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Abstract. A first systematic study of the isotopic composition of precipitation on the
Crimean Peninsula was carried over the period of 58 months at two stations located on the
Crimean Piedmont (Simferopol, 290 m a.s.l.) and on the northern slope of the Main Range
of the Crimean Mountains (Chatyr-Dag, 980 m a.s.l.). Oxygen and hydrogen isotope values
of these stations yielded a Crimean Local Meteoric Water Line: 62H = 7.3 880 + 4.8; r2 =
0.97. The isotopic composition of precipitation at the two stations is partly (25 % and 39
%, respectively) correlated with the local air temperature, but the degree of this
correlation shows large temporal variability. No correlation between isotopic composition
and precipitation amount was observed. Far-field controls, such as changing sources,
supplying moisture for the Crimean precipitation, or varying strength of the North Atlantic
Oscillation do not influence the isotopic composition of precipitation in Crimea on these

short time scales.
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1 Introduction

The stable isotopic composition of atmospheric precipitation represents important
“baseline” information for numerous hydrogeological, climatological and ecological
applications, ranging in scale from global (e.g., isotope-enabled general circulation models)
to local (e.g., delineating catchment areas, municipal water use planning). Knowledge of the
factors controlling the isotopic composition of precipitation is also indispensable for
paleoclimatological studies using, for example, calcite of speleothems or cellulose of wood.
For areas where no empirical data are available, this information is derived through
extrapolation from observation stations (Bowen and Ravenaugh, 2003). At sites where the
controlling factors are well understood (e.g., continental rain-out effect, latitude effect) the
isotopic composition of precipitation can be predicted with high confidence. Sites located in
more complex environments, e.g. near large water bodies, are controlled by additional
factors and the isotopic composition of precipitation is less predictable in such areas. Quite
commonly such sites defy interpolations (e.g., eastern Alaska, the Himalayas, and eastern
and Saharan Africa; Bowen and Ravenaugh, 2003) and empirical data (i.e., long
instrumental time series) are indispensable.

The Global Network of Isotopes in Precipitation (GNIP; IAEA/WMO, 2006) represents
a milestone in collecting hydrogen and oxygen isotope data of modern precipitation on a
worldwide basis. Many countries also maintain regional networks (e.g., Switzerland,
Germany and Austria). In recent years a significant number of “local” time series of
isotopes in precipitation have been acquired from settings ranging from continental (e.g.,
eastern Hungary and eastern Mongolia; Vodila et al., 2009; Yamanaka et al., 2006) to
oceanic islands in the monsoon climate (Okinawa; Uemura et al., 2012). This emerging
body of local time series shows that the commonly presumed primary controlling factors,

temperature and precipitation amount, play a role at some sites, but other factors, such as
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moisture recycling, transient eddies and changing moisture sources exert the dominant
control.

The Crimean Peninsula is surrounded by vast expanses of water, the Black Sea and
the Sea of Azov, and has an extensive land mass in the north. The closest GNIP stations
(Odessa, Ukraine; Rostov-na-Donu, Russia; Sinop and Rize, Turkey) are located 300 to 700
km away and are separated from Crimea by the sea. Although the meteorology and
hydrogeology of the peninsula are reasonably well understood (Barabanov et al., 1970;
Pershin, 1978; Lushchik et al., 1981; Vyed’, 2000), no systematic stable isotope studies of
precipitation have been performed so far. The only data were obtained in 1977-1979
(Seletsky et al.,, 1982) and comprise 34 oxygen isotope measurements from four rain
gauges. These data should be used with caution, because the sampling was discontinuous,
with warm-season precipitation being over-represented (23 vs. 9 measurements from the
cold season).

The aims of this study were to: (1) acquire a representative dataset characterizing the
isotopic composition of precipitation in Crimea and (2) to evaluate the controlling factors.
To accomplish the first task, two precipitation sampling stations were installed on the
northern slope of the Crimean Mountains and a 58 month-long data series was obtained
between 2009 and 2016. The location of the stations was chosen to characterize the two
main physiographic and climatic regions of Crimea which also play an important role in
regional groundwater recharge. To assist the evaluation of the controlling factors, we
undertook an assessment of the moisture sources of Crimean precipitation using the

Lagrangian moisture source detection method.
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2 Physiography and climate of Crimea

2.1 Physiography

Occupying an area of 27,000 km?, the Crimean Peninsula comprises two main
physiographic provinces, the Crimean Plains and the Crimean Mountains (Fig. 1). The
plains occupy two thirds of the peninsula in the north, and their topography varies from
fairly flat in the center to rolling plains and low hills on the Tarkhankut and Kerch
peninsulas. The Crimean Mountains comprise (from north to south) the Outer, the Inner,
and the Main Ranges. The Outer and the Inner Ranges are also collectively known as the
Crimean Piedmont (Predgorje). They have the shape of'a cuesta, i.e. showing a gentle slope
on the northwestern side and steep cliffs on the southeastern side. The Outer Range gently
rises from the Crimean plains to a maximum elevation of 340 m. To the southeast of the
intermontane depression, the more prominent Inner Range rises further, reaching a
maximum elevation of 560 m.

The Main Range has an asymmetrical structure with a much steeper slope on the
south side and a series of plateaus known as yailas (from Turkic yaylagh for summer
highland pasture). The yailas are subdivided into a western and an eastern group,
separated by the Angarsky Pass. The western yailas (Baydarskaya, Ay-Petrinskaya,
Yaltinskaya, Nikitskaya, Gurzufskaya, Babugan, and Chatyr-Dag) constitute the highest
parts of the mountains, with elevations ranging between 700 m and 1,400 m. The eastern
yailas (Demerdzhi, Dolgorukovskaya, and Karabi) are somewhat lower, with maximum
elevations mostly between 700 m and 1,250 m. The yailas represent karst plateaus built up
of Upper Jurassic and Cretaceous limestones resting on basement rocks and their surfaces

feature rolling hills and karstic depressions.



96 2.2.Climate

97 Crimea can be subdivided into three broad regions characterized by different types of
98 climate: (1) the plains with an arid climate, (2) the Crimean Mountains with a moderately
99 warm and humid climate, and (3) the south coast with a Mediterranean-type climate
100 (moderately warm with dry summers; Vyed', 1999). Based on relationships between
101 temperature, relative humidity and wind characteristics, Crimea can also be subdivided
102 into six mesoclimatic regions (Logvinova and Barabash, 1982): I - Coastal, Il - Near-shore,
103 III - Flat steppe, IV - Hilly flats, V - Southern Piedmont, and VL = Crimean Mountains (Fig.
104 1).
105 The main factors controlling the climate of Crimea are solar radiation, atmospheric
106 circulation, topography and the surrounding seas. Being located between 44° and 46° N,
107 Crimea experiences significant differences between summer and winter radiation, which
108 results in a broad range of seasonal temperatures. Atmospheric circulation over Crimea is
109 controlled by seasonal interactions between the Polar Jet Stream and the Siberian High
110 (Cordova, 2015). Westerly winds drive mid-latitude cyclones from the Atlantic Ocean
111 across continental‘Europe or across the Mediterranean Sea toward Crimea. According to
112 Vyed', (2000), about 75 % of the air masses arriving at Crimea originate in the Atlantic
113 Ocean, some 10 % are related to periodic invasions of cold fronts from northern latitudes,
114 warm and moist air from the Mediterranean Sea contributes additional 8 %, and the
115 remaining 7 % is represented by dry air originating in Asia. The atmospheric circulation
116 patterns exhibit a pronounced seasonality. Winter circulation is controlled by the Asian
117 anticyclone; cyclones arriving from south and southwest transport maritime subtropical
118 air from the Mediterranean Sea. Early spring circulation is characterized by western
119 cyclones, which in late spring give way to southern and southwestern cyclones, bringing

120 warm air from the Mediterranean and the Black Sea. Summer circulation is commonly
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affected by a large high pressure system above the southern Ukraine. The pressure
gradient diminishes in summer, leading to the development of local southwestern winds,
northern night sea breezes and sporadic northeast storms, resulting from the interaction
between the Azov Sea and the heated land surface on the peninsula. The autumn
circulation is similar to the spring one, but evolves into an opposite sequence.

Local topography, particularly the high mountain chain in the south of the peninsula,
affects the atmospheric circulation. The interplay between global atmospheric circulation
and the relief results in a highly heterogeneous distribution of precipitation over Crimea.
The latter varies between 250 mm in the northern, steppe parts of the peninsula and
>1000 mm in the Crimean Mountains, increasing by ca. 60 mm per 100 m of altitude (Vyed’,
2000; Fig. 2). Because most of the cyclones arriving at Crimea move from west to east or
from southwest to northeast, the southwestern part of the peninsula receives most
moisture. The combined effect of global circulation and local topography results in higher
precipitation in the mountains in the west than in the east.

A cursory summary of air circulation patterns presented above (based on Vyed’,
2000) indicates that the latter are highly variable, and that air masses bringing moisture to
Crimea may follow very different paths. Air masses may travel for ca. 3000 km across the
European continent; alternatively, they may cross the large water bodies of the
Mediterranean, Black and Azov Seas. This means that different moisture sources, affected
also by varying degrees by en-route transformations (rain-out and recycling by
evaporation and evapotranspiration) are expected to contribute in a complex manner to

the overall isotopic composition of precipitation on Crimea.
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3. Isotopic composition of meteoric precipitation in Crimea

3.1. Sampling and analysis

Meteoric precipitation was sampled in the city of Simferopol (Nov 2009-Mar 2016)

and on the lower plateau of Chatyr-Dag (Oct 2010-Jun 2014). Precipitation was sampled

following GNIP recommendations (IAEA/GNIP, 2014). Isotopic analysis of water samples

was performed at Innsbruck University. Details of sampling and analytical procedures can

be found in Supplement. Data on air temperature and precipitation amounts were obtained

from the two WMO weather stations located at the Simferopol airport and the Angarsky

Pass (Table 1). The weather stations are located in close vicinity to and within the same

mesoclimatic regions as the precipitation sampling sites (Fig. 1). Therefore, meteorological

parameters measured at these stations (averaged on a monthly scale) provide robust

approximations of the parameters at our precipitation sampling sites.

Table 1: Precipitation sampling and weather stations used in this study

Station wMO" Latitude Longitude Altitude  Distance from isotope
ID (ma.s.l.) sampling station

Simferopol n/a N 44.98° E 34.15° 290 n/a

Simferopol 33946 N 45.0522°  E 33.9753° 180 12 km WNW of

airport Simferopol station

Chatyr-Dag n/a N 44.80° E 34.29° 980 n/a

Angarsky Pass 33958 N 44.7556°  E 34.3411° 765 6 km SSE of Chatyr-Dag

station

(*) WMO World Meteorological Organization; n/a not applicable.



158 3.2.Crimean Local Meteoric Water Line

159 In his pioneering work, Craig (1961) demonstrated that globally, the relationship
160 between the hydrogen and oxygen isotopic composition of precipitation can be described
161 by alinear function, referred to as the Global Meteoric Water Line (GMWL):

162 &*H = 8-880 + 10. Regional precipitation may deviate from this global relationship

163 resulting in Local Meteoric Water Lines (LMWL). For example, the LMWL for the

164 Mediterranean region is 62H = 83180 + 22 (Gat. 1980; 1982), i.e. this region is

165 characterized by a significantly higher deuterium excess (d-excess), reflecting intense
166 evaporation of the Mediterranean seawater.

167 LMWLs for Crimea were established for the first time based on the acquired time
168 series (67 months for Simferopol and 44 months for Chatyr-Dag; Fig. 3). Both lines have
169 very similar slopes and intercepts: 82H = 7.3 180 + 5.1 (Simferopol) and

170 8?H = 7.3 880 + 4.8 (Chatyr-Dag). The composite Crimean LMWL is §2H = 7.3 8180 + 4.8

171 (r2=0.97).

172 3.3. Annual and seasonal isotopic effects in precipitation

173 3.3.1. Annual effects

174 Amount-weighted annual precipitation means were calculated for the years with no
175 ~gaps in the record (Table 2). As expected, precipitation at the Chatyr-Dag station, located
176 some 700 m higher than the Simferopol station, is depleted in both isotope values (0.7 to
177 1.7 %o 880 and 3.1 to 13.2 %o 62H). Annual means vary from year to year by up to 1 %o
178 3180 and 10 %o &%H.

179



180 Table 2: Amount-weighted annual mean isotope composition of precipitation

181

182

183

184

185

186

187

at Simferopol and Chatyr-Dag

Year Precipitation Weighted annual mean
(mm) 3%0 %) &H (%o)
Simferopol
2011 391 -1.5 -52.0
2012 316 -8.5 -57.3
2013 533 -8.1 -55.8
Chatyr-Dag
2011 1097 -8.2 -55.2
2012 733 -10.2 -70.5
2013 719 9.1 -59.5
Difference Chatyr-Dag—Simferopol
2011 706 -0.7 -3.1
2012 417 -1.7 -13.2
2013 186 -1.1 -3.7

3.3.2. Seasonal effects

In Crimea, the period November-March represents the cold season while April-

October corresponds to the warm season (Vyed’, 2000). The difference in isotopic

composition of precipitation between the two seasons is highly variable from year to year

10
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(Table 3).

Table 3: Precipitation amount, mean temperature and amount-weighted seasonal mean isotope

composition of precipitation at Simferopol and Chatyr-Dag
Precipitation Inter- Inter-
Year amount (mm)/ 880 (%o) seasonal &H (%0) seasonal
T (°O) difference difference
Cold Warm  Cold Warm 880 (%o) Cold Warm AD (%o)
Simferopol
2011 163/4 28517 9.4 13 2.1 59.9 514 -8.5
2012 151/1 159/20 -10.4 -5.4 -5.0 =732 =345 -38.7
2013 176/4 306/18 -8.3 -8.1 -0.2 -55.6 -559 +0.3
2014 120/4 205/18 -8.5 -7.8 -0.7 -59.7 547 -5.0
Chatyr-Dag
2011 368/2 522/13 -8.4 -7.4 -1.0 -50.8  -49.7 -1.1
2012 357/-1 286/16  -13.3  -6.2 7.1 952  -404 -54.8
2013 134/3 218/14 9.1 -9.6 +0.5 -58.6  -62.3 +3.7
2014 184/3 9.1 -64.8
Note: Cold season = November-March, warm season = April-October; the cold season of 2011 started in
November 2010.
The inter-seasonal difference in the stable isotope composition seems to be inversely

correlated with the difference between mean seasonal temperatures (statistical
significance of this correlation cannot be ascertained due to low number of observations).
The difference was the highest in 2012 when the cold-season &*H values were 39 %o and

55 %o more negative (for Simferopol and Chatyr-Dag, respectively) than those of the

11
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warm-season precipitation. The mean cold season temperature for this year was 18 and
17°C lower than that of the warm season (for Simferopol and Chatyr-Dag, respectively). In
contrast, there was only a very small difference (and even an inversion at the Chatyr-Dag
station) between cold- and the warm-season precipitation in 2013. The respective seasonal

differences in temperature were 14 and 11°C, respectively.

3.4. Lapse rate

Considering the difference in altitude between the sampling sites (690 m), it is
possible to assess the 6180 and 82H lapse rate at the northern slope of the Crimean
Mountains. In 2011-2013, the lapse rate ranged between -0.10 and -0.25 %o0/100 m
(average -0.17£0.07 %o0/100 m; 15) for 880 and between -0.46 and -1.92 %o/100 m
(average -1.0£0.8 %0/100 m) for 82H. The 580 lapse rate is just slightly smaller than the
average for Europe (-0.21 %0/100 m; Poage and Chamberlain, 2001) and the global
average (-0.2 %o0/100 m; Bowenand Wilkinson, 2002). An earlier study by Seletsky et al,,
(1982) reported 8180 lapse rates for the southern and the northern slopes of the Main
Range of the Crimean Mountains of -0.26 %0/100 m and -0.14 %o0/100 m, respectively. For
the three stations used in that study (at 300, 660 and 1100 m a.s.l.) the isotopic data,
however; did not cover the entire year and the accuracy of the reported lapse rates is

therefore compromised.

3.5. Time series

In this section we present a brief evaluation of the data. More detailed statistical data
analysis is presented in Dublyansky et al., (2018). In the subsequent text the significance of
correlation is assessed by comparing the calculated values of the Pearson’s moment-
product correlation coefficients r with critical values, corresponding to a certain

significance level (o). To make the verbal description uniform, strength of correlation is

12



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

classified as very strong if r > 0.8, strong if r = 0.6 to 0.8, moderate if r = 0.4 to 0.6, and weak

and very weak if r = < 0.4 (Evans, 1996).

3.5.1. Air temperature

The monthly temperature pattern at Simferopol and Chatyr-Dag shows a strong
seasonality, with mean 2010-2014 temperatures of the three warmest months (June-
August) of 22.9£1.7°C (Simferopol) and 19.0£1.8°C (Chatyr-Dag; 16) and those of the three
coldest months (December-February) of 1.5£2.9°C (Simferopol) and 0.4+2.6°C (Chatyr-
Dag). The temperature range is 31.5°C (Simferopol) and 27.0°C (Chatyr-Dag).
Temperatures measured in Simferopol and Chatyr-Dag show a very strong correlation (r =
0.99) over the 58-month observation period. Correlation is also very strong on short time
scales (Fig. 4). On average, the temperature on Chatyr-Dag was 2.4 °C lower than in
Simferopol. The difference is larger for the warmest months (3.9°C) and smaller for coldest

ones (1.1°C).

3.5.2. Precipitation amount

Within the observation period (2010-2014) the precipitation amount recorded at
both stations does not show any seasonality. The weather station Angarsky Pass, located in
the Crimean Mountains mesoclimatic region (Fig. 1), receives on an annual basis 41-56 %
more precipitation than Simferopol (the Hilly Flats mesoclimatic region). Although overall
monthly precipitation amount at the two stations exhibits a significant and strong
correlation (r = 0.68), this correlation varies dramatically on shorter time scales (Fig. 4).
For 2010-2012 the degree of correlation between the precipitation amount at the two
stations was significant in summer and deteriorated to insignificant levels in autumn and
winter. In 2012-2013 this trend reversed and, except for a very short period at the

beginning of 2014, precipitation amounts at the two stations were very poorly correlated.

13
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3.5.3. Isotopic composition of precipitation

Overall, the time series of 6180 and &?H shows a seasonal pattern, with minima
associated with cold periods and maxima with warm periods. This seasonal pattern,
however, is not stable. For the observational period (45 month) the isotopic composition of
precipitation at the two precipitation sampling sites shows a strong and statistically
significant correlation (r = 0.72 for 6180 and r = 0.68 for 82H). On shorter time scales,
however, this correlation is more variable, often falling below significant levels for several

months (Fig. 5).

3.5.4. Deuterium excess

Deuterium excess (d-excess = 62H - 85180; Dansgaard, 1964) varies between -0.5 and
20.4 %o and shows some seasonality, tending to be larger during cold months (December-
February): 11.5£3.6 %o and 13.5%4.0 %o in Simferopol and Chatyr-Dag, respectively and
smaller in warm months (June-August): 5.1£3.5 %o and 7.9+3.1 %o (uncertainty is 16). The
long-term (45 months) average value of d-excess is slightly smaller in Simferopol than in
Chatyr-Dag (9.2 vs: 11.1 %o, respectively). The parameter shows a strong, statistically
significant correlation between the sites (r= 0.70). As with other parameters, this
correlation is variable on shorter time scales. It was strong and significantin 2011 and

insignificant for most of 2012 and 2013 (Fig. 6).
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4. Lagrangian moisture source detection

The origin of moisture on the Crimean peninsula was evaluated using a Lagrangian
moisture diagnostics method implemented in the LAGRANTO code (Wernli and Davies,
1997), further developed by Sodemann et al., (2008) to allow demarcation of evaporative
moisture sources. The model calculates backward trajectories of air parcels and weighs the
moisture change (evaporation or precipitation) along the trajectories by their contribution
to the local precipitation in the target area. Details of the method are described in the
Supplement. Modelling was based on the global atmospheric reanalysis ERA-Interim
dataset (spatial resolution 0.75°, temporal resolution of 6 hours) of the European Centre
for Medium-Range Weather Forecasts. This moisture source detection technique allows
identification of 51 % of the moisture responsible for the precipitation in the target region.
The origin of moisture incorporated at the trajectory starting position (5 %) and derived
from above the planetary boundary layer (44 %) remains indeterminate.

In our model trajectories start at the nodes of a 0.75° regular grid, located between
44.25° and 45.75°N and 33.75°-34.50°E, at equally spaced levels (Ap = 49.9 hPa) from the
surface to 500 h Pa above ground level. A starting grid, thus, defined 66 trajectories per
time step. The 15-day backward trajectories were calculated with 6 hour time steps.
Humidity content and relative humidity were monitored along the trajectories and areas of
moisture uptake or loss (precipitation) were identified. The subset of trajectories that
resulted in precipitation over Crimea was used for post-processing.

The results of moisture tracking for the period 1979-2017 (Fig. 7) allow for several
observations to be made. The overall shape of the moisture supplying region is elongated
toward west, attesting for some degree of long-range westerly moisture transport. A closer
look, however, reveals that the intensity of moisture supply from areas immediately
surrounding Crimea is significantly higher than that of remote sources (e.g., Northern

15
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Atlantic). Importantly, moisture of the Crimean precipitation is derived not only from sea
surfaces, but also from the surrounding land (Anatolia, Balkans, southern Ukraine, and
Caucasus).

In order to quantify contribution from different sources, the whole area from which
the Crimean moisture is derived was subdivided into eight source areas: Black Sea, Sea of
Azov, Mediterranean Sea, Caspian Sea, Baltic Sea, Northern Atlantic Ocean, land (the
surrounding land surfaces, where moisture supply is due to moisture recycling by
evaporation and evapotranspiration), and other sources (sum of areas of moisture supply
outside the listed areas). The share of each source in the moisture supply to Crimea was
determined by integrating the evaporative contribution (in mm/months) over the
respective source areas. Calculations for 2010-2015 were made on a monthly basis, in
order to match the discretization of meteorological and stable isotope data.

Overall, four sources contribute about 92% of the (detectable by the Lagrangian
tracking) moisture to Crimea: the surrounding land (49%), the Mediterranean Sea (15%),
Black Sea (14%) and the Atlantic Ocean (14%). Contributions of each of the three
remaining sources (Sea of Azov, Caspian Sea and Baltic Sea) do not exceed 3%.

Supply of moisture from the major sources exhibits a pronounced seasonality (Fig. 8).
During the warmest months of the year (June-August) 71+12% of the moisture in Crimean
precipitation originate from the surrounding land (as a result of evaporative and
evapotranspirative moisture recycling). Contribution of the land source reaches a
minimum but remains substantial (ca. 24+5%) during winter (December-February). In
winter, most of the moisture (5510%) is supplied by the combined input of Atlantic Ocean
and the Mediterranean Sea, whereas during summer contribution of these sources drops to
ca. 5% or less. The only major source that does not show a statistically significant

seasonality is the Black Sea; its pattern of moisture supply is noisy, but the contribution

16



315 tends to be somewhat smaller and more uniform during the first half of the year (January-

316 June) and greater and more variable during the second half (July-December).

317 5. Discussion: Controls on the isotopic composition of precipitation in

318 Crimea

319 Two parameters, air temperature and precipitation amount, are known to be most
320 important controls of the isotopic composition of precipitation worldwide (Gat et al.,

321 2001). In particular, variations in the local temperature (or the closely related parameter of
322 the precipitable water content) are the dominant parameter (Yurtsever, 1975; Fricke,

323 O'Neil, 1999). At stations situated in mid-continental settings the isotopic composition of
324 precipitation typically follows the seasonal air temperature cycle (Gat et al., 2001). In

325 tropical regions, on the other hand, the isotopic composition scales negatively with the
326 amount of precipitation (Dansgaard, 1964; Gat et al.,, 2001). Given Crimea’s setting as a
327 peninsula adjacent to the Black Sea, both seasonal temperature and precipitation amount
328 should exert a control on the isotopic composition of precipitation. On another hand, we
329 found that sources supplying the moisture in the Crimean precipitation change seasonally
330 between predominantly continental in summer to predominantly maritime

331 (Mediterranean Sea and Atlantic) in winter. This change may also be, at least partly,

332 responsible for the seasonal change of stable isotope properties in Crimean precipitation.

333 5.1. Evaluation of variables

334 Two variables for which we will try to identify controls (dependent variables) are the
335 !80 and d-excess. It is noteworthy that there is statistically significant, moderate

336 correlation between them (r=-0.55 and -0.52 for Simferopol and Chatyr-Dag,
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respectively), i.e., about 27-30% of the variability of one parameter can be explained by the
variability of the other.

To assess the possible controls of the meteorological parameters (air temperature T
and precipitation amount ppt) and the moisture sources on the dependent variables we
calculated Pearson'’s coefficients of correlation for the 45 month-long time series. Results
are summarized in Table 4. For the purpose of the regression analysis T, ppt, and
contributions from different moisture sources will be treated as independent variables

(predictors).
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346 Table 4. Pearson’s moment-product correlation coefficients r for the isotopic parameters of
347 precipitation, meteorological parameters and moisture sources in Simferopol and at Chatyr-Dag

348 (monthly means; Oct 2010 — Jun 2014)

8'"%0 d-exess T ppt

Simferopol
§"*0 1
d-exess -0.548 1
T 0495 -0.468 1
ppt -0.143  -0.059 0.039 1
Land 0.458  -0.545 0.789 0.158
Med+Atl -0.445 0457 -0.849  -0.060

Black Sea -0.008 0.136 0.151 -0.214

Med. Sea -0.259 0.362  -0.595 0.051
Atlantic -0.394 0.297 -0.639  -0.150
Chatyr-Dag

"0 1

d-exess -0.522 1

T 0.628  -0.383 1

ppt -0.158 0.191| -0.121 1
Land 0.505  -0.534 0.783  -0.023
Med+Atl -0.529 0424  -0.852 0.138

Black Sea 0.064 0.237 0.163 -0.223
Med. Sea -0.299 0.386 -0.572 0.152

Atlantic -0.478 0220 -0.669 0.043

349 Notes: Values below significance level (0t=0.05; rqit = 0.296) are shaded. Highest values of r for each

350 dependent variable are in bold.
351

352 It can be seen from Table 4 that the correlation between T and ppt is very weak and

353 statistically insignificant (r = -0.04 and -0.12). These two parameters can therefore be
19
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considered independent. In contrast, the time series of sources of moisture contributions
are not entirely independent. Sources land and Mediterranean Sea + Atlantic exhibit a
strong anti-phase seasonal cyclicity (Fig. 8). Together they contribute 75t11% of the total
moisture, which results in very strong negative correlation between them (r = -0.88; Table
5).

Table 5. Pearson’s moment-product correlation coefficients r for contributions of different moisture

sources to precipitation in Simferopol and at Chatyr-Dag (monthly means; Oct 2010 — Jun 2014)

Land Med+Atl | BlackSea | Med.Sea | Atlantic
Land 1
Med+Atl -0.884 1
Black Sea -0.245 -0.224 1
Med. Sea -0.667 0.761 -0.152 1
Atlantic -0.612 0.686 -0.175 0.050 1

Notes: Values below significance level (0:=0.05; r¢i = 0.296) are shaded. Med+Atl is the sum of

contributions of the Mediterranean Sea and the Atlantic.

Similar, albeit weaker effects are observed if the two sources, Mediterranean Sea and
Atlantic, are considered separately. Being mutually uncorrelated (r = 0.05), each shows a
strong negative correlation with the land source (r =-0.67 and r = -0.61, respectively). The
land and the Mediterranean+Atlantic sources, therefore, are complementary; only one of
them will be used in analysis.

A strong correlation also exists between the land and the Mediterranean+ Atlantic
sources and the temperature at Simferopol and Chatyr-Dag (r=0.79 and 0.78, and r = -0.84
and -0.85, respectively). These variables also cannot be considered entirely independent.
Both are related to seasonality, which represents the complex nonlinear response of the
physical climate system to annual solar forcing. Despite the fact that in case of air
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temperature this forcing operates more locally and directly (solar radiant exposure in
Crimea ranges from 4.7-5.2 -108 ] /m2 in June to 4.0-6.0 -107 ] /m2 in December; Vyed’,
2000), while in case of the seasonally changing moisture sources it operates globally, by
affecting atmospheric circulation, the effects seem to be linked. The common forcing
expresses itself as multicollinearity when constructing the multiple regression models. Out
of the four major sources of humidity only the Black Sea is entirely independent of all other

sources.

5.2. Oxygen isotope

The 6180 value of precipitation exhibits no statistically significant correlation with
precipitation amount (r = -0.14 and -0.16). In contrast, the correlation with air temperature
is significant (r = 0.50 and 0.63), indicating that between 25% and 39% of the 880
variability can be explained by variations in T. Interestingly, the correlation for Simferopol
is substantially worse than for Chatyr-Dag.

As was discussed above, the temperature and variables describing the moisture
sources land and Mediterranean + Atlantic exhibit multicollinearity. The two remaining
independent variables, precipitation amount and the Black Sea source, exert a statistically
insignificant control on 6180 of Crimean precipitation. Therefore, the multiple regression
equations can be reduced to linear regressions: 680 = 0.16 T - 9.07 (%o) for Simferopol
and 080 = 0.25 T - 10.49 (%o) for Chatyr-Dag. These empirical equations differ
substantially from the relation for North Atlantic and European GNIP stations reported by
Yurtsever (1975): 880 = (0.521£0.014) T - (14.9610.21). Coefficients of determination
r2=0.25 and r2 = 0.39 (Simferopol and Chatyr-Dag, respectively) indicate that only 25%

and 39 % of variability in 8180, respectively, can be explained by variations in T.
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5.3. Deuterium excess

Deuterium excess is sensitive to moisture source conditions (specifically, the relative
humidity at the ocean surface during evaporation; Merlivat and Jouzel, 1979; Johnsen et al.,
1989; Pfahl and Wernli, 2008; Pfahl and Sodemann, 2014) and, therefore, is suitable for
assessing the origin of water vapour. High d-excess values reflect fast evaporation (low RH)
and stronger kinetic isotope effects during evaporation; low d-excess reflects slow
evaporation in conditions of high RH (Clark and Fritz, 1997). For example, European
precipitation originating in the Mediterranean Sea has higher values of d-excess = +22%o
(Gat and Carmi, 1970), while precipitation of Atlantic provenance has lower d-excess =
+10%o (Craig, 1961). The d-excess of precipitation can also reflect processes of terrestrial
moisture recycling: evaporation from the ground (bare soil, surface water bodies) leads to
the increase in d-excess (Salati et al., 1979; Gat and Matsui, 1991) while evapotranspiration
and condensation have no effect (Gat, 2005).

It is becoming increasingly apparent, however, that the concept delineated above
might be too simplistic. For example, Rank and Papesch (2005), Froehlich et al. (2008) and
Hager and Foelsche (2015) reported that the seasonal pattern of d-excess in Austria is
different for stations located in valleys and on the mountains, even if the horizontal
distance between them is only a few kilometers. These authors also found no significant
difference in d-excess at stations located on the northern and the southern side of the Alps
(i.e., affected by different moisture sources). They suggested that these aberrations reflect
secondary fractionation processes which occur when moist air masses ascend slopes of
mountains so that the altitude effect and the effect of sub-cloud evaporation mask and
distort the initial isotopic moisture source signal.

Over the entire period of observation in Crimea (45 months) d-excess shows a

statistically significant, moderately negative correlation with the contribution from the
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land moisture source (r = -0.55 and r = -0.53 for Simferopol and Chatyr-Dag, respectively).
Attempts of correlating the measured d-excess with the precipitation source land at shorter
time scales was unsuccessful (Fig. 9). A statistically significant correlation is present in
13% and 25% of the time (Simferopol and Chatyr-Dag, respectively; at o = 0.05). The
pattern is not stable on a year to year basis. Correlations are higher for warm months of
2011 and 2012, when the contribution of the land source was highest. In 2013, however,
the highest contributions from land showed statistically insignificant correlation with d-
excess.

The absolute values of d-excess of the land source are variable, ranging between -0.6
and 19.1 %o. For warm months, when the contribution from this source is highest, mean d-
excess values range between 7.0-7.614.6%o for Simferopol and 7.8-8.7£3.6%o for Chatyr-
Dag (10). These values represent the best approximation of the d-excess “fingerprint” of the
land moisture source. Evaluating the fingerprint for other major moisture sources is not
possible, because the share of individual sources in Crimean precipitation is almost always
less than 50%.

On average, d-excess is ca. 1.8 %o greater in Chatyr-Dag compared to Simferopol (45
months of observations). Considering the difference in altitude between the two stations,
the altitude effect for d-excess is 0.26 %o0/100 m, which is smaller than the value 0.43
%0/100 m reported by Rank and Papesch (2005) for the Alps.

One parameter that can be used to quantify the setting of a precipitation site is the
ratio of the spread in d-excess values relative to the range in $180 (Gat et al., 2001). Over the
European continent, this value varies from 1.8 to 2.8 at coastal stations (such as Reykjavik,
Valentia in Ireland, and Faro in Portugal) to 0.35 to 0.7 at continental stations (e.g., Berlin,
Krakow, and Vienna). For Simferopol and Chatyr-Dag this parameter is 1.3 and 1.4,
respectively, placing the study area’s setting in between the typical coastal and the typical

continental ones.
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448 Data in Table 4 show that the contribution of moisture from the land source is the
449 independent variable, which shows the highest correlation with d-excess. Similarly to §180,
450 potential predictor variables T and Mediterranean + Atlantic source can be discarded

451 because of the multicollinearity issue, whereas the remaining variables (amount of

452 precipitation and the moisture contribution from the Black Sea) were found to exert

453 statistically insignificant controls on d-excess. The regression equations are: d-excess = -
454 0.11-land + 14.45 for Simferopol and d-excess = -0.11- land + 16.12 for Chatyr-Dag.

455 Coefficients of determination r2 = 0.30 and 0.29 indicate that only 30% and 29 % of

456 variability in d-excess are explained by variations in the moisture contribution from the

457 land source at Simferopol and Chatyr-Dag, respectively.

458 5.4.NAO index

459 The North Atlantic Oscillation (NAO) is known to profoundly influence the isotopic
460 composition of precipitation via its control on air temperature and the trajectories of the
461 westerly winds that carry moisture onto Europe during winter (Comas-Bru et al., 2016). In
462 central Europe, winter (October through March) precipitation 82H and $80 values are

463 known to correlate with the winter NAO index (Hurrell, 1995; Deininger et al., 2016).

464 The NAO indices (Jones et al., 1997) were compared with the stable isotope time

465 series. For the period of observation (45 month) the isotopic composition of precipitation
466 (8180) at the two sampling sites show a very weak correlation only (r=-0.19 for

467 Simferopol and r =-0.42 for Chatyr-Dag). Only 3 to 17% of variations in 6180 of

468 precipitation can therefore be attributed to the strength of the NAO. The correlation does
469 not improve substantially if only the winter months, October-March, are included (r = -0.08
470 for Simferopol and r = -0.45 for Chatyr-Dag). These low numbers are not surprising given
471 our finding that the Atlantic source contribution in October-March does not exceed, on

472 average, 20% (sect. 4).
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5.5. Local and far-field controls on the isotopic composition of precipitation in

Crimea

For the entire period of observation (45 months) out of the two “local” factors,
temperature and precipitation amount, only the former shows a statistically significant
correlation with the isotopic composition of precipitation. The correlation between T and
6180 is moderate (r = 0.50) for Simferopol and strong (r = 0.63) for Chatyr-Dag
precipitation, indicating that some 25% of variability in §180 in Simferopol and 39% on
Chatyr-Dag can be explained by the temperature regime at these sites. On shorter time
scales (6 months running correlation), the picture is more nuanced (Fig. 10). The
parameters remain strongly correlated for periods of several months, but then the
correlation breaks down. Several observations can be made. The correlation between T and
isotopic composition of precipitation is more pronounced in the mountain site Chatyr-Dag
and stronger during cold months. The correlation time series for the two sites exhibit
mutually consistent temporal patterns for some periods of the time (e.g., 2012-2013) but
dissimilar ones for others (e.g.,2011). These observations suggest that the isotopic
composition of precipitation in Crimea is affected by factors other than temperature, and
that the influence of these other factors varies not only in time but also spatially (i.e.,
affecting the two sites to a different extent).

The considered far-field factors comprise evaporative sources of moisture,
reconstructed by means of Lagrangian moisture tracking. Contributions of the main
sources of moisture also show a significant correlation with the isotopic composition of
precipitation. This correlation, however, may reflect the fact that contributions from
different precipitation sources exhibit a strong seasonality. The roles of seasonally
changing air temperature and (possibly) seasonally varying isotopic composition of the

moisture derived from different sources cannot be disentangled, however.
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Another far-field parameter known to exert a strong control on the isotopic
composition of precipitation in Europe, the NAO index, shows no statistically significant

correlation with Crimean precipitation.

5.6. Isotopic composition of cold- and warm-season precipitation

One of the findings of this study, which is relevant for isotope hydrogeology research
in the area, is that for a number of years (three out of four for Simferopol and two out of
three at Chatyr-Dag) there is little or no difference between the isotopic composition of
precipitation in cold and warm seasons (sect. 3.3.2). This observation is partly in conflict
with the concept that the low isotope values of some karst springs in Crimea reflect
predominant winter recharge (Selecky et al., 1982; Dublyansky et al,, 2012). We note that
the distinction between cold and warm seasons, accepted by meteorologists, may not be
entirely suitable when discussing the conditions of recharge on the karst plateaus of the

Crimean Mountains.

6. Conclusions

Systematic sampling of precipitation was carried out over a period of 58 months at
two stations in Crimea, located in the Crimean Piedmont (Simferopol, 290 m a.s.l.) and on
the northern slope of the Main Range of the Crimean Mountains (Chatyr-Dag, 980 m a.s.l.).
Oxygen and hydrogen isotopes in precipitation at both stations plot along tightly
constrained lines with very similar slopes and intercepts. The Local Crimean Meteoric
Water Line was constructed from the combined data set: 2H = 7.3 180 + 4.8 (r2 = 0.97).
Precipitation at the Simferopol and the Chatyr-Dag stations is not consistently controlled
by the local air temperature nor the precipitation amount. Remote controls, such as

moisture sources and the NAO, do not exert a major control on the isotopic composition of
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precipitation in Crimea either. To summarize, the isotopic composition of precipitation in
Crimea seems to be controlled by a combination of local and far-field factors. Contributions
of these parameters vary on different time scales as well as spatially. No simple controlling

relationship was identified in the currently available dataset.
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Conflict of interests

The authors declare that they have no conflict of interest.

Acknowledgments

The study was supported by FWF grant P 25716-N19 (YD) and the RFBR-Council of

Ministers of the Crimean Republic grants 16-45-910579r_a and 18-45-910007 (ST, GA).

References

Barabanov, L N., Lychagin, G. A., Mesyac, I. A. Samuleva, V. L, Ripsky, E. V., Rishes, E. A., Tkachuk,
V. G, Tolstikhin, N. I. (eds.): Hydrogeology of USSR, vol. VIII, Crimea [Gidrogeologiya SSSR, tom
VIII, Krym], Moscow: Nedra, 364 p. 1970. (in Russian)

Bowen, G.J., Revenaugh J.: Interpolating the isotopic composition of modern meteoric precipitation,
Water Resour. Res., 39, 1299, doi:10.1029/2003WR 002086, 2003.

Bowen, G.J., Wilkinson, B.H.: Spatial distribution of 8'*0 in meteoric precipitation. Geology 30, 315—
318. doi: 10.1130/0091-7613(2002)030<0315:SDOOIM>2.0.CO;2, 2002

Clark, I. D., Fritz, P.: Environmental Isotopes in Hydrogeology. CRC Press/Lewis Publishers, Boca

Raton, FL. 1997.

27



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

Comas-Bru, L., McDermott, F., Werner, M.: The effect of the East Atlantic pattern on the precipitation
3"0-NAO relationship in Europe, Clim. Dynam., 47, 2059-2069, doi:10.1007/s00382-015-2950-1,
2016.

Cordova, C.: Crimea and the Black Sea: An Environmental History, I.B. Tauris & Co Ltd., 224 p. 2015.

Craig, H.: Isotopic variations in meteoric waters, Science, 133, 1702-1703,
doi:10.1126/science.133.3465.1702, 1961.

Dansgaard, W.: Stable isotopes in precipitation, Tellus, 16, 436468, 1964.

Deininger, M., Werner, M., McDermott, F.: North Atlantic Oscillation controls.on oxygen and hydrogen
isotope gradients in winter precipitation across Europe; implications for palaeoclimate studies, Clim.
Past, 12, 2127-2143, doi:10.5194/cp-12-2127-2016, 2016.

Dublyansky, Y. V., Klimchouk, A. B., Amelichev, G. N., Tokarev, S., Spotl, C.: Isotopic composition of
atmospheric precipitation and karst springs of the northwest slope of the Crimean Mountains
[Izotopniy sostav atmosfernikh osadkov i karstovikh istochnikov severo-zapadnogo sklona Krymskikh
gor], Speleology and karstology, 9, 14-21, Simferopol, 2012. (in Russian)

Dublyansky, Y., Klimchouk, A., Tokarev, S., Amelichev, G., Langhamer, L., Spotl, C.: Data analysis:
Stable isotopic composition of atmospheric precipitation on the Crimean Peninsula. Mendeley Data,
v1, http://dx.doi.org/10.17632/jmtgcdcmm?2.1

Evans, J. D.: Straightforward statistics for the behavioral sciences, Pacific Grove, CA: Brooks/Cole
Publishing, 1996.

Fricke, H. C., O’Neil, J. R.: The correlation between '*0/'°O ratios of meteoric water and surface
temperature: its use in investigating terrestrial climate change over geologic time, Earth Planet. Sci.
Let., 170, 181-196, 1999.

Froehlich, K., Kralik, M., Papesch, W., Rank, D., Scheifinger, H. and co-authors.: Deuterium excess in
precipitation of Alpine regions-moisture recycling. Isot. Environ. Healt. Studies, 44, 61-70. 2008.

Gat, J. R.: The isotopes of hydrogen and oxygen in precipitation. In: Fritz, P., Fontes, G. (eds.),
Handbook of Environmental Isotope Geochemistry, Vol. 1, Amsterdam: Elsevier, pp. 21-47, 1980.

Gat, J. R.: Precipitation, groundwater and surface waters, Paleoclimates and Paleowaters. Int. At. Energy

Agency, Vienna, pp. 3—12, 1982.

28



570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Gat, J.: Some classical concepts of isotope hydrology. In: Aggarwal, P., Gat, J., Froehlich, K. (eds.)
Isotopes in the water cycle: past, present, and future of a developing science. Springer, 381 pp. 2005.

Gat, J.R., Carmi, H. Evolution of the isotopic composition of atmospheric waters in the Mediterranean
Sea area. J. Geophys. Res. 75, 3039-3040, 1970.

Gat, J., Matsui, E.: Atmospheric water balance in the Amazon basin: an isotopic evapo-transpiration
model. J. Geophys. Res. 96(D7), 13179-13188. 1991.

Gat, J. R., Mook, W. G., Meijer, H. A. J.: Atmospheric Water (Volume II). In: Mook, W. G. (ed.)
Environmental Isotopes in the Hydrological Cycle: Principles and Applications, Paris:
UNESCO/IAEA. 2001.

Hager, B., Foelsche, U.: Stable isotope composition of precipitation in Austria, Austr. J. Earth Sci., 108/2,
2-13, doi: 10.17738/ajes015.0012, 2015.

Hurrell, J. W.: Decadal trends in the North-Atlantic Oscillation — regional temperatures and precipitation,
Science, 269, 676679, doi:10.1126/science.269.5224.676, 1995.

IAEA/WMO: Global Network of Isotopes in Precipitation. The GNIP Database.
http://www.iaea.org/water, 2006.

TAEA/GNIP: IAEA/GNIP precipitation sampling guide (V2.02 September 2014), accessed at:
http://www-naweb.iaea.org/napc/ih/documents/other/gnip_manual_v2.02_en_hq.pdf on December 20,
2016.

Johnsen, S. J., Dansgaard, W., White, J. W. C.: The origin of Arctic precipitation under present and
glacial conditions, Tellus B, 41, 452468, 1989.

Jones;, P.D., Jonsson, T. and Wheeler, D.: Extension to the North Atlantic Oscillation using early
instrumental pre ssure observations from Gibraltar and South-West Iceland. Int. J. Climatol. 17, 1433-
1450. doi: 10.1002/(SICI)1097-0088(19971115)17:1 3<1433::AID-JOC203>3.0.CO;2-P. 1997.

Logvinova, K. T., Barabash, M. B. (eds.): Climate and hazardous hydrometeorological features of Crimea
[Klimat i opasnije meteorologichaskije yavlenija Krima], Leningrad: Godrometeoizdat, 317 p., 1982.
(in Russian)

Lushchik, A. V., Morozov, V. 1., Meleshin V. P., Ivanov, B.N., Kodzhaspirov, A.A., Belokopytova, N.A.,

Kapinos, N.N., Paramonova, N.K., Kondrashov, V.M., Ulitina, A.A.: Groundwaters of platform karst

29



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

regions of the south of Ukraine [Podzemnyye vody karstovyh platformennyh oblastey yuga Ukrainy],
Kiev: Naukova dumka, 199 p., 1981. (in Russian)

Merlivat, L., Jouzel, J.: Global climatic interpretation of the deuterium-oxygen 18 relationship for
precipitation, J. Geophys. Res., 84, 5029-5033, 1979.

Pershin, P. N. (ed.) Atlas of natural conditions and natural resources of the Ukrainian SSR [Atlas
prirodnikh usloviy i estestvennikh resursov Ukrainskoy SSR], Moscow: GUGK, 1978. (in Russian)

Pfahl, S., Wernli, H.: Air parcel trajectory analysis of stable isotopes in water vapor in the eastern
Mediterranean, J. Geophys. Res., 113, D20104, doi:10.1029/2008JD009839, 2008.

Pfahl, S., Sodemann H.: What controls deuterium excess in global precipitation? Clim. Past, 10, 771-781,
doi:10.5194/cp-10-771-2014, 2014.

Poage, M. A., Chamberlain, C. P.: Empirical relationships between elevation and the stable isotope
composition of precipitation and surface waters: Considerations for studies of paleoelevation change,
Am. J. Sci., 301, 1-15, doi: 10.2475/ajs.301.1.1, 2001.

Rank, D., Papesch, W.: Isotopic composition of precipitation in Austria in relation to air circulation
patterns and climate, In: Isotopic composition of precipitation in the Mediterranean Basin in relation to
air circulation patterns and climate, Int. At. Energy Agency, IAEA-TECDOC-1453, pp. 19-35, 2005.

Salati, E., DallOlio, A., Matsui, E. and Gat, J.: Recycling of water in the Amazon basin: an isotopic study.
Water Resour. Res. 15, 1250-1258. 1979.

Seletsky, Y. B., Pribluda V. D., Poliakov V. A., Isaev N. V., Yakubovsky A. V.: Using concentrations of
heavy isotope of oxygen in studies of ground waters in karstified carbonate massifs of the Crimean
Mountains [Ispolzovanije kontsentratsij tiazhologo izotopa kisloroda pri izuchenii podzemnikh vod
zakarstovannikh karbonatnikh massiviv Gornogo Krima], Water Resour., 4, 83-90, 1982. (in Russian)

Sodemann, H., Schwierz, C., Wernli, H.: Interannual variability of Greenland winter precipitation
sources: Lagrangian moisture diagnostic and North Atlantic Oscillation influence. J.Geophys. Res.:
Atmospheres, 113 (D3), doi:10.1029/2007JD008503, 2008.

Sonntag, C., Miinnich, K. O., Jacob, H., Rozanski, K.: Variations of deuterium and oxygen-18 in
continental precipitation and groundwater, and their causes, In: Street-Perrott, F. A., Beran, M.,

Ratcliff, R. (eds.): Variations in the Global Water Budget, pp. 107-124, D. Reidel, Dordrecht.

30



626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Uemura, R., Yonezawa, N., Yoshimura, K., Asami, R., Kadena, H.,Yamada, K., Yoshida, N.: Factors
controlling isotopic composition of precipitation on Okinawa Island, Japan: Implications for
paleoclimate reconstruction in the East Asian Monsoon region, J. Hydrol., 475: 314-322,
http://dx.doi.org/10.1016/j.jhydrol.2012.10.014, 2012.

Vodila, G., Palcsu, L., Futd, 1., Szant6, Zs.: A 9-year record of stable isotope ratios of precipitation in
Eastern Hungary: Implications on isotope hydrology and regional palaeoclimatology, J. Hydrol.,
400(1-2): 144-153, doi:10.1016/j.jhydrol.2011.01.030, 2009.

Vyed', I. P.: Meso- and microclimatic variability of Crimea [Meso- i mikroklimaticheskoye raznoobrazije
Kryma], In: Biologicheskoje i landshaftonje razonnbrazije Kryma: problem i perspektivi, Simferopol:
Sonat, 1999 (in Russian)

Vyed’, I. P.: Climatic atlas of Crimea. Supplement to “Questions of development of Crimea”
[Klimaticheskiy atlas Kryma. Prilozheniye k “Voprosi razvitija Kryma], Simferopol: Tavrija-Plus. 120
p-, 2000. (in Russian)

Wernli, B. H., Davies, H. C.: A Lagrangian-based analysis of extratropical cyclones. I: The method and
some applications. Quart. J. Royal Met. Soc., 123, 467-489, https://doi.org/10.1002/qj.49712353811,
1997.

Yamanaka, T. , Tsujimura, M., Oyunbaatar, D., Davaa, G.: Isotopic variation of precipitation over eastern
Mongolia and its implication for the atmospheric water cycle, J. Hydrol., 333, 21-34,
doi:10.1016/jjhydrol.2006.07.022, 2007.

Yurtsever, Y.: Worldwide survey of stable isotopes in precipitation, Rep. Sect. Isotope Hydrol. IAEA, 40

p.1975.

31



« Captions

649 Stable isotopic composition of atmospheric precipitation on the Crimean Peninsula and its controlling factors
650 (by Yuri V. Dublyansky, Alexander B. Klimchouk, Sergey V. Tokarev, Gennady N. Amelichev, Lukas Langhamer,
651 and Christoph Spotl)

652

653 Figure 1: Physiography and climate regions of Crimea. Mesoclimatic regions: I — Coastal; II = Near-
654  Shore; III — Flat-Steppe; IV — Hilly Flats; V — Southern Piedmont; VI — Crimean Mountains (by

655 Logvinova and Barabash, 1982). Karst plateaus (yaylas): 1 — Baydarskaya; 2 — Ay-Petrinskaya; 3 —
656 Yaltinskaya; 4 — Nikitskaya; 5 — Gurzufskaya; 6 — Babugan; 7 — Chatyr-Dag; 8 — Demerdzhi; 9 —
657 Dolgorukovskaya; 10 — Karabi.

658 Figure 2: Seasonal distribution of precipitation (mm) and temperature (°C) in Crimea (by Vyed', 2000):
659 (a, d) cold period (Nov-Mar), (b, €) warm period (Apr-Oct), (c, f) annual.

660 Figure 3: Relation between monthly mean §'*0 and &H values defining the Local Meteoric Water Lines
661 for Simferopol and Chatyr-Dag.

662  Figure 4: Running correlation (6 month window) for temperature (upper panel) and precipitation

663 amount (lower panel) at the Simferopol airport and the Angarsky Pass weather stations for 2010-2014.
664 Cold seasons are highlighted by shaded vertical bars. Horizontal dashed lines mark critical values of
665 Pearson’s correlation coefficient at different o values.

666 Figure 5: Time series and running correlation (6 month window) for 60 of precipitation at the
667 Simferopol and the Chatyr-Dag sampling sites in 2011-2013. Cold seasons are highlighted by shaded
668 vertical bars (horizontal dashed lines as in Figure 4).

669 Figure 6: Time series and running correlation (6 month window) for d-excess at the Simferopol and the
670 Chatyr-Dag sampling sites in 2011-2013. Cold seasons are highlighted by shaded vertical bars
671 (horizontal dashed lines as in Figure 4).

672 Figure 7: Mean moisture supply to the Crimean Peninsula in 1979-2017. Only areas supplying more than
673 0.002 mm/month are shown. Note that the color scale ends at 0.02 mm/month, whereas the maximum
674 evaporative contribution is 0.264 mm/month.

675 Figure 8: Seasonality of major moisture sources for Crimea. Upper panel — contributions of
676 Mediterranean Sea, North Atlantic and their sum; lower panel — contributions of all four major sources.

677 Figure 9: Running correlation for d-excess and moisture contribution from land sources in Simferopol
678 and on Chatyr-Dag (6 month sliding window) and the time series for moisture contribution from land
679 _sources. Horizontal dashed lines as in Figure 4.

680 Figure 10: Running correlation for §**0 and air T in Simferopol and on Chatyr-Dag (6 month sliding
681 window). Horizontal dashed lines as in Fig. 4.

682
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Highlights

o First systematic study of the isotopic composition of precipitation in Crimea.
® Monitoring over 58 months at two stations located at 290 and 980 m a.s.1.

¢ Cold-season precipitation is isotopically similar to the warm-season one.

® Moderate control by temperature, no control by precipitation amount.

¢ No links to far-field control e.g., sources of moisture or NAO.
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