita 2011) have 

Fig. 7   The main regions of 
moisture source for Moscow 
precipitation in 2017–2018
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shown that from autumn to winter the main sources were 
switched. In autumn, air masses with high d-excess values 
(> 20‰) are formed over the Arctic Ocean, not covered by 
ice under conditions of low RH and a significant tempera-
ture gradient between the cold air and the warm sea sur-
face. In October, d-excess values of air masses originated in 
the Arctic were clearly higher than those of the continental 
origin. The contribution of Arctic moisture decreases start-
ing in December, but there were similar d-excess values of 
both Arctic and continental types. Thus, the humidity source 
for Arctic air masses appears to switch from locally driven 
to moisture transport from lower latitudes in early winter 
(Kurita 2011).

In Moscow, in 2017–2018, five out of 35 precipitation 
events with low d-excess values were associated with tra-
jectories that ended in the Canadian Arctic Archipelago or 
the high Arctic above the ice surface (Fig. 8a). In this case, 
the dominant moisture source represents the open water in 
the Arctic sector. Arctic moisture has d-excess values indica-
tive for low sea surface temperature and high RH. However, 
some events with high d-excess values related to trajecto-
ries ended above the ice surface (Fig. 8b). Perhaps these air 
masses represent moisture transport from the more south-
ern sector of the Atlantic, but not an Arctic moisture. The 
trajectories back to 144 h showed a long path (more than 
5000 km) to Moscow. This indicates a high rate of (1000 km 
per day) air mass influx from October to April, a high atmos-
pheric transport and high cyclonic activity.

For precipitation falling on adjacent days in Moscow, 
there is a contrasting change in source regions, which are 
significantly distant from each other (up to 2000 km). There-
fore, we believe that the low and high d-excess values in 
precipitation relate to RH in moisture source. The condi-
tions of evaporation in the autumn–winter season at a low 
RH normalized to temperature of the ocean surface lead 
to higher d-excess values in European precipitation in the 
autumn–winter season than in the spring–summer season, 
which also was found in Kharkiv, Vienna, Geneva, and Kra-
kow (Frӧhlich et al. 2002; Duliński et al. 2019; Diadin and 
Vystavna 2020). Overall, the European continent is charac-
terized by a regular seasonal pattern, with d-excess values 
generally higher from October to January and lower from 
February to August (the “hysteresis loop”). However, this 
seasonal pattern is not evident in the Moscow data arith-
metic mean and amount-weighted mean of d-excess values 
(Table 1) and the distribution of individual events (Fig. 6). 
Precipitation in Moscow is likely formed with a large influ-
ence of moisture from the southern and continental regions, 
despite exhibiting a similar δ18Ot ratio as Europe.

3.3 � North Atlantic Oscillation influence on isotopic 
values and climate patterns

In term of meteorological conditions and isotopic charac-
teristics of precipitation, a winter period is near the long-
term averages. For the winter months (December, January, 

Fig. 8   The shape of back trajectories for events with low d-excess 
values (a) and high d-excess values (b) in Moscow in 2017–2018 
from October to April: the trajectories were calculated for each pre-

cipitation day with endpoints at 3000 m a.s.l at 12:00 UTC based on 
GDAS 1° × 1° meteorological dataset
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and February), a low correlation (r = 0.38) with the NAO 
index (NOAA/National Weather Service) was observed, 
indicating only partial influence of processes in the Atlan-
tic on the precipitation in Moscow. NAO dominates winter 
temperatures over much of the Northern Hemisphere (Bal-
dini et al. 2008). Generally, a strong positive NAO index 
is associated with temperatures above average in northern 
Europe and below average temperatures in Greenland and 
often in southern Europe and the Middle East (Hurrell et al. 
2003). A positive NAO index is also associated with heavy 
rainfalls (above average amount) in northern Europe and 
Scandinavia in winter and with rainfalls below average 
amount in southern and central Europe. According to pre-
vious studies (Baldini et al. 2008; Comas-Bru et al. 2016), 
positive correlations were observed between δ18O values in 
winter precipitation and NAO index for most GNIP stations. 
We found that for central Europe, the Spearman coefficient 
ranged from 0.6 to 1, but no significant correlations were 
found for moisture originated from southeastern Europe, 
Ireland, and some stations near the Baltic Sea. This means 
that the proximity of the seas (Mediterranean, Norwegian, 
and Baltic) makes a significant contribution to the disrup-
tion of NAO impact.

In winter 2017 and 2018, a positive phase of the NAO 
index was noted, but the Spearman’s correlation coefficient 
between δ18O and NAO was rather low (r = 0.38) and no 
correlation of NAO with precipitation amount and air tem-
perature was found. In general, for an inland region such 
as Moscow, the winter influence of NAO on the isotopic 
composition of precipitation is much lower than for Central 
Europe. A possible reason for the decrease in the influence 
of NAO on meteorological conditions and isotopic charac-
teristics of precipitation in Moscow is a frequent change of 
moisture sources and the contribution of moisture from the 
Mediterranean Sea.

4 � Conclusions

This event-based isotopic signature of precipitation in 
Moscow city determined for the first time revealed mod-
ern hydroclimate variations associated with changes in the 
moisture source origin, long-term precipitation fluctuation, 
and air temperature increase. Despite the known seasonal 
patterns of isotopes in the European stations with enriched 
summer and depleted winter values, several extreme iso-
topic values were detected in spring and autumn. A strong 
temperature effect on isotopes in Moscow precipitation was 
found with the δ18O dependence on surface air tempera-
ture expressed as 0.45‰/°C, which is close to other inland 
European stations. However, study of event-based stable 
isotope values showed that some monthly mean values dif-
fer from those previously recorded in the GNIP Program 

in 1970–1979, stemming from the greater variability in the 
amount of precipitation of some events and the increase in 
the precipitation amount amplitude relative to the long-term. 
One or two precipitation events, that provide up to 50% of 
the monthly precipitation amount, can determine the isotopic 
signature of precipitation in some months. A wide range of 
observed d-excess values (36.6‰) was mainly explained by 
1–2 day changes in the main sources of moisture carried by 
air masses to Moscow. Results of the back-trajectory analy-
sis indicate a high (1000 km/day) movement of air mass 
from October to April, a high atmosphere mobility and asso-
ciated transport, and high cyclonic activity.

In contrast to many European stations, a low correla-
tion of δ18O values with the NAO index and the absence 
of a relationship between NAO and air temperature as well 
as precipitation amount was found. These results indicate 
only a partial effect of the NAO on the precipitation pat-
tern in Moscow. The influence of NAO is traceable on the 
long-term series of more than 30 years, but it is not evident 
at the scale of two studied years. In this regard, further 
studies of the connection between isotope composition of 
precipitation and meteorological data are necessary to trace 
current climate changes in the continental part of Eastern 
Europe.

Future studies would benefit from an increased number 
of stations that collect event-based precipitation for stable 
isotope analyses and share these data as an open access (e.g., 
in GNIP) to address questions on the role of atmospheric 
oscillations in climate changes.
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