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Abstract. Isotopic composition of precipitation in the mountains of four Central Asian countries (Kazakhstan, Kyrgyzstan,
Tajikistan and Uzbekistan) was measured using 908 event-based precipitation samples collected at eight sites in 2019 — 2021,
and 7 monthly samples from Dushanbe (Tajikistan) thereby filling a gap in stable isotope data for the region. Regional and
20 seasonal patterns of §'%0, 3D and D-excess were investigated. Local Meteoric Water Lines (LMWL) derived using seven
regression methods using both non-weighted and weighted precipitation. It is recommended that the non-weighted Ordinary
Least Squares Regression (OLSR) and Reduced Major Axis Regression (RMA) methods can be applied across the region
except in summer, when the Precipitation-Weighted Least Squares Regression (PWLSR) method is recommended. An
atmospheric back trajectory analysis and a mixing model were applied in combination for the first time, using the 50, 6D
25 and D-excess data, to identify the atmospheric moisture source regions and quantify the relative importance. The main distant
sources were the Black and Caspian Seas region, Iran — eastern Mediterranean, and northern Kazakhstan — Siberia. The
recycled moisture from the irrigated lower reaches of the Amu Darya and Syr Darya rivers, and from the study catchments,
accounted for 29-71% of the atmospheric moisture reaching the observation points. In spring, summer and winter, in the Chon-
Kyzyl-Suu catchment, up to 85% of the precipitation was estimated to be derived from local re-evaporation, most likely from
30 Lake Issyk Kul. These findings highlight the importance of moisture from terrestrial sources, especially irrigated land, in

precipitation formation in Central Asia.

1 Introduction

Atmospheric precipitation is the primary source of water which contributes to river runoff in the mountains of Central Asia
(CA) directly and by sustaining seasonal snowpack and glaciers, whose meltwater maintains river flow in the dry season. In
35 CA, precipitation is characterised by strong spatial variability due to large changes in elevation (from about 700 m above sea
level (a.s.l.) up to 7000 m a.s.l.) over relatively short distances and the mountain ridge and valley positions in relation to the
moisture-bearing flow (Lydolph, 1977; Aizen et al., 1997). Longer-term changes and interannual variability in precipitation
affect all components of CA water resources (Shahgedanova, 2002; Jin et al., 2012; Aizen et al., 2017) and there is strong
evidence for a decline in glacier area and negative glacier mass balance (Kutuzov and Shahgedanova, 2009; Farinotti et al.,
40 2015; Severskiy et al., 2016; Kapitsa et al., 2020), attributed not only to the observed increase in temperature, but also to
prolonged negative precipitation anomalies observed in the 1970s-1980s (Shahgedanova et al., 2018; Hoelzle et al., 2019).
Future projections of precipitation in CA are characterised by strong uncertainty. Although overall, the Coupled Model
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Intercomparison Project Phase 6 (CMIP6) projects an increase in annual precipitation in high mountains in the future, the
projected changes vary between regions and seasons especially over the plains and foothills, and uncertainty remains about

45 how these changes will be offset or enhanced by changes in evaporation and atmospheric circulation (Jiang et al., 2020). This
leads to a cascade of uncertainties in impact assessments using glacier mass balance, hydrological, water resource, and crop
models. A better understanding of sources of precipitation and moisture cycling, links between changes in atmospheric
circulation and precipitation, and its responses to climatic warming is essential for water management and food production in
the water-deficient regions of CA (Kaser et al., 2010; Immerzeel et al., 2020; Viviroli et al., 2020).

50 Analysis of the isotopic composition of precipitation can be used to constrain some of these uncertainties (Yoshimura, 2015;
Putman et al., 2019; Jasechko, 2019). Stable isotopes of hydrogen and oxygen are useful indicators of the meteorological
history of atmospheric water from evaporation, through transportation and condensation, to precipitation because these
processes control fractionation which, in turn, controls isotopic composition. The ratios of heavy (*®0) to light (*%0) isotopes
of oxygen (8'80) and deuterium (D) to light hydrogen (*H) (3D) and the relationship between 8D and 880, known as Global

55 Meteoric Water Line (GMWL) and approximated by Equation (1), have been widely applied in hydrometeorology since the
1960s (Craig, 1961; Craig and Gordon, 1965):

5D =8 x 8180 + 10 o)

Rozanski et al. (1993) investigated 3D and oxygen §'%0 relationships using the data from the Global Network of Isotopes in
Precipitation (GNIP) sites and suggested that Local Meteoric Water Lines (LMWL) provide a better representation of isotopic

60 composition of regional precipitation because they depend on latitude, continentality, altitude, and regional climatic anomalies.
The relation of GMWL to LMWL helps to identify regional characteristics and processes affecting precipitation (Wang et al.,
2018; Putman et al., 2019). It is used together with the concept of deuterium excess (D-excess; Equation 2) proposed by
Dansgaard (1964) to characterise sources of moisture where:

D-excess = 6D — (8 x §180) (2)

65 The global average D-excess is 10%o. In general, moisture recycling increases and sub-cloud evaporation reduces D-excess.
Increased D-excess in precipitation results from the significant addition of re-evaporated moisture from continental basins,
while lower values characterise moisture originating from the oceans. This enables distinction to be made between moisture
from distant ocean and local sources in continental interiors (Araguas-Araguas et al., 2000; Pang et al., 2011; Aemisegger et
al., 2014; Bershaw, 2018) particularly when D-excess is used in conjunction with atmospheric back-trajectory analysis (Wang

70 et al., 2017, 2019; Bershaw, 2018). Although non-equilibrium fractionation and evaporation are two major processes
controlling D-excess, sub-cloud evaporation in a warm and dry air column changes D-excess further obscuring the original
vapor composition (Friedman et al., 1962), and D-excess in the cloud condensate may be substantially different from D-excess
in precipitation samples collected at ground level (Froehlich et al., 2008). The sub-cloud evaporation effect is significant in
arid regions where precipitation intensity is low (Juhlke et al., 2019). Isotopic composition and D-excess can also change with

75 altitude (Bershaw, 2018; Natali et al., 2022; Yang et al., 2023) due to sub-cloud evaporation, the variation in distance travelled
by a raindrop, and the transition from upwind to the downwind rain shadow, whereby lower temperature and high humidity
cause lower evaporation on the upwind slopes as orographic precipitation forms. Sub-cloud evaporation and a shorter distance
travelled by a raindrop are known to increase D-excess values, while the rain shadow is known to reduce them, thereby making

D-excess a useful proxy not only for precipitation sources but also for changes in airmass moisture over its pathway.

80  While the use of isotopic analysis in hydrometeorology increases globally (Yoshimura, 2015; Aggarwal et al., 2016; Jasechko,
2019), knowledge about the isotopic composition of precipitation in CA (defined here as Kazakhstan (KZ), Kyrgyzstan (KG),
Tajikistan (TJ), Turkmenistan, and Uzbekistan (UZ)) is limited. Currently, the Global Network of Isotopes in Precipitation
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(GNIP) database contains only seven measurements of 8D and 520 from the precipitation samples collected in Tashkent,
Uzbekistan (IAEA/WMO, 2015). This contrasts to extensive measurements in the Chinese Tien Shan (Pang et al., 2011; Wang

85 etal, 2016h, 2018; Chen et al., 2021) where the Chinese Network of Isotopes in Precipitation (CHNIP) became operational
in 2004 (Liu et al., 2014; Zhang and Wang, 2018).

The lack of CA precipitation isotope data constrains the LMWL development and understanding and quantifying regional
contributions to precipitation. In contrast to the Chinese Tien Shan where the events-based precipitation samples were analysed
(Pang et al., 2011; Wang et al., 2016b, 2018; Chen et al., 2021), in CA, ice-core isotopic compositions in the central Tien Shan

90 (Inylchek Glacier; 42°09°N; 79°56’E , 5200 m a.s.l.) and Pamir (Fedchenko glacier; 38°15°N; 72°15’E, at two sampling sites
with elevation 5206 and 5365 m a.s.l.) were used to characterise moisture sources and changes in regional atmospheric
circulation patterns (Aizen et al., 1996, 2004, 2009; Kreutz et al., 2003). Moisture sources for the Inylchek glacier were
established broadly as the Atlantic Ocean, Mediterranean and Black Seas on the basis of 3'%0 analysis combined with the
catalogue of weather types (Aizen et al., 2004). Most precipitation over the Pamir originated in the Atlantic according to Aizen

95 etal. (2009). The dominant source of moisture for the western Pamir were identified as the Mediterranean and Caspian Seas
which was confirmed by high D-excess values of 20%. measured in snow and ice cores by Bershaw (2018). However, in the
western Pamir, according to the event-based precipitation samples and trajectories analysis, D-excess was lower at 13%o
leading to the conclusion that the Mediterranean contributed about 20% of the total moisture (Juhlke et al., 2019). This
discrepancy may be due to the uncertainty in linking ice core samples to moisture trajectories, or because regional source

100 signals are altered in CA along the long moisture transportation routes (Bershaw, 2018). Insufficient data on precipitation

isotopic composition mean current inferences are uncertain.

To fill the data and knowledge gaps, a sampling campaign was conducted between 2019 and 2021 by the Central Asia Research
and Adaptation Water Network (CARAWAN) in five catchments located predominantly in the mountains. Over 900 event-
based precipitation samples were collected and processed, generating an extensive database of 8D, 5*%0, and D-excess values.
105 The overall aim of the presented work is to determine the mountain precipitation source areas and to help achieve this, four
objectives are defined to: (i) evaluate precipitation stable-isotope spatial and temporal variations in the mountains of CA; (ii)
characterise isotope dependency on geographical location, temperature, and amount of precipitation; (iii) develop LMWL to
aid future assessment of the relative contributions of different of water sources to streamflow, groundwater recharge, and
isotope mass balance studies; and (iv) establish a relationship between variations in isotopic composition of precipitation and

110 its source regions.

2 Data and methods
2.1 Sampling points and characteristics of study area

The eight sampling sites were located in the Tien Shan and Pamir-Alai mountains and their foothills (Fig. 1a) between 1255
and 3277 m a.s.l., with two sites located in the foothills at lower elevations (Table 1). The regional climate is continental arid
115 in the south and semi-arid in the north (Lydolph, 1977; Shahgedanova, 2002) with strong seasonality and altitudinal change in
temperature and precipitation (Fig 1 b, c). Annual precipitation ranges between 100 mm a in the deserts of Uzbekistan and
southern-western Kazakhstan to 1200 a™* mm in the mountains. The locations of the major mountain ranges is an important
control over precipitation and while the outer ranges receive ample precipitation during the wet season, intermontane basins
are arid (Lydolph, 1977; Aizen et al., 1997). In the southern part of the region, summer temperatures are high and precipitation
120 is extremely low (Fig. 1 b, c). Precipitation starts increasing in October when regional atmospheric circulation is dominated
by the westerly flow and, across most of the region, precipitation peaks in spring occurring earlier (March-April) in the south
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and later (April-May) in the north. At higher elevations in the northern Tien Shan, the precipitation maximum is between May

and July (Fig. 1c). In winter, the northern part of the region is dominated by the Siberian anticyclone and precipitation is low.
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Figure 1: (a) Study area and locations of the sampling sites: (1) Bolshoe Almatinskoe Lake (BAL), (2) Baityk, (3) Karabatkak
Glacier, (4) Lesnoy Cordon, (5) Tien-Shan High Mountain Scientific Centre (TSC), (6) Oygaing (meteorological station
Maydantal), (7) Pskem, (8) Tashkent, and (9) Dushanbe. Digital Elevation Model (DEM) derived from the Shuttle Radar

Topography Mission (SRTM) is used as background (available from https://Ipdaac.usgs.gov/about/citing_Ip_daac_and_data).
Glacier outlines are from the Global Land Ice Measurements from Space (GLIMS) database (Consortium, 2017). National
borders and water bodies are from ESRI ArcGIS Hub. (b) Mean monthly temperature and (c) mean monthly precipitation in

the 1980-2015 period. Sampling sites are numbered as in Table 1.
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2.2 Event-based sampling of precipitation and design of laboratory isotopic analysis

The event-based precipitation samples and meteorological data (daily air temperature, amount and type of precipitation) were
135 collected between 2019 and 2021 in five mountainous catchments at eight sampling sites generating, in total, 908 precipitation
samples (Fig. 1a; Table 1). Seven samples of monthly precipitation were collected in Dushanbe using a PALMEX rain sampler

(http://www.rainsampler.com/portfolio-page/rain-sampler-rs1/).

Table 1: Characteristics of sampling sites (Fig. 1a) and details of the sampling programme. N is number of samples.

Site L Elevation . . N V\.'ith
Sampling sites Catchment Country Lat(N) Lon (E) Period N precipitation depth
number (mas.l) data
1 Almateoe Lake | Ulken Almaty 4304 76.99 2563 May 2019 - 53¢ 332
(UA) ' ’ October 2021
(BAL)
. Ala-Archa July 2019 -
2 Baityk (AA) KG 42.65 74.50 1588 May 2021 115 115
. August 2019 -
3 Karabatkak Glacier KG 42.16 78.27 3277 August 2021 37 35
4 Lesnoy Cordon  Chon Kyzyl- KG 4219 7820 2571 ey S, 17 114
. . Suu (CKS) ugust
Tien-Shan High February
5 Mountain Scientific KG 42.35 78.02 1775 2020 - July 29 -
Centre (TSC) 2021
Junuary 2020
6 Oygaing uz 42.00 70.64 1490 - October 196 196
2021
Chirchik November
7 Pskem uz 41.92 70.37 1255 2020 - July 30 30
(CHK) 2021
November
8 Tashkent uz 41.36 69.32 486 2020 - 46 46
October 2021
Kofarnihon October 2018
9 Dushanbe* (K) T 38.56 68.79 816 - October 7 6
2019
Total 915 874

140 *Cumulative monthly precipitation

Rainfall samples were collected immediately after the precipitation events and precipitation depth was measured. The samples
were filtered using the 0.2 pum filters at the sampling sites and stored in 2 ml glass vials with screw caps pre-washed several
times with the filtered rainwater. Snowfall samples were melted at room temperature, filtered (0.2 um), and placed in the 2 ml

145 glass vials. To avoid evaporation, all vials were sealed with Parafilm M (Bemis Company, USA, Part no. PM-992) and stored
at 4°C.

The samples were analysed using a Picarro Isotopic Water Analyzer (L2120-1) with measurement precision of £0.6%o. and
+£0.2%0 for 8D and 880, respectively. The sample analysis procedures and quality were assessed and certified by the
International Atomic Energy Agency (IAEA) through the completion of a round-robin test using samples supplied by IAEA

150 and according to the procedure and criteria outlined in Wassenaar et al. (2021).

The samples were injected into the analyzer seven times sequentially, and the first three measurements were discarded to avoid
any memory effect from the previous samples. The remaining four measurements were checked for consistency using the
criterion of standard deviation not exceeding 1.5%o and 0.15%o for 3D and &0, respectively. The final values were calculated

as means of the four valid measurements. If four measurements, satisfying these conditions could not be obtained, the samples
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155 were re-measured and average of at least three valid measurements was recorded (52 samples). The isotopic ratios were
recorded using delta-notation in per mille (%o) relative to the Vienna Standard Mean Ocean Water (V-SMOW):

§ = (ample _ 1y % 1000%o ®3)

Rstandard

where Rsample aNd Rstandara are the isotope ratios 2H/*H or #0/*0 of the samples and the standard, respectively. Two primary
(SMOW and Standard Light Antarctic Precipitation (SLAP)) and two secondary standards were used. The secondary standards

160  were: Tuyuksu Snow Melt Water (TSMW) collected from the Tuyuksu glacier in the study area with 8D of —122.0%. and 5180
of —17.2%o, and commercially available Spring Water (SW) with 3D of —55.0%. and 880 of —8.5%o.

2.3 Local Meteoric Water Line (LMWL)

There are two approaches to defining LMWL. The first one gives equal weighting to all data points regardless of the amount
of precipitation they represent. This approach potentially increases uncertainty in the interpretation of results because samples
165 from smaller precipitation events tend to have lower D-excess due to the sub-cloud evaporation leading to sample enrichment
while samples from heavy precipitation events tend to be more depleted (Hughes and Crawford, 2012; Crawford et al., 2014).
To overcome this problem, weighted precipitation is used. This method requires data on precipitation depth which were
available in this study (Table 1). Both approaches were used for comparison and to produce recommendations on LMWL

development in the study region.

170 Ordinary Least Squares Regression (OLSR) was used to define LMWL with unweighted samples (n=915; Table 1).
Precipitation amounts were recorded for 874 samples (Table 1) which were used in the precipitation-weighted analysis. Six
regression methods were applied to the event-based precipitation samples: three non-weighted (OLSR, Reduced Major Axis
Regression (RMA), and major axis regression (MA)) and three precipitation-weighted (Precipitation-Weighted Least Squares
Regression (PWLSR), Precipitation-Weighted Reduced Major Axis Regression (PWRMA), and Precipitation-Weighted Major

175 Axis Regression (PWMA)) (Hughes and Crawford, 2012; Crawford et al., 2014). The Local Meteoric Water Line Freeware
(available at http://openscience.ansto.gov.au/collection/879) was used in all calculations. The software calculates the following

parameters: slope of regression line (a), standard deviation of the slope (sa), intercept of regression line (b), standard deviation
of the intercept (sb), average value of the sum of the squared errors of three methods OLSR, RMA and MA (or three
precipitation weighted) regressions, root mean Sum of Squared Errors (RMSSE), which allow inter-comparison of the different
180 regression methods. The proximity of the RMSSE values to 1.0 was used as an indicator of the method suitability for the
analysed data set. The t-test was applied to evaluate statistical significance of a difference between OLSR and each other

regression method.

2.4 Back trajectory modelling and cluster analysis using HYSPLIT

Isotopic composition of precipitation is determined by the combination of the origin of moisture and history of atmospheric
185 water transport and local conditions (Rozanski et al., 2013). To evaluate the controls of atmospheric circulation over the
isotopic composition of precipitation and characterise its sources, 50, 8D, and D-excess values were used in the atmospheric
back trajectory analysis using the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (version 5.2.0)
run with the Global Data Assimilation System (GDAS) meteorological input (Draxler and Rolph, 2013; Stein et al., 2015;
Rolph et al., 2017). HYSPLIT has horizontal resolution of 1°. For each precipitation event sampled at BAL (UA), Lesnoy
190 Cordon (CKS), Baityk (AA), and Oygaing (CHK) (Table 1), three-dimensional back trajectories were calculated using the site
locations and elevations as starting points. The starting time of each back trajectory was defined as the closest hour of the
precipitation event start, and the length of integration was 120 hours because uncertainty in the calculation of trajectories

increases with time afterwards (Draxler and Rolph, 2013). In line with previous studies (Jorba et al., 2004; Wu et al., 2015;
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Pérez et al., 2015; Bagheri et al., 2019) and to comply with the HYSPLIT cluster analysis function requirements, single

195 trajectories were calculated instead of trajectory ensembles, potentially introducing uncertainty.

The generated back trajectories were grouped using cluster analysis based on minimizing distance and maximizing difference
between clusters with distinct trajectories (Dorling et al., 1992) and performed using the HYSPLIT 5.2.0 built-in cluster

analysis function (available at https://www.ready.noaa.gov/HYSPLIT hytrial.php) for the selected four sampling sites.

Trajectories calculated for all events observed at each site throughout the year were grouped. Isotopic ratios and D-excess

200 values were initially analysed for the clusters generated for each site and season. However, many trajectory clusters generated
for different sites were similar (e.g., westerly trajectory cluster was generated for each site; see Fig. 7 further in the text).
Splitting the data by season for each site resulted in a small number of members in each cluster. To overcome this problem,
similar trajectory clusters from different sites were merged to form ‘synoptic circulation groups’. Some of the groups included
data from all sites (e.g. westerly) while others were limited to a smaller number of sites. Analysis of the isotopic ratios and D-

205 excess was then performed by the ‘synoptic circulation groups’ and meteorological seasons. Analysis of variance (ANOVA)
and pairwise t-tests were used to test whether the differences between §'80, 5D, and D-excess values attributed to different
groups were significant at a 95% confidence level.

2.5 Quantifying relative contributions of the identified moisture sources to total precipitation.

Source regions of moisture and its transport pathways were characterised using the cluster analysis of the HYSPLIT back
210 trajectories. The proportional contributions of multiple sources to total precipitation were quantified using a linear mixing
model whereby two isotopic signatures (5'%0 and D) enable partitioning of the total precipitation between three sources
(Phillips and Gregg, 2001). The isotopic signatures of precipitation samples attributed to a source, identified via the cluster
analysis of back trajectories, were determined and mean signature values of 680 and 8D were calculated for each source and

their mixture. Fractional contributions were calculated using Equations (4) and (5) (Phillips and Gregg, 2001):
215 8p = faba + f5lp + fcbc (4)
fatfetfe=1 (5)

where f,, fz and f, are fractional contributions of different moisture sources to local precipitation, 8a, s, dc are their isotopic

signature values, and dp is seasonal mean isotopic value for all precipitation events during the sampling period. The software

IsoError Version 1.04 (available at http://www.epa.gov/eco-research) (Phillips and Gregg, 2001)) was used to apply the mixing
220 model.

3 Results
3.1 Seasonal and spatial variability in 8D and 8°0.

The descriptive statistics of 8D and §'®0 derived from all even-based precipitation events at each catchment are summarized
in Figure 2 and in Table S1 (where data are shown for each sampling site and for three types of precipitation: snow, rain and
225 mixed).

Rain samples (n=528) were characterized by higher mean 380 and 3D values of —4.9%o, and —28.1%o, respectively whereas
snow samples (n=260) have lower mean 880 and 3D values of —15.4%o and —110.7%o, respectively (Table S1 and Fig. 4
further in the text). Variability in the snow data set was higher than in the rain data set with standard deviations of +5.5%o
(3'%0) and +44.6%o (8D) for snow and +4.3 %o (8'80) and £30.0%0 (8D) for rain. This is because in winter, day-to-day
230 temperature fluctuations, associated with changing synoptic conditions, are stronger than in summer with mean temperature
changes between two consecutive days of 4°C (Shahgedanova, 2002). The mixed precipitation data set, based on 120 samples,

7
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showed intermediate values of 50 of —9.7%o and 8D of —61.7%o. Contrary to the expectation that standard deviations of the
mixed precipitation isotopic ratios should be the highest, reflecting different proportions of solid and liquid content of

precipitation in a sample, their values were the lowest for §!80 and broadly the same as for rain for D (Table S1).
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Figure 2: Boxplots of (a) 50, (b) 8D, and (c) D-excess in precipitation at four catchments (see Fig. 1 and Table 1 for locations
and number of samples). Annual mean values + standard deviation are shown. Straight line in (c) shows global mean D-excess
value. The red line shows data from the Waterisotopes Database (Bowen, 2022). The Waterisotopes Database data were

240 averaged over all sampling location for catchments with more than one sampling site (CKS and CHK).

Clear seasonal cycles were observed in 8D and 580 values in each catchment where precipitation is enriched in heavy isotopes
in summer and depleted in winter (Fig. 2a, b; Table S1). The stable isotope composition of event-based precipitation varied
widely from —33.6 to 8.6%. for 5%0 and from —258.8 to 45.2%o for 3D, with overall means of —8.6 + 6.5%0 and 56.2 + 50.2%o,

245  respectively (Fig. 2a, b). Hydrogen is more susceptible to fractionation and less stable than oxygen and, therefore, 3D exhibits
greater variability than §®0 (Hornberger, 1999; Gat, 2010). Both isotopes showed larger variability in those months when
snow and mixed precipitation are observed, namely between November and March in more southerly CHK catchment and in
April-May and November in other catchments (Fig.2a, b; Table S1). The CHK data contain samples from Tashkent, which is
located on the arid plain at 486 m a.s.l. (Table 1). These account for 17% of all CHK samples. Only two samples were collected

250 in summer in Tashkent, but these two samples make the difference with other sites more pronounced (Fig. 3). Between late
spring and early autumn, between-sample variability is reduced, and the standard deviations are lower except for the higher-
elevation and more northerly catchments: UA and AA (Fig. 2a, b). The observed seasonal cycles are generally consistent with
the previous global interpolation of precipitation isoscapes (Bowen and Revenaugh, 2003; Bowen et al., 2019) and the global
high-resolution isotope precipitation data (Terzer-Wassmuth et al., 2021). However, these previous interpolated estimates

255 significantly underestimate the precipitation isotopic ratios in the study region in the cold period (Fig. 2a, b) due to the lack of
data currently available in the two databases. For example, the annual mean difference between measured and derived from
database (Fig. 2) varies from —0.3%, (CHK) to 4.8%. (CKS) for 5'80 and from -6.7%o (CHK) to 37.4 (CKS) for 3D but reaches
10.1%o (CKS) for 380 and 52.5%o (AA) for 8D in winter (Fig.2a, b; S1).
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Stepwise regression was used to determine the relationship between isotopic precipitation composition and latitude, longitude
260 and elevation (Table S2). The §'80 and 8D derived from all event-based samples collected at the individual sampling sites
located between 38.56°N — 43.04°N, 68.79°E — 76.99°E, and 486 — 3000 m a.s.| (Table 1) were the response variables. The

regression equations, derived using all available samples, were:

580 = 36.3 — 1.18Lat + 0.07Lon — 0.00001E (6)

6D = 342 —10.75Lat + 0.73Lon — 0.002E @)
265 where Lat is latitude (°), Lon is longitude (°), and E is elevation (m a.s.l.).

Statistically significant relationships between both %0 and 8D and latitude (p < 0.01) were found. Relationships with
longitude and elevation were not statistically significant in the overall data set. Regression equations for meteorological
seasons are shown in Table S2. In winter, elevation was the only predictor significantly correlated with the isotopic ratios
while, in autumn, elevation and longitude were significant (p < 0.05). Three sites with an elevation difference of more than
270 800 ma.s.l. in CHK and CKS allowed examination of elevation gradients in isotopic ratios and D-excess which were calculated
using the lowest and the highest sampling points for which data were available (Table 1). For both §'80 and 8D, the gradients
were highest in summer but not consistent between CKS and CHK (Fig. 3). Very few samples were available for the lowest

stations and isotopic ratios at Tashkent were not consistent with the high temperatures registered at this site.

The effects of surface air temperature and precipitation depth on mean monthly values of §*%0 and 6D were examined using

275 correlation analysis and the method of Dansgaard (1964). The latter suggested that a difference between isotopic ratios of 5'%0
averaged over warm (May-October) and cold (November-April) periods can indicate control by local temperature or
precipitation amount on isotopic ratios. Positive values of the 580 difference are typical of the high- and mid-latitude
continental stations and indicate a strong surface air temperature contribution to the precipitation isotopic composition. In the
study region, the indices were positive, ranging between 7.0%o in CKS and 8.6%o in UA (Table S3) demonstrating a strong

280 temperature effect and lesser influence of precipitation amount on isotopic ratios. Coefficients of determination for the
regression equations linking the event-based values of D and §'80 and air temperature (measured at the sampling sites) ranged
between 0.46 and 0.66 for all measurements (Equations 8-9) and for the individual sampling sites (Table S4) and were
statistically significant at the 95% confidence level - except Tashkent. The highest coefficients were obtained for the Baityk
(AA) and Oygaing (CHK) sites (0.66 and 0.64, respectively) and the lowest (0.27) for Tashkent. The §*%0 and 8D changed by

285 0.62%. and 4.68%o per one degree temperature, respectively, for the whole data set. The highest gradients were observed at
Oygaing (0.74%o and 5.50% per 1°C) and the lowest at Tashkent (0.32%o and 2.46% per 1°C) (Table S4).

580 = 0.62t — 10.61,R? = 0.56 (8)
8D = 4.68t — 71.64,R? = 0.54 9)
where t is air temperature (°C) at the sampling sites.

290 There was no statistically significant correlation between isotopic ratios and daily amount of precipitation in the study region.

3.2 D-excess variations over the region and elevation effects

Figure 2c shows annual cycles of D-excess. In the AA and CHK catchments, minimum D-excess values are observed in June-
July increasing in winter (AA), and spring and autumn (CHK). In UA and CKS, seasonal cycles are less pronounced (UA) or
different, with a maximum in August — September (CKS). In CKS and UA, sites are in proximity to lakes Issyk Kul (Fig. 1)
295 and Bolshoe Almatinskoe (BAL), respectively. The lake effect is evident in the cold season due to the contrast between an

enhanced contribution of heavier water vapour from the lake and lighter vapour delivered by the cold air masses (Bowen et

9
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al., 2012; Xiao et al., 2017; Minder et al., 2020). This effect results in higher isotopic enrichment ratios of precipitation and
lower D-excess values. In CKS, due to Issyk Kul (which does not freeze in winter in contrast to BAL), D-excess is below 10%o

between January and April.

D-excess values in excess of 10%o, indicate a strong contribution of recycled moisture to precipitation (Koster et al., 1993;
Bershaw, 2018), and are observed in all catchments in spring (except CKS in March-April) and autumn — early winter in line
with the occurrence of the wet season (Fig. 1). In the AA catchment, values more than 10%. are observed throughout the cold
season. Values more than 20%. indicate strong re-evaporation (Fréhlich et al., 2001; Bershaw, 2018) and are evident between
October and December in the AA catchment and in the individual months in the same period in CHK (October) and CKS
(September, December). The particularly high values reaching 29.5%o were recorded in the AA catchment in December

although this calculation is based on seven samples (Table S1).

The timing of low D-excess values, indicative of the sub-cloud evaporation effect (Fréhlich et al., 2001; Bershaw, 2018), varies
between catchments (Fig. 2c; Table S1). Negative mean monthly D-excess values were observed in CHK and AA in May to
September reaching —3.5%. in July in CHK. Low precipitation amounts and higher temperatures in CHK in summer (Fig. 1)

enhance negative D-excess values and the elevational profiles of D-excess are complex (Fig. 3c).

(a) 5'%0, %o (b) 8D, %o (c) D-excess, %o
Oygaing
(1490 m)] ¥ A A / \v
Pskem
(1255 m) A 1. X , .. V\’*
4 , ..
4 ’ -
’ ’ ’ ~ 4
Tashkent 4 4 -
(486 m) vhe 4 ¢ 4 « N
-0.41 0.68 -3.22 3.99 0.04 -1.51
—=—DJF
Karabatkak
Glacier (3277 m) AT 4 y & TJ/,\RM s v
v— SON
Lesnoy Cordon
(2571 m) T N r v \\ IV i
Ay . \ ) -
\ \Y -
TSC \ \ e
(1775 m) A ® A » - & \
-0.27 -0.41 -3.32 -1.78 -0.87 1.51

-16-14-12-10 -8 6 4 -2 0 2 -120-100 -80 -60 -40 -20 O 5 0 5 10 15 20 25

Figure 3: Changes with elevation in (a) 580, (b) 3D, and (c) D-excess by season in CHK (upper panel) and CKS (bottom
panel). Dashed lines indicate small number of samples and low precipitation per event in Tashkent and TSC. Numbers show
seasonal values of elevational gradients (%o per 100 m).

The emerging patterns of changes in D-excess with elevation were inconsistent between sites and seasons (Fig. 3) partly
because of the complex controls on D-excess and, potentially, because precipitation events were not always observed on the
same days at different sites in the same catchment. The clearest pattern was observed in CKS in JJA where D-excess values
increased with altitude from —3.9%. (n=3) at TSC located at 1755 m a.s.|. to 18.9%. (n=28) at the Karabatkak glacier (3277 m
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a.s.l.) indicating the advection of recycled moisture at higher elevations, progressive orographic moisture removal, and reduced
sub-cloud evaporation typical of the mountain stations due to a smaller distance between the ground and the cloud base
(Frohlich etal., 2001; Bershaw, 2018). Similar altitudinal profiles were observed in MAM albeit with a reduced gradient (6.9%o
and 13.2%o at TSC and Karabatkak, respectively) and in SON when data were available for the Lesnoy Cordon (2571 m a.s.l.)
325 and Karabatkak sites only (Fig. 3c). Small gradients may be attributed to the reduced sub-cloud evaporation in both spring and
autumn (wet seasons) and the occurrence of predominantly liquid precipitation at lower elevations and snow at the Karabatkak
glacier in spring. Thus, in CKS catchment, D-excess values for snow and rain were 9.7%o and 15.3%o, respectively (Table S1).
By contrast, in DJF, when the sub-cloud evaporation effect is absent (Frohlich et al., 2001), D-excess values declined with
elevation between the Lesnoy Cordon and TSC sites. The domination of the Siberian high limits advection of moist air to the
330 central Tien Shan in winter resulting in low precipitation across the region (Fig. 1). However, the TSC site is located in
proximity to Lake Issyk Kul and it may be suggested that evaporation from the lake contributes to precipitation with less
depleted isotopic signatures while the suppression of convection results in a gradient between the two sites (Fig. 3c).

In CHK, at the higher-elevation sites of Pskem (1255 m a.s.l.) and Oygaing (1490 m a.s.l.), D-excess values changed little in
DJF, MAM, and SON between seasons and between the sites. The largest differences occurred at lower elevations but were
335 inconsistent between seasons. The steepest elevational gradients were observed in summer when the relationships between
elevation and D-excess were non-linear and seasonal D-excess values declined from 16.5%o (n=2) in Tashkent to a negative
value of -3.9%0 (n=4) in Pskem. Similar but less pronounced gradients was observed in SON. The high D-excess values at
Tashkent were not consistent with its low elevation (486 m a.s.l.), high air temperature observed during the considered

precipitation events (29.8°C) (Table S3), and low amounts of precipitation (on average, 0.1 mm per event).

340 The geographical controls over D-excess, including latitude, longitude and elevation, were investigated using stepwise

regression for all the event-based samples (Table 1). The following regression equation was obtained:
D-excess = 51.9 — 1.29Lat + 0.16Lon + 0.002E (10)

Longitude was significantly correlated (p < 0.01) with D-excess across the region and seasons. Elevation was statistically
significant predictors for DFJ, JJA, MAM (p < 0.01) and SON (p < 0.05) while longitude was a significant predictor in MAM
345 (p <0.05) and SON (p < 0.05) (Table S2).

3.3 LMWL of the mountains of Central Asia

LMWLs were calculated firstly using the whole data set and then for each catchment (Tables S5-9). The LMWL developed
from the whole set of the event-based precipitation samples (Table 1; Fig. 4a) using the most common unweighted OLSR

method (Section 2.3) was:
350 4D = (7.56 +£0.05)60 + (8.65 + 0.54),R? = 0.96 (12)

The LMWL developed from 149 mean monthly values including the Dushanbe monthly cumulative precipitation samples

(Fig. 4b) using the same regression method was:
6D = (7.6 £ 0.1)8%80 + (9.6 + 1.2), R? = 0.97 (12)

Figure 4 and Table S5 show the parameters of the derived regression equations. The slope and intercept values were lower
355 (Equations 11-12; Fig. 4a-c) than those of the GMWL (Dansgaard, 1964). Although, isotopic ratios are controlled by the
equilibrium fractionation, in the arid regions, where significant evaporation of precipitation is observed especially during the
events of light precipitation or virga, kinetic fractionation is important resulting in the difference the GMWL and LMWL
slopes (Tian etal., 2007; Wang et al., 2018, 2019; Chen et al., 2021). Seasonal variations in slope and intercept values (Putman

11
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et al., 2019), and in particular their lower values observed in summer, reflect the effects of sub-cloud evaporation too (Fig.
360 4d). For the total study area, the slope changes from 6.1+0.1 in JJA to 8.1+0.1 in DJF and intercept 2.7+0.7 in JJA to 13.8+2.1

in DJF.
50 S
) I %TH 7 50
OLSR ¢ ent based)’ . OLSR : "
0 sD=7.6%"0+87 07 monn 0
R? = 0.96, n=915 ;B:g'gfnizge
-50 -50 -50 4
B
2-100 A -100 - -100
-150 -150 E———y -150
—— GMwL , )
T tMWLoysq(event based 4 - E"JWTV (monthly)
/ Ulken Almaty (KZ) OLsR Y
=200+ 7% Chon Kyzyl-Suu (KG) -200 @ DJF -200
9 © Ala Archa (KG) 2 %’:M * rain
Chirchik (UZ) © SON ° mixed
Kofarnihon (TJ) ®  snow
-250 T T T T T T T -250 T T T T T T T -250 T T T T T T T
-30 25 -20 15 110 -5 0 5 10 -30 -25 -20 -15 110 -5 0 5 10 -30 -25 -20 <15 <10 -5 0 5 10
3%%0, %o 3180, %o 3180, %o
[[d) © Total @ DIF © MAM e JJA © SON| [(e) ® Rain ® Mixed ® Snow|
9.0 30 9.0
304
8.5 %
20 8.0+ % § 20
8ol ® ] ¢ i % % s %
_ g g104 2 _70- % ¢ %10' ? ¢
%75 % 2 ¢ & [] 2 0 ® o e
Y B |e Y ¢ g "]
o @ 04 % 2 6.0 A b4 &
S 704 5 ¢ o ® £
» £ w 5-10-
6.5 § -10 5.0 } -20 4
6.0 1 § -30 %
-20 4.0
5'5 T T T T T T T T T T T T T T T -40 T T T T T
Total UA CKS AA CHK Total UA CKS AA CHK Total UA CKS AA CHK Total UA CKS AA CHK

Catchment

Figure 4: The upper panel shows dual 8D and §*®0 plots for (a) the event-based samples for individual catchments, (b) monthly
365 averaged values and seasonal means, and (c) different types of precipitation. The lower panel shows the OLSR-based LMWL

slopes and intercepts using (d) event-based data for each catchment by season and (e) by type of precipitation.

The effect of Lake Issyk Kul (Fig. 1a; Section 3.2) was clearly visible in the CKS data for winter. The DJF slope and intercept
values in OLRS LWML, derived from 17 event-based samples, were lower than in other catchments at 6.7+0.5 and —12.1+8.3,
370 respectively (Fig. 4d). The slope value for DJF is close to that in JJA (in contrast to other catchments) indicating strong

evaporation from the lake.
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Figure 5: LMWL slopes derived from the regression equations developed using six methods (see Section 2.3 for
375 abbreviations) for (a) event-based and monthly data set for all samples across the region, (b) by catchment, (c) by season,
and (d) by precipitation type for the event-based samples. Statistically significant values are marked with a star sign. The

values of slopes and intercepts and the outcomes of t-test of between-method differences are presented in Tables S5-S9.

The performance of different regression methods was assessed using the RMSSEav statistics (Section 2.3). For all six methods,
380 RMSSEav values were close to 1 indicating good performance, however, the best regression fit was obtained by the RMA and
PWLSR methods for the non-weighted and weighted precipitation, respectively (Table S6-S9). Generally, the weighted
methods (PWLSR, PWRMA, and PWMA) generated steeper LMWL slopes than the non-weighted methods (OLSR, RMA,
and MA). However, a t-test applied to assess the differences between the regression metrics generated by the six methods and
OLSR showed that the results of the RMA method were not different from OLSR (p > 0.05) when calculations were made for
385 individual basins, seasons, and types of precipitation with two exceptions: (i) event-based rain only sub-sample and (ii) all
event-based samples combined across the region (Tables S5, S9). Parameters of the regression equations for each catchment,
season, and precipitation type are shown in Tables S5-S9. Here, the outcomes from the OLSR and PWLSR methods are

summarised.

For the whole region, the slopes varied from 7.6 (monthly and event-based) OLSR to 7.7 (monthly) and 7.9 (event-based)
390 using PWLSR (Fig. 5a). This implies that both monthly and even-based samples can be used to develop LMWL for the region.
The performance of the methods varied between catchments (Fig. 5b). The largest between-method differences were observed
in CKS (n=149) with slope values ranging between 7.9 (OLSR) and 8.4 (PWLSR). Statistically significant differences between
the non-weighted OLSR and the weighted PWLSR method were observed in AA and CHK because of the lower amounts of
precipitation, especially in CHK in summer. In the UA and CKS, the differences were not significant. The slope values derived
395 from the event-based precipitation data for SON (n=138) and DJF (n=168) did not vary significantly between the OLSR and
PWSLR methods (Fig. 5¢) while in MAM (n=273) and JJA (n=290) they were significantly different. Larger differences were
observed in JJA (n=290) where slope values varied from 6.2 (OLSR) to 6.8 (PWLSR) (Fig. 6¢). The similarly large differences
characterised the rain sample sub-set (n=514) with slope values ranging from 6.7 (OLSR) to 7.3 (PWLSR) (Fig. 5d).

3.4 Relationships between isotopic composition and moisture sources

400 Overall, 766 five-day (120 hours) back trajectories were generated for every precipitation event for four sampling points: BAL
(UA, n=338), Lesnoy Cordon (CKS, n=117), Baityk (AA, n=115), and Oygaing (CHK, n=196) (Table 1). Although the mixing
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model was limited to a maximum of three contributing sources (Equations 4 - 5), the number of clusters derived for each site
was not limited to three (to avoid discarding important circulation groups). Initially, the number of clusters was determined by

plotting the distances between the merged clusters as a function of stage in the cluster analysis (Wilks, 1995).

405 For each site, between three and five clusters of back trajectories were identified and similar trajectory clusters from different
sites were merged to form five trajectory groups (Section 2.4; Fig.6). Three criteria were used for merging the identified
clusters into groups (i) direction of travel; (ii) distance travelled; (iii) whether local circulation trajectories remained within the
catchment boundaries. Five synoptic groups included the northern part of Kazakhstan — southern Siberia (North - Group 1),
south-eastern Europe, Black Sea and Caspian Sea (West - Group 2), Iran and eastern Mediterranean (South-West - Group 3),

410 lower reaches of the Syr Darya and Amy Darya and irrigated area around the Aral Sea (Aral - Group 4), and precipitation

formed within the study catchments (Local - Group 5).

Groups 1 and 2 were identified at each site accounting for 6-26% and 5-19% of all trajectories (Table 2; Fig. 7). Group 1
trajectories were most frequent in the UA and least frequent in the CHK catchments and were the most frequent group in JJA
overall (Fig. 7). Group 2 trajectories were most frequent in the CHK and least frequent in the UA and CKS catchments. Group
415 3 trajectories characterised moisture transport from Iran reaching the UA and AA catchments predominantly in DJF and MAM
(Fig. 7). We note that, while limiting trajectories to 120-hour duration places their origin in Iran, the extension of their duration
leads to the eastern Mediterranean albeit with higher uncertainty which increases with trajectory duration. Groups 1, 2 and 3
represented the long-distance moisture transport with the mean trajectory lengths and standard deviations 1738 + 451, 3285 +
1109 and 2652 + 185 km, respectively. Trajectories from Groups 1, 2 and 3 represented moisture transport along the peripheries
420 of the low-pressure systems located north-west or west of the study region, and the differences between them were due to the
latitudinal positions of the low-pressure system centres. Group 4 included shorter trajectories (1188 + 237 km) to the UA and
CKS catchments from the irrigated lands located along the Syr Darya and Amu Darya rivers and the Aral Sea. This group
accounted for 33% and 44% of all trajectories to the UA and CKS catchments, respectively (Table 2; Fig. 6), with the highest
frequency in MAM and JJA (Fig. 7). The lengths of the 5-day trajectories in Group 5, representing precipitation formed locally,
425 varied between 292 km at CKS to 565 km at AA catchments with a mean length of 438 + 140 km. There is uncertainty about
allocating of trajectories to Group 4 and 5 in CHK catchment because, although the Group 5 trajectories satisfied allocation
criteria, the lower part of the CHK catchment is irrigated and the Chirchik is a tributary of the Amu Darya. Trajectories of this

group were observed at each site accounting for 26% (UA) to 45-61% of all trajectories (Table 2).
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Figure 6: Trajectory groups including mean back trajectories (as generated by HYSPLIT) for the original clusters for four

sampling sites for the study period. ESRI ArcGis Pro basemaps Word Topographic Map and World Hillshade are used as

background.

435 Isotopic ratios and D-excess values averaged over the trajectory groups by site are shown in Table 2. Figures S2 and S3 further

illustrate variation of seasonal values of isotopic ratios and D-excess within each original cluster by site. Statistical significance

of differences between the clusters and groups (Fig. 7; S2-3) were assessed using ANOVA.

The between-group differences in 3'80 were largest in JJA and DJF, while in MAM and SON (wet seasons; Fig. 1c), they

were not statistically significant at 95% confidence level (Fig. 7). In DJF, precipitation samples associated with Group 1 were

440 least depleted with the mean 30 value of -12.01%o while samples associated with Group 2, representing the most long-

distance transport from the west, were most depleted with mean 5180 of -18.29%. (Fig. 7a). However, the higher enrichment

of 30 and 3D was observed in AA for Group 2 (=6.4 %o and —35.0%o, respectively) where trajectories started over the East

European Plain and crossed the arid west of Kazakhstan. In JJA, the highest 5'80 values of 0.01%o were associated with Group

2 trajectories while the lowest mean value of -6.94%. characterised Group 3 trajectories which also exhibited the lowest mean

445  §'80 value of -17.6%o in SON.
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Figure 7: Seasonal values of (a) 60 and (b) D-excess according to the trajectory groups. Numbers along the X-axes show
the number of events in each group and season. The figure was produced using the RStudio package ggstatsplot (Patil, 2021)

The between-group differences in D-excess values were significantly different in all seasons except SON (Fig. 7b). In DJF,
D-excess showed the opposite pattern to 580 being lowest (5.65%o0) in the samples associated with Group 2 westerly
trajectories and highest (18.63%o) — with Group 1 northerly trajectories (Fig. 7b). The former is associated with moisture from
the Black Sea area characterized by higher relative humidity, and the latter can be associated with low relative humidity over
Eurasia in winter (Bershaw, 2018; Kostrova et al., 2020). By contrast, in JJA, high humidity is observed over Siberia which
decreases the evaporation diffusivity ratio resulting in lower D-excess associated with Group 1 (Kostrova et al., 2020). The
highest mean JJA value of 17.22%o characterised the Group 3 trajectories arriving from Iran to the UA and AA catchments.
Group 4 trajectories originating over the irrigated lands in the Aral Sea basin had the mean D-excess of 14.4%o and 13.9%o in
the UA and CKS catchments, respectively, indicating the contribution of re-evaporated moisture to precipitation. The largest
proportion of precipitation events (which were also the heaviest) was associated with the Group 5 local trajectories (n=329),
and precipitation formed in the local air masses upon orographic uplift (Table 2). Trajectories of this group accounted for 53%
and 50% of all events in DJF and MAM. In JJA and SON, their share declined to 42% and 30% of all events, respectively, but
they remained the most frequent group in SON and the second most frequent (after Group 1) in JJA. This group was
characterised by the highest in-group variability in both trajectory direction, which veered strongly while the travelled distances
remained short, and associated 5'0 and D-excess values. In the UA, AA, and CHK catchments, Group 5 trajectories arrived
predominantly from the south-west and corresponded to more depleted precipitation isotopic values while in CKS, they arrived
from the north-east and corresponded to the higher isotopic ratios (Fig.6; Table 2). The mean D-excess values remained high
in SON, DJF and MAM ranging between 13.07%o and 15.15%. and indicating the contribution of the re-evaporate moisture.
In JJA, the mean D-excess value was 8.58%o (which is just below the global mean) and the median value was 11.2%. while
individual D-excess values ranged between -31.0%o0 and 25.0%. (Fig. 7b). The standard deviations were high not only in JJA
but also in DJF at £11.98%o. in both seasons.
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Table 2: Frequency of trajectories by group and mean values (upper line) and standard deviation (lower line) of §'®0, 3D and
D-excess (%o0) by sampling sites and trajectory clusters. C is cluster; SD is standard deviation; N is number of trajectories
corresponding to individual precipitation events and their proportion of the total for each site; Lat is latitude (°N), Lon is
longitude (°E); D is distance (km). Seasonal mean temperature and total and mean precipitation were derived for the days when
475 precipitation samples were collected over the sampling period (Table 1) and averaged (summed) over a given trajectory cluster

and season.

880 8D exlge;ss Lat Lon N b Seasonal mean t, °C Seasonal mean P, mm/event  Seasonal total P, mm
(%)

DIF MAM JJA SON DJF MAM JJA SON DJF MAM JJA SON
BAL (UA)

Mean (upper line) / SD (lower line)

6.9 -439 117 5646 7083 88
1625 -104 -21 7.3 -08 20 107 46 49 2 8 277 88
44 312 86 641 927 (26)

159 -1200 6.8 4649 2575 17
4452 13 61 108 21 44 58 23 60 35 17 5 6
99 775 108 12 716 (5

-135 -981 101 3359 4851 31
2782 -102 00 56 -8 23 69 115 33 23 69 69 17
71 56.0 108 593 878 (9)

-98 -639 144 424 6106 113
1355 -95 -02 73 -13 41 5.2 6.3 42 45 194 252 104
6.1 46.2 6.9 548 6.48 (33)

-85 -553 129 421 7329 89
345 96 -06 78 06 36 7.0 48 33 22 169 148 85
6.6 485 104 257 6.86 (26)

Lesnoy Cordon (CKS)
-7.7 -418 198 6132 772 7
2403 - 06 91 - - 52 141 - - 16 5 -
41 360 4.9 7.08 20.16 (6)
-125 -838 162 4468 314 6
3910 -4.2 - 104 -68 89 - 73 107 18 - 15 21

7.7 620 35 6.33 255 (5
-8.1 -51.0 139 4257 66.33 51

1020 -36 24 96 58 34 7.6 58 68 17 99 117 74
55 46.7 9.1 471 6.68 (44)

-6.3 -386 120 4389 7583 53

292 - 6.0 104 18 - 7.1 55 65 - 150 148 26
49 370 10.0 321 372 (45
Baityk (AA)
-5.2 -31.7 9.5 53.71 703 14
1497 - 24 174 39 - 7.2 38 54 - 43 27 5

6.1 398 35 6.55 10.14 (12)

-6.4 -35.0 159 47.09 4176 17
2798 -57 -12 176 26 74 6.2 29 52 15 12 17 36
6.8 448 4.6 7.67 18.62 (15)

-10.6 -70.0 146 3481 485 17
2521 -29 49 - 24 29 4.3 - 100 17 39 - 20
49 362 1.8 741 745 (15)

90 -562 158 4018 6891 67
565 -47 60 136 74 40 66 53 51 8 132 79 51
67 499 14 321 552 (58)

Oygaing (CHK)

-48 -307 7.7 5433 6829 39
1427 -41 09 132 - 45 27 57 - 36 16 143 -
57 421 124 633 894 (20)

-11.3 -825 75 4202 4801 37
1981 -83 21 151 00 49 5.6 62 64 59 100 12 32
71 557 103 862 1065 (19)

-9.4 -635 118 40.03 65.98 120
549 -41 30 128 -34 58 6.6 23 40 263 347 23 48
72 577 103 3.84 653 (61)
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3.5 Relative contributions of moisture sources to precipitation

The cluster analysis outcomes of the HYSPLIT back trajectories combined with the isotopic signatures were used to quantify
480 the relative contributions of the identified moisture sources to precipitation in the study region and to calculate the proportion
of recycled moisture using the three-component linear mixing model (Equations 4, 5 in Section 2.5). To reconcile the number
of synoptic groups with the three-component models, Groups 1, 2, and 3 were merged (westerly group) because, despite the
differences in directions, they were associated with the long-distance transport along the peripheries of depressions originating
over the Atlantic (Section 3.3). The three components of the mixing model (Equation 4) were: (i) 5a — precipitation formed
485 inland over the Aral basin (Group 4); (ii) g — local moisture (Group 5); and (iii) dc — precipitation associated with the Atlantic
depressions (Groups 1-3) and 8p was the mean seasonal value of the isotopic ratios (Fig.8). Using the UA catchment in DJF as
an example, the mean seasonal precipitation isotopic ratios (3p) are —134.5 %o for 8D and — 17.9 %o for 580, respectively. The
three components of mixing model isotopic ratios were: 5 (—121.6 %o for 8D and — 17.1 %o for 5'80), 8 (—91.9 %o for 8D and
— 12.7 %o for §*%0), and 8¢ (—154.3 %o for 8D and — 19.9 %o for 5'%0). In the UA, three groups of trajectories representing
490 three moisture sources were represented in each season and in CKS in all seasons except DJF when no local trajectories were

observed. Only two groups (sources) - local recycled moisture and the westerlies - were represented in the AA and CHK

catchments.
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495  Figure 8: The values of §*%0 (a) and 8D (b) characterising seasonal precipitation (8¢), precipitation originating over the Aral

basin (8a), locally formed precipitation (8g), and precipitation associated with the westerly transport (3c) for each basin.

The proportional contributions of the identified moisture sources were calculated for different catchments and seasons (Table
3). The westerly source was the main contributor to precipitation in the UA catchment in winter (54%) and in the UA and
500 CHK in summer at 49% and 73%, respectively. The Aral basin contributed 46% in the UA in MAM, and 71.2% and 67.3%
CKS in DJF and SON, respectively. In other seasons, the contribution from Aral basin varied between 29% and 37%.
Contributions of the locally formed precipitation ranged from 16 to 73% and this was the dominant source in CKS, located in
proximity to Lake Issyk Kul, in MAM and JJA. In AA, locally formed precipitation prevailed throughout the year and in CHK
in all seasons except JJA. The predominant contribution of local sources in CHK (70%) and AA (73%) over the westerly flow
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505 contribution (30% and 27%, respectively) in DJF was unexpected because to date, in climatological literature, westerly flow
was seen as the main source of precipitation in winter (Lydolph, 1977). We attributed the high contribution of local sourcse
to continuing evapotranspiration on the plains of Uzbekistan where temperature remain mostly positive in winter. There was
uncertainty about the separation of the locally formed precipitation from that forming over the Aral basin in CHK because the
catchment is a part of the Aral basin with extensive irrigation. We note that separation between sources was less clear in UA

510 in MAM and SON when precipitation maxima were observed (Fig. 1) and isotopic signatures of precipitation sourced locally
and associated with the westerly transport were very similar in their isotopic composition. We also note that the absence of

contribution local sources in DJF in CKS is artifact of the small number of samples collected in winter (n=7)

Table 3: Proportional contributions of moisture sources (%) to precipitation and standard errors (SE).

Aral Local Westerly

Catchment  DJF MAM JA SON DJF MAM JA SON DJF MAM JA SON

Mean (upper line) / SE (lower line)

29.1 457 29.6 29.5 16.5 29.3 21.6 36.0 54.3 25.0 48.8 345

UA
2.0 3.1 2.1 10.7 1.0 0.6 0.6 04 1.0 2.7 17 104
712 365 370 673 543 518 215 288 9.2 112 112
CKS )
16 34 04 5.1 1.9 0.6 5.9 16 42 0.9 08
733 541 536 5001 267 459 464 499
03 1.4 04 03 0.3 14 04 03
695 688 269 706 305 312 731 294
CHK - - - -

0.5 0.4 0.4 0.6 0.5 0.4 0.4 0.6

515 4 Discussion
4.1 Filling the gap in the global database of isotopic ratios and assessing regional trends in isotopic ratios and D-excess

An important achievement of this study is the development of an extensive database of isotopic ratios of precipitation and D-
excess for the mountains of CA which enabled analysis of geographical, altitudinal, and temporal patterns in isotopic
composition of precipitation and attribution of precipitation to regional sources. To date, very few measurements were
520 available outside the Chinese sector of the Tien Shan. Contributing these data to GNIP (IAEA/WMO, 2015) will improve the
representation of the CA mountains in the global high-resolution precipitation isoscapes database (Bowen and Revenaugh,
2003; Bowen et al., 2019; Terzer-Wassmuth et al., 2021), especially in the cold season when the differences between modelled
(Bowen, 2022) and measured ratios were highest (Fig. 2). The advantages of the developed dataset are: (i) a wide geographical
coverage from the northern Tien Shan (UA catchment) to the Gissar-Alay foothills (Dushanbe) (Fig. 1); (ii) sampling at
525 different elevations within two catchments because of the limited availability of such data globally (Pang et al., 2011; Natali
etal, 2022); and (iii) availability of the event-based precipitation samples enabling quantification of source region contributions
to CA precipitation. The measurements complied with the IAEA quality standards as confirmed by the analysis of the test
samples supplied by the IAEA (Wassenaar et al., 2021) assuring the quality of the isotope measurements performed in this

study.

19



(© Author(s) 2023. CC BY 4.0 License.

O

https://doi.org/10.5194/egusphere-2023-2030
Preprint. Discussion started: 19 October 2023 EG U
sphere

530 The spatial variability in 6*®0 and 8D in all seasons except autumn is characterised by an overall increase in isotopic ratios
from north (UA), where precipitation is more depleted, to south (CHK) (Table S1). This is different from the spatial trends
reported by Wang et al. (2016b) and Zhang and Wang (2018) for the Chinese Tien Shan where in winter, precipitation is less
depleted in the western and northern regions and more depleted in the inner and eastern sectors while in summer, there are no
clear spatial trends. Winter precipitation is more depleted (5*30 below —30%o) in the mountains and along the southern slope

535 of the Chinese Tien Shan (Feng et al., 2013; Wang et al., 2016b) than in our study area possibly because a number of the
Chinese sites are located in the isotopic rain shadow while sites used in this study are located on the upwind slopes (UA, CHK)
or near a large lake (CKS). Isotopic ratios of winter precipitation measured over the Tibetan Plateau are closer to the values
obtained in our study area than those obtained for the Chinese Tien Shan while summer precipitation appears to be more
depleted in Tibet where summer temperatures are lower (Liu et al., 2014; Sun et al., 2019).

540 The application of stepwise regression (Equations 6-7) showed that latitude is a statistically significant predictor of 5'¥0 and
3D in the overall dataset. Elevation and longitude are significant predictors in autumn and winter when westerly flow dominates
and the data from Wang et al. (2016b) also support this conclusion. Although we used the data from all sampling sites (Table
1), we note that the number of sampling sites was relatively small and sites in the CKS catchment were affected by Lake Issyk
Kul. Both factors limit the performance of the regression model. For comparison, Liu et al. (2014) used 29 sampling points in

545 a similar analysis in northern China. The model can be improved in the future using isotopic data from a wider range of
geographical locations, e.g. by combining the data sets from the CA and Chinese sectors of the Tien Shan and by including

the newly-established sites in the western Pamir where sampling commenced in 2023.

A clear seasonal cycle in the isotopic ratios is observed in every catchment with less depleted precipitation registered in summer
and more depleted in winter corresponding to the annual temperature cycle (Fig. 2). This is consistent with previous global
550 studies (Bowen et al., 2019; Terzer-Wassmuth et al., 2021) and results reported for the Chinese Tien Shan (Liu et al., 2014;
Wang et al., 2019). There was a strong positive correlation between the precipitation event-based isotopic ratios and air
temperature with coefficients of determination of 0.46 - 0.66 (except Tashkent) similarly to the Chinese Tien Shan (Wang et
al., 2017, 2022), northern Kazakhstan (Yapiyev et al., 2020), and other high- and mid-latitude regions (Gat and Gonfiantini,
1981; Gat, 1996; Rozanski et al., 2013; Putman et al., 2019). The §'0 and 5D changed by 0.62%o and 4.68%. per one degree
555 Centigrade, respectively, for the whole data set which is consistent with the results for the Upper Urumchi basin in the Chinese
Tien Shan (Pang et al., 2011). This consistency in links between temperature and isotopic rations enables reconstruction of
isoscapes using temperature data as a proxy. The maximum enrichment occurred between June in the south (e.g. CHK) and in

July-August further north while the lowest isotopic ratios were registered between November and February (Fig. 2; Table S1).

Previous studies in the Chinese Tien Shan and in the western Pamir showed that the annual cycle of D-excess was opposite to

560 those of 3*%0 and 8D with high values in the cold season and low values in summer (Pang et al., 2011; Wang et al., 2016b;
Zhang and Wang, 2018; Juhlke et al., 2019). In our study area, there was a clear distinction between the AA and CHK
catchments located in the west of the study area (72-74.5°E; Table 1) which matched the wider regional pattern, and CKS
(78°E) (Fig. 2c; Table S1). The annual D-excess cycle in the UA catchment in the north-east of the study area (43°N; 77°E)
was less pronounced. The distinguishing characteristic of CKS is its proximity to Lake Issyk Kul which does not freeze in

565 winter. The UA sampling site was located by a much smaller (~ 0.8 km?) mountain lake which freezes in winter. While
locations of sampling sites were to an extent defined by the practical aspects of long-term monitoring, the presence of lakes
complicates analysis of geographical patterns of D-excess.

The summer D-excess values in AA and CHK, calculated using unweighted precipitation, were as low as -3.5%o and similar
to D-excess values measured in Iran and Iraq (Juhlke et al., 2019). In CHK, low-intensity precipitation events dominated with
570 86% and 74% precipitation events producing less than 10 mm and 5 mm, respectively, in summer. At the same time, air

20



https://doi.org/10.5194/egusphere-2023-2030
Preprint. Discussion started: 19 October 2023 EG U
sphere

(© Author(s) 2023. CC BY 4.0 License.

temperatures were high even in the middle mountains, where most samples were collected (Fig. 1; Table 1), leading to a strong
sub-cloud evaporation effect. Sampling was conducted at three elevations in CHK (Fig. 3). In summer, the lowest mean D-
excess value of -3.9%o. was registered at Pskem site (1255 m a.s.l.) increasing to an average of 1.3%o at Oygaing (1490 m a.s.l.)
corresponding to decreasing air temperature and the distance that rain drops travel between the cloud base and land surface

575 (Natali et al., 2022). The mean summer D-excess value of 16.5%. in Tashkent (derived from two precipitation events only)
was inconsistent with the observed meteorological conditions. We suggest that Tashkent, located in the extensively irrigated
foothills and featuring urban irrigation, may exhibit higher D-excess values in summer due to the contribution of water re-
evaporated from the irrigated land. Similar oasis effects were reported by Wang et al. (2016a; 2016b) and Zhang and Wang
(2018), however, a larger number of samples is required to confirm this hypothesis for our study area.

580 In CKS, D-excess values fell below 10%o between January and April increasing to 20-22%o in August-September (Fig. 2c).
Evaporation from Lake Issyk Kul continues throughout the year. During the cold season, isotopic signature of precipitation
resulted from the combined effect of depleted moisture from distant sources and relatively enriched water vapour from the
lake. In the warm season, when precipitation is mostly associated with local trajectories, high D-excess values resulted from
strong evaporation (Bowen et al., 2012).

585 As expected, the isotopic composition of solid and mixed precipitation was highly variable at each site (Table S1) due to the
fractionation effect, while rainfall was characterised by the more consistent values (Fig. 4). This variability is a source of
uncertainty in modelling cold season isotopic ratios (Fig. 2) (Bowen, 2022). There was no statistically significant correlation
between isotopic ratios and event precipitation depth even in the arid CHK catchment. Previous studies conducted in the
neighbouring regions (Wang et al., 2018; Juhlke et al., 2019) and globally (Bowen, 2010; Bowen et al., 2019; Putman et al.,

590 2019) also concluded that this correlation was weak. Positive values of the difference between isotopic ratios of 3*%0 averaged
over warm (May-October) and cold (November-April) periods, derived from the application of Dansgaard (1964) method,
were similar to those obtained by Liu et al. (2014) for northern China where seasonal variations of air temperature of
approximately 30°C were similar to the study region, and confirmed that the temperature effect dominated over that of

precipitation depth.

595 4.2. LMWL

LMWLs were developed for the study area for the first time to complement those for the Chinese sector of the Tien Shan
(Wang et al., 2018). The availability of the LMWLs is particularly important in CA because it enables quantification of the
relative source contributions, including precipitation, to runoff (Bowen et al., 2018; He et al., 2019) and calculation of a lake

mass balance using isotopes (Yapiyev et al., 2020). Both are relevant to adaptation policies in this water-deficient region.

600 Application of the standard OLSR method to the data from individual catchments and seasons showed that higher slope values
were observed in winter and spring (7.6 — 8.4) when the air temperature is lower and relative humidity is higher, and when
precipitation peaks in spring. The lowest values (6.1 — 6.3) were observed in summer suggesting strong evaporation and a
contribution to precipitation from local recycled moisture (Fig. 4; Table S5). The CKS catchment featured strong seasonal
variations with the lowest slope value of 6.6 in DJF, pointing at evaporation from the Issyk Kul, and the highest value of 8.4

605 in spring. The seasonal variations in LMWL slope were consistent with those in the Chinese Tien Shan (Wang et al., 2018),
however it is difficult to compare spatial variations in the LMWL slopes because of a limited number of sites used in this
study. A clear north to south gradient in LMWL slope is evident based on studies in the Chinese Tien Shan with the lowest
values observed in the extremely arid Tarim basin (Wang et al., 2018). In our study region, the lowest summer and annual

values are observed in AA rather than in CHK catchment.
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610 Previous studies (Liu et al., 2014; Wang et al., 2018) demonstrated that low summer precipitation contributes to uncertainty
in modelling LMWL. For this reason, three derivations of the LMWL are available for GNIP stations by using OLSR, RMA
and PWLSR. Whilst there was not a statistically significant correlation between isotopic ratios and precipitation depth overall,
the potential effects of low-intensity precipitation on summer isotopic ratios and in more arid regions warrantied a comparison
of six different LMWL derivation methods. These covered using non-weighted and weighted precipitation and were applied

615 to the region as a whole and to the individual catchments by season (Fig. 5; Tables S6, S7). The differences in the LMWL
derived from the methods using non-weighted precipitation were small and not significantly different from the OLSR although
the best fit was obtained by using RMA method (Table S6-9). The difference between methods based on weighted and non-
weighted precipitation were small in all seasons except summer when the largest difference between methods was observed in
the AA and CHK catchments and in the rain-only sub-set (Fig. 5). The best fit was obtained using PWLSR method (Table S6-

620 9).

In the Chinese Tien Shan, similar differences between methods based on weighted and non-weighted precipitation were
observed between the southern Tarim basin and the northern Junggar region (Wang et al., 2018). However, AA is in the
northern part of our study area albeit in the inner Tien Shan. We, therefore, recommend that weighted precipitation and PWLSR
method are used to develop LMWL during the warm season when low amounts of rainfall are observed under high
625 temperatures in CA except in catchments located in the northern outer ranges of the Tien Shan such as the UA catchment in

the Ile Alatau and the Junggar region in the Chinese Tien Shan.

4.3 Main source regions of precipitation in Central Asia

In previous studies, isotopic composition of precipitation and D-excess were used to trace source regions of moisture either
using the isotopic signatures directly (Bershaw, 2018) or in combination with atmospheric trajectories (Crawford et al., 2013;
630 Wangetal., 2017; Zhang and Wang, 2018; Juhlke et al., 2019). There are limitations to the former approach in CA because of
its position in continental interiors away from the original marine sources of moisture, while the latter enables assessment of
synoptic controls over the isotopic composition of precipitation. In this study, we used atmospheric back trajectories to examine

atmospheric circulation controls using isotopic ratios and D-excess.

We experimented with trajectories of different duration finally limiting it to 120 hours to minimise uncertainty in HYSPLIT
635 modelling which increases strongly after this period of time (Draxler and Rolph, 2013). The mean water vapour residence time
in the atmosphere is estimated by many studies as 8 - 10 days although its global median value was estimated as approximately
five days (Van Der Ent and Tuinenburg, 2017). Therefore, limiting the length of back trajectories to 120 hours is not an issue
for the shorter local and Aral Sea region trajectories. However, the identification of source regions in the westerly group (1-3)
could be potentially affected especially in winter when water vapour residence time increases over the continental interiors in

640 the Northern Hemisphere compared to summer (Van Der Ent and Tuinenburg, 2017).

The westerly airflow transporting Atlantic moisture to the study region is widely acknowledged as the main source of
precipitation in CA based on studies of both climate (e.g. Shahgedanova, 2002) and isotope hydrology (e.g. Tian et al., 2007;
Feng et al., 2013). Our analysis showed that this pathway was detected in all seasons, however, the analysis also showed that
the contribution of local recycled moisture is substantial. To quantify the relative contributions of source regions to
645 precipitation, we attempted a new approach combining the use of back trajectories with two- and three-component mixing
models. One of the challenges of this approach was to reconcile the optimal number of trajectory clusters (five) with the mixing
model which had a maximum of three components. We, therefore, combined three trajectory groups associated with
depressions originating over the Atlantic and long-distance transport in a single group. Although groups 1 (north) and 3
(Middle East) have different isotopic signatures, they, as shown above, dominated in different seasons. Small number of

650 samples in a season or samples corresponding to some of the trajectory groups at individual sites contributed to uncertainty.
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For example, there were only seven samples in CKS in winter and results for this catchments and season should be treated
with caution. A wide range of isotopic signatures in SON resulted in large standard errors of the mixing model in this season
especially in UA (Table 3).

The mixing model results (Table 3; Fig. 8) showed that inland recycled moisture, originating from both the vast irrigated land

655 in the Aral Sea region and from the study catchments, is the predominant source of precipitation in the study area. Precipitation
maximum in all catchments occurs in MAM except UA where it peaks in May-July (Fig. 1). In this season, precipitation
associated with the local trajectories accounted for 52-54% in CKS and AA increasing to 69% in CHK. The Aral Sea region
contributed 46% and 37% in UA and CKS, respectively (Table 3). In UA, 30% and 22% of precipitation in JJA were associated
with trajectories originating over the Aral region. The westerly group made the largest contribution in UA in JJA (49%) and

660 DJF (54%), in AA in all seasons except SON (46-50%), and in CHK in JJA (73% of what is a very low precipitation total;
Fig. 1).

These results are consistent with Wang et al. (2017) who used back trajectories adjusted using specific humidity to show that
the terrestrial moisture evaporated from Europe and CA may be the main source of precipitation in the Chinese Tien Shan.
The results are also consistent with the outcomes of the moisture-tracking modelling studies. Tuinenburg et al. (2020) showed
665 that evaporation recycling (defined as the fraction of evaporation that precipitates in the same river basin it is evaporated from)
reaches 30-40% over the Tien Shan and its foothills. The annual mean of the distance which evaporated moisture travelled in
a longitudinal direction is about 2-6° (Tuinenburg et al., 2020) which is consistent with local trajectories (Table 2). Link et al.
(2020) assessed the fraction of precipitation that originated as evaporation from terrestrial sources and showed that, in

Kyrgyzstan, it reaches 61% making it one of the top 10 countries with the highest contributions from local, terrestrial sources.

670 We have identified a significant contribution of the local sources and the extensively irrigated lower reaches of the Amu Darya
and Syr Darya as well as over 80 artificial reservoirs located in this region (Xenarios et al., 2019) to precipitation in the Tien
Shan. These poses questions about the effects of both climate change including the observed and projected increase in
evaporation (Ren et al., 2022; Tuinenburg et al., 2020) and water management (Wei et al., 2013) on moisture cycling in CA.
Regional evapotranspiration was previously shown to provide a significant input in precipitation especially during dry periods
675 in the arid and semi-arid regions globally (Miralles et al., 2016). Water evaporated from the irrigated land contributes to
precipitation over the glacierized UA and CKS catchments (and possibly CHK) contributing to snow accumulation at high
elevations in MAM which is the main accumulation season in the region. This in turn, sustains seasonal snowpack and glaciers
providing water for irrigation. A modelling study by de Kok et al. (2018) suggested that increased irrigation in the Tarim basin
altered precipitation regime in a way that favoured glacier growth in the Kunlun Shan providing partial explanation to the
680 formation of the Karakorum-Kunlun-east Pamir anomaly (Farinotti et al., 2020). Our analysis of isotopic composition of

precipitation shows that the same mechanism may operate in some regions of the Tien Shan.

5 Conclusions

The sampling programme conducted in 2019 — 2021 in the Tien Shan and its foothills produced an extensive database of
isotopic ratios and D-excess filling a gap in isoscapes in the region where water cycle is highly sensitive to climate change.
685 The legacy of the programme is the installation of the Palmex Rain Samplers for the long-term collection of monthly
precipitation samples for isotopic analysis in three catchments (UA, CKS, and CHK) including samplers at two elevations
(700 m and 3438 m a.s.l. and away from the lake) in the UA catchment which will support further investigation in elevational
gradients in isotopic ratios and D-excess. The LMWLs were developed for the region as a whole and for the individual
catchments and seasons. The use of the weighted precipitation and the PWLSR method is recommended in the warm season
690 especially in the southern part of the region, while unweighted precipitation can be used in the cold season and in the outer
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ranges of the northern Tien Shan using OLSR and RMA methods to derive LWWLs. The back trajectory analysis enabled the
identification of the main source regions of moisture which include distant (the Black and Caspian Seas region, Iran, and
northern Kazakhstan - Siberia), regional (lower reaches of the Amu Darya and Syr Darya rivers) and local (study catchments)
sources. For the first time, we applied mixing model to quantify contributions of these sources to precipitation. Although the

695 model will benefit from a longer sampling period, its results were consistent with those of the moisture tracking models. An
important finding was that a combined contribution of the inland re-evaporated moisture from the irrigated land in the Aral
basin and local moisture recycling exceeded the contribution of the longer-distance transport associated with westerly
depressions. This finding highlights strong water loss and inefficient water management in the region. It also suggests that
irrigation sustained by snow and glacier melt and associated increase in evapotranspiration may benefit glacier mass balance,

700 an issue which will require further investigation. Further work to improve the spatial density of sampling sites and increase
the number of samples, especially is the inner Tien Shan and the Pamir is needed to help confirm the findings.
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