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ples systematically collected in Irkutsk, in the Baikal region (southeast Siberia),
between June 2011 and April 2017. This is the first high-resolution dataset of stable
isotopes of precipitation from this poorly studied region of continental Asia, which
has a high potential for isotope-based palaeoclimate research. The dataset revealed
distinct seasonal variations: relatively high δ18O (up to −4‰) and δD (up to −40‰)
values characterize summer air masses, and lighter isotope composition (−41‰ for
δ18O and −322‰ for δD) is characteristic of winter precipitation. Our results show
that air temperature mainly affects the isotope composition of precipitation, and no
significant correlations were obtained for precipitation amount and relative humidity.
A new temperature dependence was established for weighted mean monthly precipitation: +0.50‰/ C (r2 = 0.83; p <.01; n = 55) for δ18O and +3.8‰/ C (r2 = 0.83, p <
0.01; n = 55) for δD. Secondary fractionation processes (e.g., contribution of recycled
moisture) were identified mainly in summer from low d excess. Backward trajectories
assessed with the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model indicate that precipitation with the lowest mean δ18O and δD values reaches
Irkutsk in winter related to moisture transport from the Arctic. Precipitation originating from the west/southwest with the heaviest mean isotope composition reaches
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Irkutsk in summer, thus representing moisture transport across Eurasia. Generally,
moisture transport from the west, that is, the Atlantic Ocean predominates throughout the year. A comparison of our new isotope dataset with simulation results using
the European Centre/Hamburg version 5 (ECHAM5)-wiso climate model reveals a
good agreement of variations in δ18O (r2 = 0.87; p <.01; n = 55) and air temperature
(r2 = 0.99; p <.01; n = 71). However, the ECHAM5-wiso model fails to capture
observed variations in d excess (r2 = 0.14; p < 0.01; n = 55). This disagreement can be
partly explained by a model deficit of capturing regional hydrological processes associated with secondary moisture supply in summer.
KEYWORDS
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model, stable oxygen and hydrogen isotopes of precipitation
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1 | I N T RO D UC T I O N

The data gathered over the last six decades by the Global Network of Precipitation (GNIP) of the International Atomic Energy

Climate change and its impacts on weather conditions and ecosystems

Agency (IAEA) and the World Meteorological Organization (WMO)

at the global and regional scale has become an important issue for sci-

are supplemented by numerous local studies to provide a detailed pic-

ence, economy, and politics in recent decades (Intergovernmental

ture of the spatial and temporal variability of the isotopic composition

Panel on Climate Change, 2014). Changes in atmospheric circulation

of precipitation worldwide. However, stable isotope data of precipita-

regimes are particularly important, as these primarily control directions
and seasonal distribution of moisture transporting air masses, and,
consequently, determine regional water budgets (Harrison, Yu, &
Tarasov, 1996) and atmospheric precipitation sources (e.g., Osipova &
Osipov, 2016). Climate proxy records (e.g., pollen, diatoms, and stable
isotopes) derived from sedimentary archives worldwide play an important role in reconstructing past changes in atmospheric circulation and
precipitation, thus extending our knowledge beyond the relatively
short interval covered by instrumental measurements and satellite
data.
Atmospheric precipitation is the primary source of water for ter-

tion from the vast area of Russia are sparse and often discontinuous
(International Atomic Energy Agency/World Meteorological Organization [IAEA/WMO], 2018). Meteorological and stable isotope data
from 13 stations across Russia (summarized in the Siberian Network
for Isotopes in Precipitation) were analysed for reconstructing spatial
and temporal variations in isotopic composition of precipitation
(Chizhova et al., 2016; Kurita, 2011; Kurita et al., 2005; Kurita,
Numaguti, Sugimoto, Ichiyanagi, & Yoshida, 2003; Kurita, Yoshida,
Inoue, & Chayanova, 2004; Malygina, Eirikh, Kurepina, & Papina,
2019; Papina, Malygina, Eirikh, Galanin, & Zheleznyak, 2017). These
studies point to the significance of the moisture transport from the
Atlantic Ocean (especially in winter) and the contribution of recycled

restrial and aquatic ecosystems (Brázdil, 1992; Galloway & Cowling,

water (i.e., convective rains falling in summer) in the continental inte-

1978). Hence, the detailed understanding of circulation processes and

rior of Eurasia. However, these conclusions are based on the currently

background mechanisms controlling precipitation of a given region

available data, in which the entire Baikal region (southeast Siberia) is

and its temporal and spatial variations is an important issue for assess-

represented by an incomplete, single-year record of monthly mean

ment and forecast of weather and water regimes worldwide (Bailey,

isotope data from Irkutsk (IAEA/WMO, 2018).

Klein, & Welker, 2019; Brázdil, 1992; Tang et al., 2017; Trenberth,

The Baikal region with approximately 3.5 million inhabitants is one

2011). In particular, hydrogen and oxygen isotopes in precipitation are

the most populated and economically important areas of Siberia. Since

natural tracers, which help to understand the atmospheric moisture

the 1990s, the region has increasingly become a centre of pal-

cycle (Araguás-Araguás, Froehlich, & Rozanski, 2000). Variations in

aeoenvironmental studies using sedimentary archives from Lake

stable isotope composition (δD and δ18O) of precipitation are caused

Baikal

by isotope fractionation processes occurring at phase transitions in

Fedenya, & Karabanov, 2009) and numerous small lakes (Bezrukova,

the hydrological cycle (Dansgaard, 1964). They correlate with climatic

Tarasov, Solovieva, Krivonogov, & Riedel, 2010; Danilenko, Solotchin,

parameters such as air temperature, humidity, and precipitation

& Solotchina, 2015; Leonova et al., 2018; Mackay, Bezrukova, et al.,

amount (Dansgaard, 1964; Rozanski, Araguás-Araguás, & Gonfiantini,

2013; Sklyarov et al., 2010). In particular, oxygen isotope records from

1993) and are defined by air mass trajectories (Kurita, 2011; Merlivat

diatoms (Kalmychkov, Kuz'min, Pokrovskii, & Kostrova, 2007;

& Jouzel, 1979). Consequently, stable isotopes have a great potential

Kostrova et al., 2013, 2014, 2016; Mackay et al., 2011, Mackay,

to provide unique information on atmospheric circulation patterns
and climate changes. In recent years, the stable isotope composition
of precipitation has become one of the most reliable tools for meteorological, climatological, and hydrological studies (Bowen, 2010; Tang
et al., 2017; Wei, Lee, Liu, Seeboonruang, & Koike, 2018; Wu, Zhang,
Xiaoyan, Li, & Huang, 2015; Yang et al., 2019) and modelling (Bowen,
2008; Butzin et al., 2014; Gryazin et al., 2014; Werner, Langebroek,
Carlsen, Herold, & Lohmann, 2011; Yao et al., 2013). In addition, data
on isotope composition of modern precipitation are widely used for
decoding information about past climate conditions stored in natural

(Kravchinsky,

2017;

Kuz'min,

Khursevich,

Prokopenko,

Swann, et al., 2013; Morley, Leng, Mackay, & Sloane, 2005; Swann
et al., 2018) and ostracods (Tarasov et al., 2019) have been analysed
and demonstrate the relationship between isotope signals preserved
in sedimentary archives and ancient atmospheric precipitation patterns. All these studies require the knowledge of the stable isotope
composition of recent regional precipitation. However, the available
11-month GNIP-dataset (IAEA/WMO, 2018) has been mainly applied
for their interpretation that prevented a full quantitative interpretation of the regional isotope records (Swann et al., 2018). Consequently, a comprehensive reference dataset on the isotopic
composition of atmospheric precipitation would contribute to a num-

archives (Rozanski, Johnsen, Schotterer, & Thompson, 1997) such as

ber of regional projects dealing with the past, present and future cli-

lake sediments (Kostrova, Meyer, Chapligin, Tarasov, & Bezrukova,

mate development.

2014; van Hardenbroek et al., 2018), ground ice (Meyer et al., 2015;

To fill the current knowledge gap, this article presents a new

Meyer, Dereviagin, Siegert, Hubberten, & Rachold, 2002), firn/ice

dataset of 284 precipitation samples collected between June 2011

cores (Casado, Orsi, & Landais, 2017; Fernandoy, Meyer, & Tonelli,

and October 2013 and from December 2014 to April 2017 in Irkutsk,

2012; Pang, Hou, Kaspari, & Mayewski, 2014), tree rings (e.g., Leonelli

a representative site for the Baikal region in southeast Siberia. The

et al., 2017), and cave stalagmites (Liang et al., 2015; Partin et al.,

specific objectives of the study are to (a) examine the seasonality of

2012).

isotope signals in precipitation, (b) reveal which of the meteorological
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variables control the precipitation isotope signal, (c) assess the ability

its extreme continental climate expressed in large seasonal variations

of climate model simulated stable isotopes to capture variations in the

of air temperatures, with daily mean values ranging from −50 C in

measured data, and (d) investigate backward trajectories generated by

January to +37 C in July (Lydolph, 1977; Shver & Formanchuk, 1981).

the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)

Figure 2 shows mean monthly temperatures and precipitation sums

model and to infer the influences of different moisture sources on sta-

for the city of Irkutsk. The mean annual air temperature of +0.0

ble isotope variations in precipitation. The isotope data of Irkutsk pre-

±1.3 C and the mean annual precipitation sum of 429±97 mm were

cipitation in combination with the modelled and meteorological data

recorded for the period 1887–2014. This indicates a cold, snow-domi-

and reconstructed dominant air-mass pathways and moisture source

nated environment with negative temperatures for 6 months of the

regions may lead to a better understanding of the response of precipi-

year (October to March).

tation stable isotope composition to climatic changes and, thus,
improve the background information for climate reconstructions both
in the Baikal region in particular and in continental Eurasia in general.

The Atlantic westerlies and the Siberian high are dominant synoptic phenomena, determining regional atmospheric circulation and climate (Gustokashina, 2003; Ladeischikov, 1977; Lydolph, 1977; Shver
& Formanchuk, 1981). Precipitation throughout the year is mainly
associated with cyclones of western or northwestern origin. Although

2 | STUDY AREA

in July and August, when the high-pressure centre is located in Yakutia, southerly cyclones from Mongolia enter the region, bringing warm

Southeastern Siberia with Lake Baikal (Figure 1) is located in the cen-

and relatively humid air, often causing heavy rainstorms. Intrusions of

tre of the Eurasian continent, far from oceanic influences. Irkutsk

cold Arctic air from the Kara Sea during autumn cause widespread

(52 180 N, 104 170 E; 469 m asl; Figure 1) is the regional centre and

cooling and initiate the development of the Siberian high. The high-

the largest city with a population of half a million. The climate condi-

pressure cell, cantered on southeastern Siberia and Mongolia, lasts

tions of Irkutsk are typical for the whole region. The area is known for

until the following April. Precipitation is usually low during this period

F I G U R E 1 Schematic map of Eastern Siberia
including the study site, the city of Irkutsk,
situated close to Lake Baikal, and other points of
interest
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To characterize the recent local moisture conditions, different
basic parameters were calculated from the measured isotope data.
The mean monthly (δmm) and weighted mean monthly (δwm) isotopic
compositions of precipitation were computed applying the equations
of Yurtsever and Gat (1981):
P
δi
δmm = P ,
i

δwm =

P
ðPi × δi Þ
P
,
Pi

ð1Þ

ð2Þ

where δi denotes the isotopic composition of a precipitation event
(‰), i denotes the total number of precipitation samples, and Pi
denotes the precipitation amount (mm). Furthermore, 2011–2017
F I G U R E 2 Summary climate data for the city of Irkutsk: average
monthly precipitation amount (grey rectangle) and average monthly
air temperature (black line) based on meteorological data provided by
the National Oceanic and Atmospheric Administration and the
National Climatic Data Center (available at: www.ncdc.noaa.gov/dataaccess/quick-links)

averages of monthly means were calculated for δ18O, δD, and d
excess wherever more than one datapoint for a discrete month was
available. Local meteoric water lines (LMWL) were derived from the
correlation between δ18O and δD and compared with the global meteoric water line (GMWL; δD = 8 × δ18O + 10; Craig, 1961). The deuterium excess (d excess = δD – 8 × δ18O) introduced by Dansgaard

(Figure 2) and the cold and sunny weather prevails in the region (e.g.,

(1964) as an indicator for nonequilibrium fractionation processes is

Lydolph, 1977; Shver & Formanchuk, 1981).

generally related to conditions (i.e., humidity and sea surface temperature) of the initial moisture source region and commonly invariable
during condensation of vapour masses (Merlivat & Jouzel, 1979).

3 | MATERIALS AND METHODS

However, the d excess may also be indicative for secondary fractionation processes such as the participation of recycled moisture, that is,

Event-based (or daily) stable water isotope data can be linked to the

from open water bodies situated between the primary moisture

dynamics of atmospheric moisture more directly than monthly data

source and the region of precipitation (Gat, 2000; Kurita et al., 2003,

and thus allow for a better understanding of the origin and trajectories

2005).

of the air masses (e.g., Sánchez-Murillo, Durán-Quesada, Birkel, Esquivel-Hernández, & Boll, 2017). In total, 284 event-based precipitation
samples were collected in Irkutsk during the time period from June
2011 to October 2013 and from December 2014 to April 2017. We
used a polyethylene container and a funnel attached to a column ~5
m above ground level (agl) to avoid contamination, for example, by
windblown snow from previous events. Samples were collected from
the container at the end of each precipitation event to minimize evaporation and sublimation effects. Rainwater was directly placed into
airtight bottles, and snow samples were first thawed at room temperature. All samples were stored cool until isotope analysis. During the
considered periods, the monitoring of precipitation covers every
month of the year at least three times.
All hydrogen and oxygen isotope measurements were performed

During condensation and precipitation of moisture, a depletion of
δ18O and δD is due to temperature-dependent isotope fractionation
and follows a Rayleigh distillation process (Merlivat & Jouzel, 1979).
Consequently, the evolution of δ18O and δD is directly related to air
temperatures and to the distance from the moisture source. Hence,
the obtained isotope data are compared with major regional meteorological and synoptic features. For this purpose, meteorological data
(temperature, dew point, and precipitation amount) for Irkutsk (Station
ID: 30710099999) were derived at daily resolution from the global
summary of the day datasets provided by the National Oceanic and
Atmospheric Administration (NOAA) and the National Climatic Data
Center (NCDC; available at: www.ncdc.noaa.gov/data-access/quicklinks) converted into metric units. Relative humidity (rH) at the studying site was calculated from temperature and dew point:

at the Isotope Laboratory of the Alfred Wegener Institute Helmholtz
rH =

Centre for Polar and Marine Research (AWI Potsdam, Germany) with

ESd
,
ESt

ð3Þ

a Finnigan MAT Delta-S mass spectrometer equipped with equilibration units following a procedure described in Meyer, Schönicke,

where Esd and Est denote the saturation vapour pressure of dew point

Wand, Hubberten, and Friedrichsen (2000). The δ18O and δD values

and temperature, respectively (Alduchov & Eskridge, 1996; Lowe &

are given as permil difference to Vienna Standard Mean Ocean Water

Ficke, 1974):

(‰, VSMOW). The accuracy of this method is better than ±0.8‰ and
±0.1‰ for δD and δ18O, respectively (Meyer et al., 2000).

7:5 × t

Es = 6:107 × 10ðt + 273:3Þ ,over water surface ðtd , t > 0Þ,

ð4Þ

5

noaa.gov/gdas1.php) has been applied. Later on, single trajectories
were grouped in four major groups or clusters for the studied station,
following a statistical treatment that calculates the total spatial variance (TSV) of the trajectories beginning with as many clusters (Nc) as
trajectories (Nt). In an iterative process the trajectories are combined
to produce Nc = Nt−1, Nt−2, until Nc =1. The clusters combined are
those with the least TSV difference at each step. The final number of
clusters is chosen when the clusters being grouped show a great
increase in their TSV (clusters grouped are not anymore similar). The
HYSPLIT model and more detailed information of its statistical background are freely available from the NOAA's Air Resource Laboratory
website (Draxler & Rolph, 2015).

4 | RESULTS
4.1 | 4.1. Variations in δ and d excess values
Stable isotope data for all individual precipitation events (i.e., all collected rain and snow samples) in the city of Irkutsk during the study
period are summarized in Table 1 and presented in a δ18O–δD diagram

<.01
0.97
10.9
8.1
8.1
33.3
9.0

p

<.01
0.93
−10.2
7.1

r2
Intercept
Slope
d excess
(‰) SD

8.4
15.1
1.0
−19.0

−17.4
50.0
−79.6
−205.3

every 6 hr with 1 latitude and longitude resolution (http://ready.arl.

−322.4

Global Data Assimilation System (GDAS1) archive, which runs globally

6.1

displacement of air parcels using gridded meteorological data. The

−12.0

Domínguez-Villar, 2014). The model calculates a three-dimensional

−26.7

to avoid any low-altitude topographical interferences (e.g., Krklec &

−41.4

spheric moisture is contained up to 2,000 m agl, and at the same time

147

2,000 m agl (around pressure level of 850 hPa) as most of tropo-

Snow

1998; Stein et al., 2015). We focused on the trajectories arriving at

29.4

event registered in Irkutsk using the HYSPLIT model (Draxler & Hess,

−39.6

To identify the probable moisture provenance, 5-day air-parcel
backward trajectories were calculated for every single precipitation

−92.6

the threshold for sampled precipitation.

−189.1

less than 0.5 mm were excluded from isotope statistics as this is also

4.0

1.1 (T106 spectral truncation). Days with modelled precipitation of

−4.4

2011 and April 2017, and the horizontal grid resolution was 1.1 ×

−11.7

(Dee et al., 2011). The considered simulation period is between June

−24.8

ticity to the corresponding ERA-40 and ERA-Interim reanalysis fields

137

simulated fields of surface pressure, temperature, divergence, and vor-

Rain

using an implicit nudging technique (Butzin et al., 2014) to constrain

d excess
(‰) max

values for Irkutsk were retrieved from an ECHAM5-wiso simulation

d excess
(‰) mean

water cycle, including that in precipitation and soil water. Model

d excess
(‰) min

putes the isotopic signal of different water masses through the entire

n

vective clouds. The stable water isotope module in ECHAM5 com-

δD
(‰)
SD

evaporation of ocean water, and the formation of large-scale and con-

δD
(‰)
max

tains formulations for evapotranspiration of terrestrial water,

δD (‰)
mean

mate model (Roeckner et al., 2006). The water cycle in ECHAM5 con-

δD
(‰)
min

the isotope-enabled version of the ECHAM5 atmosphere global cli-

δ18O
(‰) SD

(ECHAM5)-wiso simulation. ECHAM5-wiso (Werner et al., 2011) is

δ18O
(‰)
max

Measured daily isotope values are compared against modelled
values retrieved from an European Centre/Hamburg version 5

δ18O
(‰)
mean

where td and t denote dew point and temperature in  C.

δ18O
(‰) min

ð5Þ

Sample
type

9:5 × t

Es = 6:107 × 10ðt + 265:5Þ ,over ice surface ðtd , t < 0Þ,

T A B L E 1 Summary of Stable Isotope Composition (δ18O, δD, and d Excess), Which Includes Minimum, Mean and Maximum Values, Standard Deviations (SD), Slopes, Intercepts, Coefficient of
Determination (r2), and Significance Level (p) From the δ18O–δD Diagram for Irkutsk Precipitation Events
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(Figure 3a) with reference to the GMWL, in which precipitation is cor-

This line is in a good agreement with the LMWL from weighted

related on global scale (Rozanski et al., 1993). Mean monthly isotope

monthly means with a slope of 7.7 and an intercept of +0.7 (r2 = 0.99;

data during the study intervals between June 2011 and April 2017

p <.01; n = 55) and also from weighted mean annual with a slope of

and meteorological parameters are given in Table S1. The stable iso-

7.8 and an intercept of +1.2 (r2 = 0.99; p <.01; n = 12). Minor differ-

tope composition of event-based precipitation varies in wide range of

ences between the LMWLs based on single events and weighted

−41.4 and −4.4‰ for δ18O and of −322.4 and −39.6‰ for δD. Rain

mean data mainly result from calculations of precipitation amount and

samples (n=137) are characterized by relatively higher mean δ O and

averaging effects. All obtained LMWLs have smaller slopes and inter-

δD values of −11.7‰ and –92.6‰, respectively, and lower d excess

cepts compared with the GMWL, and they are slightly shifted below

= +1.0‰ whereas snow samples (n=147) display relatively lower

the GMWL, mainly due to the rainwater samples with lower average d

mean δ O = −26.7‰ and δD = −205.3‰ and higher d excess of

excess values compared with the global d excess of +10‰ (Figure 3a).

18

18

+9.0‰.

To analyse differences between the isotopic composition of snow

For the period between June 2011 and April 2017, the Irkutsk sta-

and rain, the LMWL was subdivided into LMWL-rain and LMWL-

ble isotope composition yield respective mean single event-based (n =

snow (Table 1 and Figure 3a). The LMWL-snow has a similar slope to

284), weighted monthly means (n = 55), and weighted mean annual (n

the GMWL (8.1) and an intercept of +10.9‰ (Table 1). In contrast,

= 12) values of −19.4‰, −19.7‰, and −19.5‰ for δ18O,

the isotope composition of rain differs strongly from the GMWL as

corresponding −150.8‰, −151.6‰, and −150.4‰ for δD and

displayed by a lower slope of 7.1 and intercept of −10.2‰. Compared

+5.1‰, +6.1‰, and +6.1‰ for d excess. Data of the averages of

with event-based rain samples with d excess varying between

weighted mean monthly for the considered time interval are pres-

−19.0‰ and +15.1‰, snow has a higher range in d excess from

ented in Table 2.

−17.4‰ to +33.3‰.

Weighted mean annual precipitation δ18O = −19.5‰ and δD =
−150.4‰ are significantly lower than the GNIP data: δ18O =
−16.2‰, δD = −124.1‰ (IAEA/WMO, 2018). This is probably due to

4.3 | 4.3. Isotope-temperature dependence

(a) missing values in GNIP for December and (b) the considered time

A linear relationship between isotope ratio single precipitation events

intervals (11 months of a single year [GNIP database] versus 55

and daily mean temperatures has been calculated (n=284): δ18O =

months of a close to 5-year interval). However, both mean annual d

0.62 × Tair − 19.6 (r2 = 0.79; p <.01) and δD = 4.6 × Tair − 152.3 (r2 =

excess values (+5.3‰ GNIP database and +6.2‰ our data) are similar

0.77; p <.01). If weighted mean monthly precipitation (n = 55) and

indicating constant general synoptic patterns captured by the two

monthly temperatures (including days only with precipitation) are

datasets.

used, δ18O/T and δD/T coefficients become slightly lower, as
+0.57‰/ C (r2 = 0.87; p <.01) and +4.4‰/ C (r2 = 0.87; p <.01),

4.2 | 4.2. Local meteoric water lines

respectively. δ18O–T and δD–T relationships for weighted mean
monthly precipitation and mean monthly temperatures (n = 55; Fig-

The LMWL based on all single events (Figure 3a) was determined as

ure 4a and Table 3) are also characterized by lower coefficients of

the relationship δD = 7.6 × δ18O − 3.3 (r2 = 0.98; p <.01; n = 284).

+0.50‰/ C (r2 = 0.85; p <.01) for δ18O and +3.9‰/ C (r2 = 0.85; p

F I G U R E 3 The correlation between precipitation δD and δ18O in Irkutsk from June 2011 to April 2017: (a) collected event-based samples.
Arithmetic mean snow (blue square) and rain (red square) values are displayed. Global meteoric water line (black) defined by Craig (1961). Local
meteoric water line (LMWL; green) subdivided into LMWL-snow (blue) and LMWL-rain (red) derived from local precipitation isotope data (own
data; Table 1). Additionally, Global Network for Isotopes in Precipitation data (means for 11 months, Irkutsk) and Lake Baikal mean isotope
composition (light-green square) are given; (b) daily data simulated by the European Centre/Hamburg version 5 (ECHAM5)-wiso climate model

7

KOSTROVA ET AL.

TABLE 2

The Averages of Weighted Mean Monthly δ18O, δD, and d Excess for Irkutsk Precipitation Between June 2011 and April 2017
Measured data

Modelled by ECHAM5-wiso data

Month

n

δ18O (‰)

δD (‰)

January

5

−30.0±2.3

−232.1±21.8

February

5

−27.0±2.1

−214.8±21.4

1.9±7.0

6

−26.8±3.2

−207.4±26.9

6.9±2.5

March

4

−21.8±3.4

−168.6±31.5

6.1±5.8

6

−17.8±2.0

−134.8±15.7

7.8±0.8

d excess (‰)
8.6±3.8

n

δ18O (‰)

δD (‰)

6

−25.5±1.0

−196.7±8.4

d excess (‰)
7.7±0.5

April

4

−15.3±3.9

−113.3±27.9

9.1±7.8

6

−13.1±1.4

−95.7±11.6

9.0±0.9

May

3

−13.3±2.9

−104.0±19.8

2.4±4.2

5

−12.8±1.3

−93.4±10.8

8.7±0.8

−102.7±7.4

−0.7±6.0

6

−10.5±0.9

−76.9±8.1

6.7±1.4

2.7±5.1

6

−9.0±1.3

−64.9±10.8

6.8±1.0

June

5

−12.7±1.7

July

5

−11.0±1.5

−84.6±17.7

August

5

−12.1±1.3

−90.0±6.6

6.0±4.8

6

−10.0±1.8

−72.0±16.0

8.4±1.6

September

5

−14.9±1.2

−113.9±8.4

5.5±5.9

6

−13.0±2.7

−92.8±22.6

10.9±2.2

October

5

−22.4±6.1

−166.9±46.1

11.8±3.8

6

−19.5±3.4

−145.7±27.1

10.2±1.2

November

4

−25.4±4.2

−192.6±29.2

10.3±6.8

6

−23.4±4.7

−177.0±37.7

10.1±0.8

December

5

−28.8±3.8

−221.0±26.2

9.1±5.8

6

−24.7±3.7

−188.8±29.7

8.8±1.4

<.01) for δD due to the fact that during the winter, the air tempera-

δ18O values (Figure 6a and Table 3) and underestimate temperatures

tures on precipitation days are higher than on days without precipita-

especially for the first half of the year (Figure 6c). Modelled d excess

tion and opposite in the summer.

(Figure 6b) displays an unclear seasonal cycle and a much lower vari-

A negative (−0.13‰/ C; Table 3) and statistically not significant

ability contrasting with the measured data. The reason for this differ-

2

(r = 0.08; p =.03) correlation was found between weighted mean

ence is unclear and can partly explained by the observation that

monthly d excess and temperature (Figure 4b), mainly due to the

ECHAM5-wiso simulation does not seem to capture well the pro-

dependence of d excess on evaporation and the lack of further modifi-

cesses associated with secondary moisture supply in summer.

cations during the rain-out process (Merlivat & Jouzel, 1979). For

Moreover, there is strong agreement between our measured mean

Irkutsk, this correlation is, however, enhanced by the addition of

monthly isotope values and Online Isotopes in Precipitation Calculator

recycled moisture with low d excess in summer (Table 2).

(OIPC)-modelled values (Online Isotopes in Precipitation Calculator;
Bowen, 2019) for Irkutsk (r2 = 0.86; p <.01; n = 12). However, the

4.4 | 4.4. Comparison of measured and modelled
stable isotope data

OIPC underestimates δ18O on the annual scale (a mean annual value
of −12.6‰ vs. measured −19.4‰). This discrepancy probably reflects
the inability of the model to capture local-scale processes such as sec-

Discrete isotopic measurements and atmospheric observations were

ondary evaporation effects and/or seasonal shifts in air mass trajecto-

simulated by the ECHAM5-wiso model for the complete observation

ries. Additionally, because the density of observations in the

period from June 2011 to April 2017 (Figures 5 and 6 and Tables 2

investigated region is low, these differences may be due to the spatial

and S2). Modelled data refer to a grid box of 1 × 1 , whereas mea-

interpolation method applied by Bowen (2019).

sured samples derive from one discrete sampling station. Nonetheless,
measured and modelled datasets correspond in general quite well
despite some obvious notable differences. The modelled LMWL has a
generally similar slope to the GMWL of 7.9 and slightly lower intercept of +5.7‰ (Figure 3b). Differences between the LMWL-measured

5 | DISCUSSION
5.1 | 5.1. Seasonal variations in isotope data

(Figure 3a) and LMWL-modelled could indicate that ECHAM5-wiso

Stable isotope data for Irkutsk precipitation show distinct seasonal

does not fully capture secondary evaporation effects during the sum-

variations (Figure 5). Rainwater samples are characterized by relatively

mer months. Comparing modelled and measured mean monthly data

high δ18O and δD values of up to −4‰ and −40‰, respectively

yield an excellent agreement for temperature (r2 = 0.99; p <.01; n =

(Table 1), and snow samples generally show lighter isotopic composi-

71), precipitation amount (r = 0.72; p <.01; n = 71), and weighted

tion, which may drop to δ18O = −41‰ and δD = −322‰. Rain sam-

δ O (r = 0.87; p <.01; n = 55), whereas weighted d excess displays a

ples mainly plot in the upper right part of the δ18O–δD diagram below

very low correlation (r2 =.14; p <.01; n = 55). Both modelled δ18O and

the GMWL (Figure 3a) indicating the participation of secondary frac-

temperatures display distinct seasonal cycling, although they show a

tionation processes, that is, due to recycled moisture (Kurita et al.,

lower variability compared with the measured data (Figure 6). Addi-

2003, 2004; Numaguti, 1999). Previous studies (Koster, de Valpine, &

tionally, ECHAM5-wiso seems to slightly overestimate the absolute

Jouzel, 1993; Numaguti, 1999; Ueta et al., 2013; Ueta, Sugimoto,

2
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F I G U R E 4 Correlations between (a) weighted mean monthly precipitation δ18O, (b) weighted mean monthly d excess and mean monthly
temperature, (c) weighted mean monthly precipitation δ18O, and weighted mean monthly d excess

T A B L E 3 Correlation Between Weighted Mean Monthly Isotopic (δ18O, δD, and d Excess) and Mean Monthly Meteorological (rH, P, and T)
Parameters of Irkutsk
P (mm)
Correlation parameter

n

Slope

Tair ( C)

rH (%)
r2

p

Slope

r2

P

Slope

r2

p

δ O (‰)

55

0.10

0.26

<.01

−0.27

0.16

<.01

0.50

0.85

<.01

δD (‰)

55

0.78

0.27

<.01

−2.07

0.15

<.01

3.91

0.85

<.01

d excess (‰)

55

−0.02

0.01

.46

0.12

0.04

.13

−0.13

0.08

.03

18

Abbreviation: rH, relative humidity.

Iijima, Yabuki, & Maximov, 2014) have demonstrated that evapotrans-

indicate that Irkutsk rain receives admixed water vapour from a sec-

piration significantly contributes to rain and the moisture recycling

ondary moisture source enriched in heavy

rate in eastern Siberia can exceed 85% during summer months (Risi,

characterized by lower d excess as compared with snow.

18

O and 2H isotopes and

Noone, Frankenberg, & Worden, 2013). A large area occupied by high

At the same time, snow samples display a much lighter isotopic

number of lakes, rivers, and mires in western Siberia may act as sec-

composition and are located close to the GMWL (Figure 3a)

ondary moisture sources for summer precipitation in eastern Siberia

suggesting an origin from the initial moisture source. Snow precipita-

(Koster et al., 1986; Kurita et al., 2003). Secondary evaporation from

tion is characterized by relatively high d excess values as compared

open water bodies tends to enrich the rainwater in the heavy isotopes

with rain (Table 1) due to nonequilibrium condensation during the

with a tendency to lower d excess (Stewart, 1975). Our results

growth of the snow particles (Gat, 2000; Jouzel & Merlivat, 1984).

9
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F I G U R E 5 Time series of (a) precipitation
δ18O values and (b) d excess (own data), (c) mean
daily temperature and (e) daily amount of
precipitation derived from the global summary of
the day datasets (available at: www.ncdc.noaa.
gov/data-access/quick-links), and (d) air relative
humidity in the study area. Both measured/
observed data (black) and data simulated by the
European Centre/Hamburg version 5 (ECHAM5)wiso climate model (blue) are displayed

High values of d excess may be associated with intense oceanic evap-

close to or slightly higher than 10‰ in October–November and in

oration during winter (Pfahl & Sodemann, 2014). The large humidity

April (Figure 6b) showing conditions of evaporation at moisture

gradients over the ocean surface lead to strong nonequilibrium frac-

source close to the global average (Rozanski et al., 1993). February

tionation resulting in high d excess values. Moreover, the isotopic sig-

and May–July are characterized by rather low d excess values <5‰

nal of snow in Irkutsk could be affected by evaporated water from

probably displaying higher humidity conditions in moisture sources

Lake Baikal (mean δ18Olake = –15.8 ± 0.2‰, Seal & Shanks, 1998; Fig-

(Gat, 2000) and/or contribution of continental recycled moisture. Low

ure 3a) as a secondary moisture source, from which evaporation tends

d excess values in May–July could also be associated to secondary

to be active during the late autumn and early winter (November/

evaporation during rainfall (Clark & Fritz, 1997; Gat, Mook, & Meijer,

December; Shimaraev, Verbolov, Granin, & Sherstyankin, 1994). How-

2001).

ever, due to predominance of the westerly circulation, the lake effect
to Irkutsk snow seems to be negligible.

The weighted mean monthly δ18O and δD values of winter
(December–February) and summer (June–August) precipitation in

The weighted mean monthly isotope composition of Irkutsk pre-

Irkutsk are = −28.6‰ and −11.9‰, = −222.6‰ and −92.4‰, as well

cipitation (Figure 6a) exhibit a clear annual cycle closely following the

as d excess = +6.5‰ and +2.7‰, respectively. Our weighted mean

seasonal temperatures (Figure 6c). Weighted mean monthly δ18O

monthly summer precipitation values are similar to those of the GNIP

values (Figure 6a) have a higher variability during March–April and in

database (IAEA/WMO, 2018) with −11.4‰ for δ18O and −88.1‰ for

October–November when precipitation in the region can fall both as

δD, +3.2‰ for d excess, and winter values (GNIP: δ18O = −25.0‰,

rain and as snow. Unlike weighted mean monthly δ18O values,
weighted mean monthly d excess values exhibit two maximum peaks

δD = −202.5‰, and d excess = −2.9‰) all differ significantly from

10
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d excess in Irkutsk (+2.7‰) is higher than that for Yakutsk (−2.8‰)
and for Barabinsk (−1.3‰). The differences in d excess between
Irkutsk and Yakutsk/Barabinsk are probably caused by differences of
synoptic patterns or moisture sources for both sites (Kurita, 2011;
Kurita et al., 2005; Latysheva, Sinyukovich, & Chumakova, 2009;
Papina et al., 2017). Additionally, differences in isotopic parameters
could also partly be related to differences in mean annual air temperature (−7.0 C for Yakutsk and +2.1 C for Barabinsk; Kurita et al., 2005)
and mean annual precipitation amount (230 mm for Yakutsk and 371
mm for Barabinsk; Kurita et al., 2005).

5.2 | 5.2. Implications of the isotope-temperature
dependence for palaeoclimate interpretation
Temperature is one of the main controls for water isotope composition in precipitation (Craig, 1961; Dansgaard, 1964). For palaeoclimate
reconstruction, the correlation between δ18O (δD) and air temperatures is essential, and especially significant for continental regions, as
southeastern Siberia, where annual temperature amplitudes are largest. Whereas marine sites often display low annual δ18O/T gradients
of 0.15 to 0.25 ‰/ C (e.g., Clark & Fritz, 1997), continental sites are
characterized by a much higher average δ18O/T coefficient of
0.58‰/ C (Clark & Fritz, 1997; Rozanski et al., 1993). However, sitespecific δ18O/T relationships may vary on different timescales (as
observed in ice cores, e.g., Casado et al., 2017).
The low δ18O/T coefficient of 0.36‰/ C between mean monthly
temperatures and weighted mean monthly precipitation δ18O was
suggested for the Lake Baikal region (Seal & Shanks, 1998). It was
used to interpret palaeoclimatic records (e.g., oxygen isotopes in biogenic silica) from lakes of the Baikal region (Kostrova et al., 2013;
F I G U R E 6 The annual variations of (a) weighted mean monthly
precipitation δ18O, (b) weighted mean monthly d excess and (c) mean
monthly temperature for period from June 2011 to April 2017. The
box-and-whisker plots present the median (black bar), the 0.25 and
0.75 quartiles (grey box edges), and the minimum and maximum
values (whiskers)

Mackay et al., 2011; Morley et al., 2005), and consequently yielded a
rather low influence of air temperature on changes in regional proxybased isotope records. Kostrova et al. (2014) suggested a distinctly
higher δ18O/T gradient of 0.57‰/ C for Irkutsk single precipitation
events, which was interpreted as a change in precipitation δ18O/T
patterns. Both gradients were derived from a very limited amount of

our calculations probably due to missing data for December in the

data.
Using the current dataset, we suggest that the δ18O/T gradient of

GNIP dataset, as mentioned above.
Generally, Irkutsk weighted mean monthly δ O and δD values for

0.50‰/ C is more reliable and should be used in future studies. In

winter and summer are higher than those obtained for Yakutsk

addition, (a) this value resembles a typical gradient value reported for

18

(−33.0‰ and −12.9‰ for δ O, −265.8‰ and −106.0‰ for δD;

other continental regions of Siberia, that is, central Yakutia (Papina

Kurita et al., 2004; Papina et al., 2017) located 1,900 km northeast of

et al., 2017); (b) it is based on a full year of data (in contrast to coeffi-

Irkutsk (Figure 1), but lower than those for Barabinsk (−20.2‰ and

cient of 0.36‰/ C based on 14 single data points covering only 11

−8.0‰ for δ O, −155.7‰ and −65.3‰ for δD; Kurita et al., 2004)

months) and, hence, more representative. The δ18O/T gradients in the

situated 1,700 km west of Irkutsk. This is presumably due to a notable

city of Irkutsk, calculated for single years from 2011 to 2017, vary

continental effect caused by gradual rainout when air masses move

between 0.44 and 0.54‰/ C, never being as low as it was suggested

over the continent, a process generally accompanied by isotope

by Seal and Shanks (1998). This conclusion is one of the highlights of

depletion (Araguás-Araguás et al., 2000; Kurita et al., 2004; Rozanski

the current study and underlines our assumption that for the study

et al., 1993). The weighted mean monthly winter d excess in Irkutsk

region, higher than previously assumed δ18O/T gradient is likely to

with +6.5‰ is significantly higher than that for Yakutsk (−1.8‰;

increase the significance of air temperature for the isotope-based

Kurita et al., 2004) and comparable to Barabinsk (+5.9‰) and summer

proxy records and for the palaeoclimatic reconstructions.

18
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5.3 | Correlation with other meteorological
parameters
As δ18O and δD values are highly correlated, the following results are
given for δ18O only. A negative correlation was observed between
δ18O and d excess (Figure 4c) with relatively higher summer δ18O gen-

To evaluate the influence of rH and precipitation amount (P) on
the isotope signal, correlations between weighted mean monthly isotope data and other meteorological parameters were determined. A
positive correlation was specified between δ18O and P, whereas that
with d excess is negative (Table 3). A negative correlation was also
identified between δ18O (δD) and rH, and d excess correlates posi-

erally coinciding with lower d excess (Figure 5) probably due to the

tively with rH. All these dependencies are characterized by low corre-

seasonal character of moisture supply by predominant north-westerly

lation coefficients r2 varying from 0.01 to 0.27 (Table 3). Therefore,

transport in winter (Kurita et al., 2004), as well as westerlies/south-

we conclude that neither rH nor P have strong impact on the isotope

westerlies in summer, with additional contribution of recycled mois-

signal of precipitation in Irkutsk. Air temperature is the first-order con-

ture (Koster et al., 1986; Kurita, 2011; Numaguti, 1999).

trol and explains ~85% of variability in δ-values.

F I G U R E 7 Backward trajectories analysis (5-day, 120 hr) for a total of 284 single trajectories calculated at pressure level of 850 hPa for all
registered single precipitation events between June 2011 and April 2017. Four main backward trajectory clusters for all precipitation events
reaching Irkutsk including their vertical profile
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5.4 | 5.4. Relationship between variations of isotope
composition and moisture source

occurs rarely; that is, only four cases are registered for the monitoring
period. Most of the trajectories originate from the west and follow a
general pattern observed in eastern Siberia, in line with many regional

Variations in the isotope composition of precipitation are defined not
only by local condensation temperatures (Dansgaard, 1964) but also
by the origin and history of air-mass trajectories (Kurita, 2011). The
trajectory—as the path of an air mass before reaching a given sampling

atmospheric studies (Gustokashina, 2003; Ladeischikov, 1977;
Latysheva et al., 2009; Loshchenko, 2015; Marchenko, Mordvinov, &
Berezhnykh, 2012; Osipova & Osipov, 2016).
To identify the regions, from where the precipitation events pref-

site—receives a characteristic isotopic signature dependent on the

erentially might have originated, all reconstructed trajectories were

meteorological conditions in the moisture source region (Merlivat &

combined into four main clusters (Figure 7) until minimal differences

Jouzel, 1979). Therefore, it is possible to differentiate between poten-

between trajectories within a cluster and maximal differences

tial primary sources and the influence of secondary moisture of open

between clusters were reached and a further decrease in the number

water bodies that are located on the track of an air mass. Reconstruc-

of clusters led to a significant increase in TSV (Draxler & Rolph, 2015).

tion of 5-day backward circulation paths of every single precipitation

The dominant direction of air masses arriving at Irkutsk clearly

event registered in Irkutsk during the studied period is shown in Fig-

originates from the west (clusters 1–3) including parts of Europe,

ure 7. This figure presents a wide distribution of the trajectories vary-

western part of Russia, and northern Kazakhstan, with about 77% of

ing in their origin from the Arctic Ocean in the north to the northern

all precipitation events in the Baikal region. About 23% of precipita-

China and Mongolia regions in the south. The easterly transport

tion events indicate moisture pathways approaching Irkutsk from

T A B L E 4 Arithmetic Mean Isotope Composition (δ18O, δD, and d Excess), Slopes, and Intercepts of Backward Trajectory Clusters 1–4 (Each
Cluster Contains n Single Events and % Repetitions) for Irkutsk Precipitation Events
Cluster

n/(%)

δ18O (‰)

δD (‰)

d (‰)

Slope

Intercept

1

58/(20)

−20.4±9.4

−158.5±71.5

5.5±10.3

7.6

−4.2

0.98

<.001

2

96/(34)

−21.6±7.9

−166.7±62.8

6.2±7.4

7.9

4.0

0.99

<.001

3

65/(23)

−15.4±8.4

−118.5±61.2

5.1±9.6

7.2

−7.2

0.98

<.001

4

65/(23)

−19.5±10.1

−152.5±76.6

3.4±9.7

7.5

6.4

0.99

<.001

r2

p

T A B L E 5 Seasonal Frequencies (n Amount of Events and % Repetitions) and Mean Isotope Composition of the Backward Trajectory Clusters
1–4 Calculated for Single Precipitation Events in Irkutsk Between June 2011 and April 2017
δ18O (‰)

δD (‰)

Season

Cluster

n/(%)

DJF

1

22/(26)

−28.0±4.6

−215.2±41.5

9.6±7.2

2

43/(50)

−26.8±5.4

−209.0±44.2

5.5±6.6

3

9/(10)

−28.4±6.5

−215.1±49.4

12.4±10.3

4

12/(14)

−34.1±4.8

−269.2±36.8

5.3±6.4

−29.3±3.3

−227.1±28.2

8.2±3.5

−18.4±7.2

−146.3±60.5

2.2±10.7

mean
MAM

1

12/(27)

2

21/(47)

−17.2±5.6

−131.2±44.1

6.8±9.5

3

6/(13)

−16.2±6.1

−125.9±42.2

3.8±7.8

4

6/(13)

mean
JJA

−14.7±4.1

−115.2±25.1

2.0±11.0

−16.6±1.6

−129.7±12.9

3.7±2.2

1

12/(13)

−6.9±2.7

−59.2±17.3

−4.1±8.6

2

12/(13)

−12.1±2.3

−91.6±15.7

5.0±6.5

3

34/(38)

−9.5±2.8

−75.8±20.9

0.8±8.3

4

31/(35)

−12.1±3.4

−98.9±24.7

−2.0±7.6

−10.1±2.5

−81.4±17.6

−0.1±4.8

1

12/(19)

−22.1±5.7

−166.0±42.6

10.8±9.0

2

20/(31)

−20.7±8.4

−158.1±64.3

7.5±7.3

3

16/(25)

−20.3±6.4

−152.2±46.8

10.5±7.8

4

16/(25)

mean
SON

d (‰)

mean

−24.5±8.6

−182.8±65.4

13.0±7.6

−21.9±1.9

−164.8±13.3

10.4±2.2

Abbreviations: DJF, December-January-February; JJA June-July-August; MAM: March-April-May; SON: September-October-November.
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northern Siberia (cluster 4). Among four identified main directions of

values of −15.4‰ and −118.5‰, respectively (Table 4) originate

atmospheric moisture, two have rather long and two have relatively

west-southwest from Irkutsk, probably reflecting a local moisture

short distance paths (Figure 7). Precipitation events with long distance

source over the continent (d excess = +5.5‰, slope = 7.2, intercept =

paths transported from the west (cluster 1) and northwest (cluster 2)

−7.2). Such cyclones are formed as disturbances on the polar front

are characterized by very similar mean isotope values of around

south 50 N over Mongolia when cold Arctic air converges with warm

−21‰ for δ O and −162.5‰ for δD (Table 4). However, unlike pre-

and wet air from the subtropics (Gustokashina, 2003; Latysheva et al.,

cipitation from cluster 1 (d excess = +5.5‰, slope = 7.6, intercept =

2009; Loshchenko, 2015). However, the subtropical air masses for-

−4.2), cluster 2 has slightly higher mean d excess of +6.2‰ and is sit-

ming over the Indian and/or the Pacific Oceans (Marchenko et al.,

uated closer to the GMWL (slope = 7.9, intercept = 4.0), which could

2012) reaching the central part of the continent lose moisture and are

be indicative for different moisture sources. Cluster 1 comprises air

significantly transformed.

18

masses with moisture pathways passing over the complete continent

The oxygen isotope record of diatoms preserved in the Lake

for at least 5 days (Figure 7), which could originate from the Aral-

Kotokel bottom sediment (Kostrova et al., 2013, 2014, 2016) suggests

Caspian region. In contrast, cluster 2 includes numerous air parcels

that the south-easterly moisture transport played a more significant

originating over the Atlantic Ocean (Figure 7), thus probably with a

role in the Baikal region during the Early Holocene with higher-than-

stronger oceanic input, which could explain the difference in isotopic

present summer insolation and intensified monsoon circulation. Oppo-

characteristics.

sitely, the westerly moisture transport was weaker in the Eurasian

Both, clusters 3 and 4, have much shorter pathways (Figure 7) and

midlatitudes during the Early Holocene and became stronger (similar

are composed by air masses that have more local circulation patterns.

to today) during the Late Holocene (Tarasov, Bezrukova, Müller,

Events from cluster 3 characterized by the highest mean δ18O and δD

Kostrova, & White, 2017). Although the current study, based on the

FIGURE 8

Seasonal distribution of backward trajectories for 284 single precipitation events between June 2011 and April 2017
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expanded modern dataset, approves the typical "Late Holocene sce-

Our results distinctly differ from earlier studies for Irkutsk based on

nario" described in the meteorological and palaeoenvironmental publi-

only 11 months of GNIP data. Consequently, we found (a) a signifi-

cations, however, the "Early Holocene scenario" can still be traced in

cantly lower weighted mean annual isotopic composition (−19.5‰

the stable isotope data of precipitation. This conclusion is important

for δ18O and −150.4‰ for δD) and higher d excess (+6.1‰). (b)

for future palaeoclimate reconstructions using proxy-based interpreta-

The annual isotope cycle follows the well-established cycle for mid

tions of the moisture origin in southeast Siberia.

latitudes (Rozanski et al., 1993) indicating distinct seasonal varia-

Finally, cluster 4 (slope = 7.5, intercept = −6.4) mostly includes air

tions with higher δ18O and δD values and lower d excess for sum-

masses with relatively light isotope composition of −19.5‰ for δ18O

mer precipitation and lighter isotope composition and higher d

and −152.5‰ for δD and low d excess = +3.4‰ (Table 4) arriving

excess for winter air masses. (c) Air temperature is the most impor-

from the north. This d excess is in a good agreement with that for Arc-

tant control on δ18O and δD strongly influenced by seasonality and

tic air masses (Clark & Fritz, 1997), representing local transport of

explains ~85% of the variability in δ-values. The derived tempera-

moisture, probably originating from the Kara Sea and the Laptev Sea

ture-isotope relationships yield new, more reliable and representa-

regions.

tive coefficients of +0.50‰/ C (r2 = 0.85; p <.01) for oxygen and

Transport of air parcels carrying water vapour that produces the
precipitation at Irkutsk exhibits a strong seasonal effect (Table 5 and
Figure 8), which is also reflected by the mean monthly values of the
stable isotope composition of the collected samples. The seasonal distribution (Figure 8) of the clusters reveals a prevalence of western
long-distance transport with oceanic contribution (cluster 2) in winter
(December-January-February [DJF]; 50%), spring (March-April-May;
47%) and autumn (September-October-November; 31%) and a dominance of the continent moisture from the west-southwest (clusters 3)
and of Arctic origin (cluster 4) in almost equal amount of 38% and
35%, respectively in summer (June-July-August). This migration pattern agrees with the general circulation over the Baikal region when in
summer the westerly transport loses its activity and the invasions of
the arctic and southern cyclones become stronger (Osipova & Osipov,

+3.9‰/ C (r2 = 0.85; p <.01) for hydrogen isotopes. This differs significantly from earlier studies with a much lower isotope-temperature relationship of +0.36‰/ C (Seal & Shanks, 1998). Moreover,
the amount of precipitation and rH are obviously no key factors
explaining variations in the isotope composition of Irkutsk precipitation. (d) The ECHAM5-wiso modelled monthly temperature (r2 =
0.99; p <.01; n = 71) and weighted δ18O (r2 = 0.87; p <.01; n = 55)
are in very good agreement with the measured data and might be
used as alternative data sours in the region. (e) Long distance
north-westerly air masses from the Atlantic Ocean (34%; δ18O =
−21.6‰; δD = −166.7‰; d excess = +5.5‰) in combination with
westerly (20%; δ18O = −20.4‰; δD = −158.5‰; d excess =
+6.2‰) transport over west Siberia and northern Kazakhstan dominantly deliver precipitation during the year especially in winter,

2016).
Generally, atmospheric moisture with more negative δ-values

spring, and autumn. Isotopically heavy short-distance south-westerly

and relatively high d excess (Table 5) is transported to the region in

cyclones (23%) with rather high δ18O and δD values of −15.4‰

winter and less negative isotopic composition and low d excess are

and −118.5‰, respectively (d excess = +5.1‰) are the most impor-

typical for all clusters in summer. DJF-precipitation events with

tant source of summer precipitation, closely followed by isotopically

extremely low mean values of −34.1‰ for δ O and −269.2‰ for

lighter air masses arriving from the Arctic related to northern circu-

δD (d excess = 5.3‰) are related to cluster 4 and associated to air

lation (23%; δ18O = −19.5‰; δD = −152.5‰; d excess = +3.4‰).
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masses approaching from the Arctic (Figure 8). Isotopically heaviest

All these results have implications for isotope-based regional

June-July-August -precipitation with mean δ18O and δD values of

palaeoclimate studies, that is, those based on diatom oxygen isotopes

−6.9‰ and −59.2‰, respectively (d excess = −4.1‰) are linked to

at Lake Baikal potentially requiring a reinterpretation of earlier

cluster 1 and delivered form inner continental Aral-Caspian region

reconstructions.

(Figure 8).
In summary, trajectory analysis of precipitation collected in Irkutsk
from June 2011 to October 2013 and between December 2014 and
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