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ABSTRACT
Air moisture of oceanic origin can be subject to long-range transport and could contribute to precipitation at
distant places. With ongoing climate change the relationship between water vapour sources and sinks is
under constant evolution and plays an important role for water budget assessments. This study analysed
monthly integrated and event-based precipitation samples from two field sites in the Western Pamir
Mountains (Tajikistan) for stable isotope compositions of oxygen (d18O) and hydrogen (d2H) of water. The
aim was to investigate water vapour sources and, in particular, to evaluate contributions of water vapour
from the Mediterranean region. The latter has been often postulated as a potential moisture source region
for Central Asia. Deuterium excess values (d), that serve as a fingerprint of moisture origin, were below 13&
in monthly integrated samples, for most of the year. This indicates a smaller contribution of high
Mediterranean moisture (�20&) to the Western Pamir Mountains than originally expected. A maximum d
value of 19& was observed in March, which is not in agreement with the common observation of increased
Mediterranean contribution during winter (DJF). A Lagrangian backward trajectory model (HYSPLIT) was
applied to infer the general air mass origin for sampled precipitation events. A maximum contribution of
‘western’ moisture of 40% was also detected in March, while 40%–60% of moisture that contributed to
precipitation events in winter was transported by trajectories that originated from the Northern
Indian Ocean.
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1. Introduction

Stable isotopes of oxygen and hydrogen in water have
become state of the art parameters in hydrological studies
to delineate water sources (Yurtsever and Gat, 1981;
Joussaume et al., 1984; Rozanski et al., 1993; Bowen and
Revenaugh, 2003; Terzer et al., 2013; Stumpp et al., 2014;
Galewsky et al., 2016) and investigate processes, such as
evaporation (Craig and Gordon, 1965; Gibson et al.,

2016) and transpiration (Dongmann et al., 1974; Helliker
and Ehleringer, 2000). Choosing the oceanic reservoir as
a starting point of the hydrologic cycle, evaporation of
isotopically relatively uniform ocean water enriches the
resulting water vapour in light isotopes. Condensation of
this water vapour in clouds during formation of rain is
assumed to be an isotopic equilibrium process, which
only depends on temperature. Consequently, the isotopic
composition of precipitation is subject to several effects
that mostly depend on the temperature during condensa-
tion. They include the altitude effect, the latitude effect,
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and seasonality. It also correlates with travel distance,
and thus continentality because of Rayleigh fractionation
during subsequent rainout events (Clark and Fritz, 1997;
Gat et al., 2000).

On a global scale, these effects average the isotope
abundance of oxygen and hydrogen in precipitation to a
linear relationship, which has been termed the global
meteoric water line (GMWL) and defined by Craig
(1961) as:

d2H ¼ 8 � d18O þ 10& (1)

To reduce the number of effects that have to be taken
into account during the evolution from ocean water to
precipitation, Dansgaard (1964) introduced the concept
of a deuterium excess value (d), which ideally should not
be altered by isotope equilibrium effects. It is defined as

d ¼ d2H – 8 � d18O (2)

and can be visualised as the intercept of a line with slope
8 which crosses the given isotope pair in a dual isotope
plot of d18O versus d2H. Thus, the GMWL connects
points of d¼ 10&.

Evaporation as a non-equilibrium process is generally
assumed to be the major modifier of d-values, allowing
direct comparison of oceanic water vapour and moisture
precipitating from clouds (Merlivat and Jouzel, 1979). On
large scales and assuming a closed water cycle, d-values
of average oceanic water vapour are mainly controlled by
relative humidity (RH) and sea surface temperature
(SST). Precipitation along the GMWL is generated for
RH and SST values of 85% and 25 �C, respectively
(Clark and Fritz, 1997). Based on the closure assumption
of the water cycle, simple linear relationships between d
and RH, and d and SST were introduced to use source
values of d as a ‘fingerprint’ to trace water in the atmos-
phere up to its point of rainout (Rindsberger et al., 1983;
Johnsen et al., 1989; Pfahl and Sodemann, 2014). An
example for one of these linear relationships at the loca-
tion of evaporation is expressed as

d ¼ 0:33 � SST – 0:44 � RH þ 37 (3)

with d in &, SST in �C, and RH in % (Aemisegger
et al., 2014).

Note that after the condensation of water vapour in
clouds, rain droplets can be subject to additional evapor-
ation during their fall through a warm and dry air col-
umn which shifts their d-value from its original vapour
composition (Friedman et al., 1962; Stewart, 1975). This
effect is more pronounced for small rain amounts and
can be accounted for if precipitation amount weighted d-
values are considered (Lee and Fung, 2008).

These theoretical basics enable applications to estimate
contributions of recycled inland water to precipitation

(Froehlich et al., 2008; Aemisegger et al., 2014; Parkes
et al., 2017). They may also discern and compare
meteorological patterns (Liotta et al., 2006; Guan et al.,
2013), and enable the paleoclimate interpretation of ice
cores (Jouzel et al., 1982; Steffensen et al., 2008).

Some of the highest natural deuterium excess values in
precipitation have been recorded in the Mediterranean,
with maximum long-term mean values of 22& (Gat and
Carmi, 1970). High d water vapour is produced when
cold dry air from the surrounding continents interacts
with the warm Mediterranean seawater and enhances iso-
tope fractionation during evaporation (Gat and Carmi,
1970; Gat et al., 1996). This high d signal is transported
eastward, mainly by prevailing Westerlies. Extending
from countries with direct contact to the Mediterranean,
several studies from countries further away refer to
Mediterranean moisture as an explanation of unusually
high d-values in precipitation and surface waters. These
include studies from Syria (Kattan, 1997; Al Charideh
and Zakhem, 2010), Jordan (Bajjali, 1990), Saudi-Arabia
(Alyamani, 2001; Michelsen et al., 2015), Iraq (Hamamin
and Ali, 2013; Ali et al., 2015), Iran (Osati et al., 2014;
Parizi and Samani, 2014), Pakistan (Hussain et al., 2015),
Tajikistan (Liu et al., 2015), northern India (Jeelani et al.,
2013, 2017), and western China (Yao et al., 2013; Wang
et al., 2015). Moreover, the moisture source of precipita-
tion in Central Asia was discussed by several studies,
which identified several air travel pathways and identified
Mediterranean moisture as one of the potential main
sources for precipitation in Central Asia (Aizen et al.,
1995; Kreutz et al., 2003; Tian et al., 2007) while other
studies identified the Indian Ocean as another major
moisture source (Aizen et al., 1996; Karim and Veizer,
2002; Jeelani et al., 2017). Additional proposed pathways
include polar air masses (Tian et al., 2007) and more con-
tinental Westerlies (Aizen et al., 1996; Meier et al., 2013;
Pang et al., 2014).

In several of these studies, the notion of
Mediterranean moisture as the only explanation for high
d-values appears quite speculative and is often not dis-
cussed in detail. Our study challenges this rather simple
notion and aims for a detailed investigation of air and
moisture pathways to the Western Pamir Mountains in
Tajikistan. The central objective of this work is to iden-
tify and attempt to quantify the influence of
Mediterranean moisture and its isotope composition on
precipitation at our study region, to test the hypothesis
that the Mediterranean is a major moisture source to this
area. The Pamir Mountains (or the Pamirs) are an excel-
lent choice for this task because they lie directly in the
proposed pathway of Mediterranean moisture and occupy
a central geographic position in the Asian continent.
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2. Methods

2.1. Study region and concept

The Pamir Mountains are a high mountain region in
Central Asia, mainly within Tajikistan. They are bordered
by high mountain regions, such as the Kunlun Mountains,
the Hindu Kush, the Karakoram Range, and the Tien
Shan. Regarding morphology, the Pamir Mountains can be
subdivided into the Western and Eastern Pamir Mountains.
The Western Pamir Mountains exhibit a rugged alpine
environment with deeply incised valleys while the Eastern
Pamir Mountains show smaller flat-bottomed valleys based
on a high plateau and a lower morphological gradient
between peaks and the valley floor.

The selected study region to examine the fate of
Mediterranean moisture lies in the Western Pamir
Mountains. In order to study this region, water samples
for stable isotope analyses were collected at two study
sites, Khorugh and Navabad, which are 34 km apart, in
Tajikistan (Table 1). Over the course of 15months 19
monthly-integrated samples were collected in 2012 and
2013. Subsequently, sampling of single rain events took
place in 2013 and 2014, resulting in further 89 event sam-
ples collected over a period of 13months (Meier et al.,
2015a, 2015b). Both sample types are examined separately
to test our hypothesis of Mediterranean moisture influ-
ence in the Western Pamir Mountains.

In order to cope with the coarser temporal resolution
of integrated samples, their d-values are compared to

monthly d averages of isotope precipitation monitoring
stations along the route of commonly assumed air travel
pathways. As mentioned in the introduction, one of these
pathways connects the Mediterranean to the Pamir
Mountains. To access isotope data, the Global Network
of Isotopes in Precipitation (GNIP) was used in a first
step (GNIP, IAEA/WMO, 2018). Additional isotope data
were collected and evaluated from numerous publications
for areas with sparse spatial coverage by GNIP stations.
A full list of GNIP stations and additional data from
publications used in this study can be found in Table 1.

These stations and further isotope data were clustered
and subdivided into ten regional classes based on their geo-
graphical position: W Mediterranean, E Mediterranean,
Levant, Middle East, Caspian Sea, Polar, Persian Gulf, N
India, Kabul & Kashmir, and Western Pamir (Fig. 1 and
Table 1). From monthly d-values for all stations in one
class, two types of averages were calculated for each month:
the arithmetic mean dm

dm ¼
P

dm
n

(4)

and the precipitation amount-weighted arithmetic mean
dp;m

dp;m ¼
P

dm � pmð Þ
P

pm
(5)

where dm is the d value of month m for one regional
class, pm is the precipitation amount, and n is the number

Fig. 1. Map of Global Network of Isotopes in Precipitation (GNIP) stations (larger symbols) and additional data (smaller symbols) used
for calculation of regional deuterium excess averages. Grey stars show sampling sites of this study in the Western Pamir Mountains.
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of monthly values. This approach will unveil similarities
and differences concerning extreme values of d and their
seasonal distributions.

2.2. Trajectory calculation and classification

The d-values of event samples are more easily allocated
to specific air travel pathways via computed backward air
mass trajectory models, such as HYSPLIT (Stein et al.,
2015). The necessary user input for these trajectory mod-
els consists of a location and a date of the associated pre-
cipitation event. From gridded meteorological data, such
as the Global Data Assimilation System (GDAS; NOAA,
2018), HYSPLIT computes regularly spaced data points
along trajectories which include additional parameters
such as elevation of the air parcel, specific humidity of
the air parcel and elevation of the planetary boundary
layer (PBL). These parameters can be used to categorise
the resulting trajectories into the wedge-shaped or radial
regional classes that were pre-defined to represent areas
of possible moisture origin. Note that classes for inte-
grated and event samples are not necessarily identical.
The classes of integrated monthly samples aggregate mul-
tiple, spatially close station and represent the regions
where precipitation collection took place. Event samples
were divided into classes that correspond to possible

main moisture sources. They are wedge shaped due to the
central starting point of the calculated trajectories. A
detailed summary of data processing for event trajectories
is given in the following paragraph.

Four of the 89 events that were sampled at Khorugh
and Navabad in the Western Pamir Mountains showed d-
values below –10&, which hints at sample alteration
(Michelsen et al., 2018). These events were excluded from
further calculations. For the remaining 85 single precipi-
tation events, backward air mass trajectories were calcu-
lated for each location with the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) of
the National Oceanic and Atmospheric Administration
(NOAA) Air Resources Laboratory (Stein et al., 2015;
Rolph et al., 2017). GDAS1 grids with 1��1� resolution
from the National Oceanic and Atmospheric
Administration and National Centers for Environmental
Prediction (NOAA/NCEP) were used as meteorological
input data. Starting times for the trajectories were chosen
in accordance with precipitation records of the United
States Air Force (USAF) station in Khorugh (Tajikistan;
station ID 389540). The time period for all trajectories
covered by this model was set to 7 days, and hourly data
points along the backward trajectories were produced. In
order to follow the specific air mass that produced pre-
cipitation at the sampling site, the trajectory starting

Fig. 2. Map of air mass trajectories leading up to rain events in the Western Pamir Mountains. Different classes of moisture origin are
color-coded. Small insert displays long distance trajectories. For a detailed description of trajectory classification see text.
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altitude should correspond to the altitude of the rain
clouds during sampled events. Since this cloud altitude
was not measured, eight different trajectory starting alti-
tudes were used as inputs with 150, 300, 500, 1000, 1500,
2000, 2500, and 3000 meters above ground level, thus
generating eight trajectories per event. In order to select
one of the eight starting altitudes for further evaluation,
the evolution of specific humidity along each trajectory
was assessed. For air mass altitudes below the height of
the PBL derived from the HYSPLIT model, an increase
in specific humidity was assumed to correspond to evap-
oration from the underlying ground area, and a decrease
in specific humidity was assumed to correspond to pre-
cipitation (Botty�an et al., 2017). For air mass altitudes
above the height of the PBL, humidity changes were
assumed to be not due to ground surface interaction and
consequently ignored. From the eight trajectories per
event, the one with the largest sum of specific humidity
increase below the PBL height along a trajectory was
selected. This selection ensured that the trajectory that
represents one precipitation event has a history of max-
imum moisture uptake and thus is regarded as the most
representative for the sampled precipitation (Botty�an
et al., 2017).

To evaluate the origin of moisture in these 85 selected
trajectories, radial regional classes around the precipita-
tion collection site were constructed (Fig. 2). Each trajec-
tory was allocated to one of these radial classes. The
class boundaries were chosen to include larger bodies of
surface water that may act as moisture sources
(Mediterranean Sea, Caspian Sea, northern Indian
Ocean). If a trajectory crossed areas of several classes, it
was associated with the class where most of the moisture
entered the air parcel according to the model. Since the
boundaries of the constructed wedge-shaped classes all

converge to the sampling locations in the Pamir
Mountains, a correct classification of air parcels that
receive their moisture close to the sampling site is diffi-
cult. For this reason, an additional ‘local’ class was
defined for air parcels that received most of their mois-
ture in close proximity (<3� distance, �300 km) to the
sampling sites. Further classes were introduced, because
some trajectories originated, and had their moisture
uptake, outside the reasonable boundaries of the area of
the radial classes. This eventually resulted in nine classes:
Polar, Caspian Sea, Mediterranean, Persian Gulf, N
Indian Ocean, Local, Africa, W Atlantic, and E Atlantic
(Fig. 2).

2.3. Field sampling and laboratory analyses

Monthly-integrated precipitation samples were collected
from Hellmann-type rain gauges. To avoid evaporation
effects, samples were collected at least twice per day,
stored in high-density polyethylene (HDPE) bottles, and
conflated to monthly samples. Event samples were trans-
ferred from the Hellman rain gauges into durable PE
bags (Whirl-Pak, Nasco, Fort Atkinson, WI, USA).
These water-filled bags were put into HDPE bottles for
shipping. Precipitation samples were analysed in the
laboratory for stable isotopes of the Department of
Catchment Hydrology in the Helmholtz Centre for
Environmental Research – UFZ in Halle/Saale
(Germany). Water samples were analysed for d18O and
d2H by an isotope ratio infrared spectroscopy (IRIS) ana-
lyser, based on wavelength-scanned cavity ring-down
spectroscopy (L2120-i, Picarro Inc., Santa Clara, CA,
USA). Each sample was measured by nine injections
while the first three injections were rejected to exclude
memory effects. All isotope measurements were scale nor-
malised against the high and low international reference
materials Vienna Standard Mean Ocean Water
(VSMOW) and Standard Light Antarctic Precipitation
(SLAP). The two-point calibration was controlled by a
third laboratory reference water that was calibrated dir-
ectly against VSMOW and SLAP. All values are reported
in the standard d-notation in per mil (&) versus
VSMOW according to

diE ¼
R iE= jE
� �

sample

R iE= jEð Þreference
– 1 (6)

where R represents the ratio of heavy isotopes (mass i) to
light isotopes (mass j) of an element E for a sample or a
reference substance (Coplen, 2011). Values had an overall
measurement precision of ±0.2& and ±0.8& (±1r) for
d18O and d2H, respectively.

Fig. 3. Dual isotope plot of d2H against d18O (VSMOW) for
monthly integrated isotope samples of the Western Pamir
Mountains. Grey dotted line is the Global Meteoric Water Line
(GMWL, see Eq. 1). Black solid line is the Local Meteoric Water
Line (LMWL) as calculated from the samples.
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3. Results

3.1. Oxygen and hydrogen stable isotopes

The results of monthly integrated samples for oxygen and
hydrogen stable isotopes are shown in a dual isotope plot
of d2H against d18O (Fig. 3). Values for d18O range
between –24.4& and –2.0&, whereby minimum values
are reached in the cold season (boreal winter), while max-
imum values were observed during warm season (boreal
summer). The Local Meteoric Water Line (LMWL) cal-
culated from the samples (Fig. 3) has the equation

d2H ¼ 8:1 60:1ð Þ � d18Oþ 13:6 61:8ð Þ& (7)

which is quite similar to the GMWL (Eq. 1). As outlined
in the introduction, several effects occurring during trans-
port of atmospheric moisture and rainout have an impact
on the isotopic composition of any precipitation sample.
Therefore, we limit the subsequent detailed discussion to
the deuterium excess parameter, which should be less
affected by these processes and thus a better indicator for
moisture transport.

3.2. Monthly integrated samples

The monthly d-values associated with each of the ten
regional classes (see Section 2.1) are summarised in
Fig. 4.

The first region to consider along the proposed W–E
transect is the Western Mediterranean. Stations in this

region have an average deuterium excess of 10&–12& in
the cold season and around 3& in the warm season (Fig.
4). The seasonal evolution is a smooth sinusoidal course
between those two extremes. The differences between pre-
cipitation-weighted and non-weighted averages increase
from 1& in the cold season to 3& in the warm season.

This seasonal pattern continues in eastward direction
in the eastern Mediterranean and Levant where cold sea-
son values reached 17& and 22&, respectively (Fig. 4).
Warm season values scatter around 6&–7&, which
results in a more pronounced seasonal oscillation in the
Levant region when compared with the eastern
Mediterranean. For July and August, no monthly isotope
values were recorded in the Levant region because of the
absence of rain. Precipitation amount-weighted to non-
weighted differences increase from cold to warm seasons
in the eastern Mediterranean. However, these differences
decrease in the Levant region. For all those three
Mediterranean-influenced regions, the spatial and tem-
poral resolution of isotope data is very good and aver-
ages of d-values can be assumed to be representative for
their respective region.

The Middle East region (for extent of this region as
defined in this study see Fig. 1) is dominated by data
from the GNIP station at Teheran (Iran), while add-
itional measurements are mainly single monthly values
from various sampling sites in Iraq (Fig. 1). The seasonal
variations of d-values are similar to the regions located to

Fig. 4. Monthly deuterium excess (d) values for regional classes, corresponding to stations in Figure 1. Plots are arranged in their
respective geographic setting. Solid lines are precipitation amount weighted d-averages (Eq. 5), dashed lines are non-weighted arithmetic
means (Eq. 4). The dotted line in the “Kabul and Kashmir” subplot is the non-weighted arithmetic mean of the Kashmir valley after
Jeelani et al. (2017). Sample size is shown in lower left corner of each subplot.
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the west (W and E Mediterranean, Levant) described
above (Fig. 4), however, they show more variable values
for late summer due to low volume sample sizes. An
approximate difference between cold and warm seasons
of about 15& in d-values is comparable to the seasonal
differences in the Levant region. The Middle East abso-
lute values range from about 0& to about 17& (Fig. 4),
while d-values observed in Levant range from �7&
to �22&.

South of the Middle East region landmass, the Persian
Gulf acts as a moisture source for passing air masses. In
this region, the only available GNIP station of Bahrain
exhibits d-values between 19& in the cold season and 7&
at the beginning of the warm season (Fig. 4). A strong
difference between precipitation-weighted and non-
weighted d averages was found here. Moreover, in sum-
mer, absence of precipitation leaves a gap in the d-record.
In general, the seasonal d-value patterns of the region
around the Persian Gulf are comparable to the d-values
of the Middle East region.

Following the transect further eastwards, a distribution
between cold and warm seasons similar to the
Mediterranean can also be observed in the GNIP station
of Kabul (Afghanistan). This is also reflected in precipita-
tion samples of Jeelani et al. (2017) that were collected
from the Kashmir Valley (India), with high d-values of

�21& in the cold season and low values of 3&–7& in
the warm season (Fig. 4).

The d-values of stations in Northern India are less
variable than those of stations described so far, with a
minimum–maximum difference of around 8& (Fig. 4).
Precipitation weighted values generally decrease from
January with 14& to 6& in June. From July to October
d-values are stable around 8&. A notable difference
between precipitation weighted and unweighted averages
can be observed from March to June.

Stations that were assigned here to the Polar class
show d-values between 4& and 10& (Fig. 4). Contrary
to the seasonal distribution pattern with a single summer
minimum that is observed eastward from the
Mediterranean, this Polar class has two minima in
February and July with low d-values around 4&. A first
maximum is found in April with around 7&. From July
to November d-values steadily increase to a second peak
of �10&.

Two stations to the northwest of the Pamir Mountains
were assigned to the Caspian Sea class that exhibit a simi-
lar seasonal evolution when compared to the Polar class
stations. However, they show increased amplitudes with
minimum and maximum values of 2& and 10& in June
and November (Fig. 4).

Integrated samples (unweighted monthly means here)
from the Western Pamir Mountains display d-values
between 9& and 19& (Fig. 4). Note that September val-
ues are missing, because of lack of precipitation. A first
maximum in March of �19& is followed by a steady
decrease to 9& in July. Another peak of around 17& is
observed in August. December holds another minimum
around 9&, after which values increase until March.

3.3. Possible moisture uptake along air mass
trajectories

The calculated air mass trajectories leading up to each
sampled rain event in the Western Pamir Mountains are
shown in Fig. 2. Note that none of the calculated trajec-
tories for the sampling sites arrived from an eastern direc-
tion. Some of the trajectories had the majority of their
moisture uptake and their origin beyond the reasonable
boundaries of the radial classes introduced in the meth-
ods section. These six long-distance trajectories (Fig. 2,
small box; Fig. 5a) include pathways with main moisture
uptake over the northeastern Atlantic Ocean in January,
from the western Atlantic Ocean in March, and from
northern Africa in January and December.

Statistics of events or trajectories per class and month
are shown in Fig. 5a. January holds the annual maximum
of 25 sampled precipitation events, while June to October
was dry and no precipitation was collected. Events

Fig. 5. Statistics of air mass trajectories. (a) Number of
trajectories per month that had the majority of their moisture
uptake in the area of a certain class. (b) Monthly percentage of
the total amount of specific humidity that arrived at the
measurement site via the calculated trajectories.
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assigned to the N Indian Ocean class are most frequent
in January with a decrease in spring and an increase from
November to January. If the Persian Gulf and the
Mediterranean class are combined, they show a similar
distribution, but with a maximum of precipitation events
in March. Polar and Caspian Sea class precipitation
events are rare and only obvious in late spring.

Fig. 5b was generated using the specific humidity infor-
mation along the trajectories. As stated in the methods
section, an increase in specific humidity below the PBL is
assumed to correspond to additional moisture uptake
from the ground surface along the pathway of trans-
ported water vapour. Consequently, each point along the
trajectories, where an increase in specific humidity is
detected, is considered an additional source for the pre-
cipitation at the sampled rain event. For the month of
January, the increase in specific humidity of all points of
one class was added up. This sum of specific humidity
increase of one class was expressed as a percentage rela-
tive to the sum of specific humidity increase of all classes,
during the month of January. This operation was
repeated for each month and enables to untangle the
moisture contribution of the different classes to precipita-
tion at the sampling site.

Moisture contribution of the N Indian Ocean class
varies between 15% and 60%. The sum of Persian Gulf
and Mediterranean moisture fluctuates between 20% and
40%. Moisture from the Caspian Sea and Polar classes
each has maximum contributions of 15%.

Each trajectory eventually leads up to a rain event, for
which the d-value was calculated according to Eq. (2).
The d-values of the Western Pamir Mountain rain events
are summarised as monthly boxplots in Fig. 6a. In order
to compare different classes and to retain a seasonal reso-
lution, an average of d-values for each month and class
was calculated. Thus, Fig. 6b shows one point per class
for each month, if at least one trajectory was assigned to
this class.

4. Discussion

4.1. Monthly averaged values

The evolution of d-values along the considered transect
from the Mediterranean to Central Asia is initiated by
Atlantic moisture, which arrives at the western
Mediterranean. In winter, the deuterium excess of
10&–12& is near the value of the GMWL and consistent
with average moisture produced over the Atlantic Ocean
(Dansgaard, 1964). Additional local moisture from
evaporated water of the Mediterranean Sea strongly
depends on the season. The atmospheric conditions dur-
ing the cold season favour the formation of water vapour

with higher d-values, when cold and dry air from the con-
tinent prevails (Gat and Carmi, 1970; Rindsberger et al.,
1983; Liotta et al., 2006). In the warmer season more
humid air prevents high d-values. Additionally, warm sea-
son sub-cloud evaporation of falling water droplets
enhances d-value decrease, which results in even lower d-
values (Stewart, 1975). This trend manifests itself in posi-
tive deviations of precipitation-weighted from non-
weighted monthly averages, because lighter rain events,
which increasingly suffer from sub-cloud evaporation,
contribute less to precipitation-weighted averages. The
general increase of d-values in precipitation from the
western to the eastern Mediterranean is consistent with
the meteorological evolution, where air becomes drier the
further eastwards it moves. The warmer season d-values
in the eastern Mediterranean are comparable to the west-
ern Mediterranean, whereas winter values increase east-
ward. This winter increase is due to stronger evaporation
in the eastern, more enclosed part of the Mediterranean
basin. There, continental influences of cold, dry air are
increased (Gat and Carmi, 1970). This can also be
observed in the residual seawater that undergoes a

Fig. 6. Deuterium excess of rain events at the termination of
air mass trajectories. (a) Boxplot of all event samples (whiskers
end at last values inside 1.5 IQR), including sample size for each
box at the top axis. (b) Monthly averages for event samples of
every class. For number of trajectories per plot symbol refer to
Fig. 5a. Dashed line represents monthly d values of the Western
Pamir class of monthly-integrated samples (see grey plot of Fig.
4), dotted line represents monthly average of all event values.
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d-value shift from �–3& in the western Mediterranean to
�–5& in the eastern Mediterranean. As local seawater
serves as a source for precipitation, this shift is also trans-
posed to the rainout trajectories. Compared to the
Mediterranean, the Levant region is subject to increased
continental influence with warmer summers and colder
winters (Kalnay et al., 1996; their long term monthly
mean temperature data), which increases the overall d-
value together with its seasonal amplitude.

In the Middle East this trend does not continue, which
can result from various influences. First, mixing of
Mediterranean moisture with other less-enriched moisture
sources (e.g. Black Sea; IAEA, 2005) can account for a
decrease in average d-values. Second, another important
factor is the lower relative humidity compared with the
Eastern Mediterranean that can induce a more pro-
nounced sub-cloud evaporation. Notably smaller rain
amounts in the Middle East also increase this observable
effect of the amount driven sub-cloud evaporation.

In the Persian Gulf, the GNIP station in Bahrain is
dominated by dry air, which is also manifested by missing
summer precipitation and large differences between
amount-weighted and averaged d-values. These d-values
are similar to those of the Eastern Mediterranean, how-
ever, the seasonal evolution does not show the smooth
sinusoidal evolution of the Mediterranean stations and is
noisier. One potential interpretation is that nearby local
evaporation of Persian Gulf seawater plays a major part
in the precipitation of this station. Further possible influ-
ences of moisture from the Indian Ocean were proposed
by Rizk and Alsharhan (1999).

In Northern India, the seasonal distribution pattern of
d-values differs clearly from the simple sinusoidal trough-
peak distribution of the Mediterranean. Since India is
strongly influenced by air from the Indian Ocean, the sea-
sons in this region differ from European ones and are
comprised by winter, summer, monsoon, and post-mon-
soon season. The generally increased d-values in winter
have been interpreted as of Mediterranean or generally
western origin from where moisture is transported east-
ward by so-called Western Disturbances. These wind pat-
terns are extra-tropical cyclones (Dimri et al., 2015;
Dimri and Chevuturi, 2016) in high-altitude air masses
(Jeelani et al., 2017). The warm season from March to
June is hot and dry, a fact that causes decreasing d-values
and a more pronounced sub-cloud evaporation effect.
During the monsoon season from July to September d-
values are stable around 8.5& and no difference between
amount-weighted and non-weighted could be observed.
This is due to heavy rainfall events that saturate the air
quickly with moisture and prevent pronounced sub-cloud
evaporation (Peng et al., 2005).

The GNIP station in Kabul and a site in the Kashmir
valley (Jeelani et al., 2017), both located south of the
Pamir Mountains, are located at the crossway of pro-
posed Mediterranean and Monsoon air mass influences.
Cold season values can be ascribed to moisture of
Mediterranean origin with a high probability due to the
extreme high d-values of around 20&. Around July,
monsoon and Mediterranean precipitation both show
similar values and cannot be differentiated from monthly
d-values. As a result, the overall annual d-value pattern is
more similar to Mediterranean stations than to Indian
ones (Fig. 4).

GNIP stations to the North and Northwest of the sam-
pling site (Caspian Sea and Polar class in Fig. 4) are
located in cooler and more continental settings. Stations
in both regions exhibit a similar seasonal d-value distribu-
tion. Their seasonal amplitude is smaller compared to
more maritime stations and below 10& year-round.

The seasonal evolution in the Western Pamir
Mountains is not so obvious with respect to the possible
influence of the discussed sources or transit paths. The
shape of the seasonal distribution in the Western Pamir is
different from the simple sinusoidal trend westward and
in Kabul and Kashmir (Fig. 4). The annual weighted
average of d of 13& is higher than the 10& of average
global precipitation, which suggests influence of enriched
moisture. From October to February, during the cold
season, values range between 10& and 12&, with the
exception of 15& in November. This is lower than the
cold season values for the Eastern Mediterranean, and
regions eastward, and suggests a divers and not exclu-
sively Mediterranean moisture origin. The d-values of
March and August are positive outlier with 19& and
17&. Similar positive excursion could be observed in
Bahrain in March, albeit only reaching 13&, and in
Kabul in August with 20&. However, a causal connec-
tion between these month-long irregularities is highly
speculative. During summer months, d-values decrease to
a range between 8& and 9& in July that are comparable
to the Kashmir Valley and Northern India during the
monsoon season. Northern moisture with year-round d-
values below 10& does not seem to exert significant
influences on those in the Western Pamir Mountains with
d-values above 10& during most of the year.

4.2. Event trajectories

Air mass trajectories give a good indication from where
the moisture for a specific precipitation event originated.
During the sampled period, a dry period from June to
October made it difficult to analyse general year-round
source variabilities. For the rest of the year, however,
moisture sources were variable (Fig. 5). Most of the time,
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Table 1. List of monthly integrated and event based precipitation samples and their isotope values from two stations in the Western
Pamir Mountains.

Date
Latitude Longitude Elevation d18O d2H d-excess Rain amount

�N �E m.a.s.l. & VSMOW & VSMOW & VSMOW mm

Monthly samples
2012-01 37.48900 71.52244 2086 �18.7 �135.6 13.6 –

2012-02 37.48900 71.52244 2086 �19.1 �141.2 11.3 –

2012-03 37.48900 71.52244 2086 �8.8 �48.0 22.2 –

2012-04 37.48900 71.52244 2086 �5.9 �38.1 9.4 –

2012-06 37.48900 71.52244 2086 �9.9 �70.3 9.0 –

2012-07 37.48900 71.52244 2086 �2.0 �7.9 �24.2 –

2012-08 37.48900 71.52244 2086 �2.8 �5.0 �27.4 –

2012-12 37.48900 71.52244 2086 �24.4 �185.1 9.9 22.2
2013-01 37.48900 71.52244 2086 �19.3 �142.1 12.6 25.0
2013-02 37.48900 71.52244 2086 �17.9 �130.3 12.7 17.0
2012-02 37.67256 71.83347 2564 �18.4 �134.3 13.2 –

2012-03 37.67256 71.83347 2564 �11.1 �72.0 16.6 –

2012-04 37.67256 71.83347 2564 �11.0 �75.2 12.9 –

2012-05 37.67256 71.83347 2564 �6.1 �38.1 10.3 –

2012-10 37.67256 71.83347 2564 �15.6 �112.4 12.0 3.1
2012-11 37.67256 71.83347 2564 �20.0 �145.0 15.0 19.6
2012-12 37.67256 71.83347 2564 �24.1 �181.0 11.7 51.5
2013-01 37.67256 71.83347 2564 �20.5 �153.2 11.1 33.2
2013-02 37.67256 71.83347 2564 �21.7 �163.6 9.6 50.6
Event samples
2013-03-08 37.48900 71.52244 2086 �12.2 �82.8 14.6 0.8
2013-03-09 37.48900 71.52244 2086 �6.8 �41.2 13.3 1.9
2013-03-11 37.48900 71.52244 2086 �16.7 �125.2 8.4 2.0
2013-03-12 37.48900 71.52244 2086 �8.5 �59.1 8.9 0.7
2013-03-13 37.48900 71.52244 2086 �11.2 �79.1 10.1 4.3
2013-03-17 37.48900 71.52244 2086 �19.3 �146.9 7.4 0.5
2013-03-18 37.48900 71.52244 2086 �8.2 �47.2 18.1 14.6
2013-03-18 37.48900 71.52244 2086 �11.3 �76.5 13.9 14.6
2013-03-19 37.48900 71.52244 2086 �5.7 �26.1 19.6 1.0
2013-03-19 37.48900 71.52244 2086 �7.2 �35.5 22.1 1.0
2013-03-20 37.48900 71.52244 2086 �7.2 �44.6 12.7 0.5
2013-03-21 37.48900 71.52244 2086 �7.6 �61.9 �1.2 0.4
2013-03-25 37.48900 71.52244 2086 �8.7 �75.2 �5.7 0.6
2013-04-07 37.48900 71.52244 2086 �2.9 0.4 23.2 0.1
2013-04-09 37.48900 71.52244 2086 �7.8 �55.8 6.6 2.2
2013-04-16 37.48900 71.52244 2086 0.6 �10.4 �15.3 0.1
2013-04-20 37.48900 71.52244 2086 �4.4 �33.5 2.0 1.8
2013-11-04 37.48900 71.52244 2086 �14.0 �99.5 12.4 0.7
2013-11-05 37.48900 71.52244 2086 �14.0 �99.6 12.8 3.5
2013-11-05 37.48900 71.52244 2086 �14.3 �109.2 5.1 3.5
2013-11-06 37.48900 71.52244 2086 �18.2 �144.2 1.6 2.1
2013-11-06 37.48900 71.52244 2086 �15.9 �121.3 5.7 2.1
2013-11-25 37.48900 71.52244 2086 �14.2 �111.9 1.6 0.1
2013-12-05 37.48900 71.52244 2086 �18.5 �142.6 5.1 0.1
2013-12-06 37.48900 71.52244 2086 �18.3 �136.1 10.3 0.1
2013-12-07 37.48900 71.52244 2086 �19.5 �148.2 8.2 0.1
2013-12-07 37.48900 71.52244 2086 �20.5 �157.2 6.9 0.1
2013-12-08 37.48900 71.52244 2086 �18.5 �141.8 6.3 0.1
2013-12-09 37.48900 71.52244 2086 �18.7 �137.3 12.0 0.1
2013-12-16 37.48900 71.52244 2086 �9.7 �68.9 8.7 0.1

(Continued)
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Table 1. (Continued).

2014-01-03 37.48900 71.52244 2086 �18.4 �132.9 14.3 1.1
2014-01-04 37.48900 71.52244 2086 �19.1 �141.9 11.3 0.4
2014-01-05 37.48900 71.52244 2086 �17.1 �114.6 21.9 0.6
2014-01-08 37.48900 71.52244 2086 �30.6 �242.0 3.1 1.2
2014-01-09 37.48900 71.52244 2086 �29.9 �233.2 5.8 0.9
2014-01-25 37.48900 71.52244 2086 �21.9 �169.4 5.5 1.4
2014-01-25 37.48900 71.52244 2086 �26.0 �210.6 �2.9 1.4
2014-01-26 37.48900 71.52244 2086 �23.2 �175.8 10.1 1.1
2014-01-26 37.48900 71.52244 2086 �20.9 �155.8 11.2 1.1
2014-01-28 37.48900 71.52244 2086 �17.3 �144.4 �6.0 1.7
2014-01-28 37.48900 71.52244 2086 �22.0 �167.2 9.1 1.7
2014-01-30 37.48900 71.52244 2086 �16.9 �122.6 12.5 1.1
2014-01-30 37.48900 71.52244 2086 �15.9 �127.0 �0.2 1.1
2014-01-31 37.48900 71.52244 2086 �12.1 �80.2 16.4 1.0
2014-02-05 37.48900 71.52244 2086 �25.0 �196.4 3.7 0.4
2014-02-20 37.48900 71.52244 2086 �20.4 �156.7 6.8 1.4
2014-02-25 37.48900 71.52244 2086 �13.5 �98.9 9.4 0.2
2013-05-11 37.67256 71.83347 2564 �5.4 �24.5 18.6 0.7
2013-05-13 37.67256 71.83347 2564 �4.5 �29.6 6.8 0.1
2013-05-19 37.67256 71.83347 2564 6.6 47.1 �5.9 0.5
2013-05-20 37.67256 71.83347 2564 1.2 29.7 19.9 1.8
2013-05-24 37.67256 71.83347 2564 �0.6 4.8 9.2 1.7
2014-01-04 37.67256 71.83347 2564 �19.7 �136.5 21.1 1.5
2014-01-05 37.67256 71.83347 2564 �19.0 �130.2 21.6 1.3
2014-01-09 37.67256 71.83347 2564 �30.1 �237.1 3.5 1.2
2014-01-13 37.67256 71.83347 2564 �15.1 �121.0 0.1 1.0
2014-01-23 37.67256 71.83347 2564 �18.2 �143.8 2.2 0.3
2014-01-25 37.67256 71.83347 2564 �25.7 �199.7 6.1 10.3
2014-01-26 37.67256 71.83347 2564 �21.5 �157.5 14.5 5.5
2014-01-27 37.67256 71.83347 2564 �16.1 �122.7 6.0 0.8
2014-01-28 37.67256 71.83347 2564 �22.8 �172.7 9.8 2.1
2014-01-30 37.67256 71.83347 2564 �17.3 �124.5 14.0 10.1
2014-01-31 37.67256 71.83347 2564 �12.5 �80.4 20.0 6.8
2014-02-02 37.67256 71.83347 2564 �23.2 �182.9 2.8 0.2
2014-02-04 37.67256 71.83347 2564 �23.9 �184.9 6.4 1.8
2014-02-05 37.67256 71.83347 2564 �28.0 �225.4 �1.8 5.6
2014-02-07 37.67256 71.83347 2564 �19.8 �169.0 �10.7 0.6
2014-02-14 37.67256 71.83347 2564 �14.3 �109.7 4.5 0.1
2014-02-19 37.67256 71.83347 2564 �22.0 �172.8 3.0 2.6
2014-02-20 37.67256 71.83347 2564 �20.9 �160.4 6.6 4.4
2014-02-24 37.67256 71.83347 2564 �14.7 �118.5 �0.7 0.9
2014-02-25 37.67256 71.83347 2564 �11.9 �88.3 6.7 1.1
2014-03-03 37.67256 71.83347 2564 �24.2 �187.1 6.5 0.1
2014-03-07 37.67256 71.83347 2564 �19.4 �147.4 8.2 2.7
2014-03-08 37.67256 71.83347 2564 �21.3 �163.9 6.6 9.8
2014-03-15 37.67256 71.83347 2564 �17.7 �136.3 5.5 8.1
2014-03-16 37.67256 71.83347 2564 �15.4 �118.6 4.6 2.7
2014-03-16 37.67256 71.83347 2564 �9.6 �102.7 �25.5 2.7
2014-03-17 37.67256 71.83347 2564 �11.5 �96.9 �4.8 1.4
2014-04-04 37.67256 71.83347 2564 �16.7 �129.4 4.3 3.7
2014-04-06 37.67256 71.83347 2564 �16.3 �120.1 10.0 7.2
2014-04-07 37.67256 71.83347 2564 �10.9 �84.1 3.4 0.1
2014-04-08 37.67256 71.83347 2564 �21.8 �188.5 �14.2 0.1
2014-04-11 37.67256 71.83347 2564 �11.5 �76.9 15.1 11.0
2014-04-12 37.67256 71.83347 2564 �13.3 �93.3 13.4 23.2

(Continued)
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moisture from each sector contributed to precipitation in
the Pamir Mountains.

Long-distance trajectories from Africa or the W Atlantic
occurred with a higher frequency in December and January
(Fig. 5a). This can be due to the prevailing west wind zone
in temperate latitudes during winter, where air can be trans-
ported westward over long distances. The accompanying d-
values are diverse and range between 0& and 18&. They
also do not show a seasonal trend (Fig. 6b). Because of the
low number of occurrences, d-values of the long-distance
trajectories are not further discussed here.

Moisture from northern and northwestern areas arriv-
ing in the Western Pamir Mountains could mainly be
detected from March to May (Fig. 5). In March, mois-
ture from the Caspian Sea class has slightly negative d-
values (Fig. 6b). The evolution to May with notably
increasing d-values is consistent with average air tempera-
ture and relative humidity. Temperatures near 0 �C and
high relative humidity keep d-values near 0& in winter.
During spring, temperatures increase and the air becomes
drier. This in turn increases the d-value of evaporated
Caspian Sea water as well as the possible contribution of
recycled water from soils and other surface water bodies.

The contribution of N Indian Ocean moisture
decreases from January to May from around 60% to
20%, which can result from the hot and dry Indian sum-
mer season climate around March, April, and May (Fig.
5b). Another hint to this Indian summer dryness are the
notably lower d-values of �5&, compared to 9&–13& in
the cold season (Fig. 6b). After the monsoon season, air
from the N Indian Ocean adds increasingly more mois-
ture and dominates the winter months in the Western
Pamir Mountains. Additionally, the d-averages of
monthly integrated samples (dashed lines, Fig. 4 Western
Pamir plot, and Fig. 6b) compare relatively well with the
averages of event samples from the N Indian Ocean
(green diamonds, Fig. 6b) during November, December,
and January, which also points to a cold season domin-
ance of N Indian Ocean moisture.

Mediterranean and Persian Gulf moisture do not show a
simple distribution concerning the contribution to the total
amount of specific humidity in the Western Pamir
Mountains. If both are summed up and subsequently inter-
preted as ‘western’ moisture, an increase from January to
April and a subsequent decrease to May can be found (Fig.

5b). In December, January, and February, moisture contri-
butions from ‘western’ classes were as low as 20%–30%,
while a maximum of around 40% occurred in March
and April.

This observation is in contrast to several other studies
in the wider region (Aizen et al., 1995; Kreutz et al.,
2003; Tian et al., 2007), where Mediterranean moisture is
often proposed to be a major source of precipitation and
influences d-values during winter months. Especially in
the notch formed by Himalaya and Hindu Kush
Mountains, Western Disturbances contribute to the forma-
tion of a low pressure area in winter, resulting in precipita-
tion events enriched in the heavy isotopes 18O and 2H
(Lang and Barros, 2004). Regions on the southern flank of
the Hindu Kush and Karakoram Mountains receive more
Mediterranean moisture, which is indicated by high d-values
of around 20& in the cold season (Fig. 4, Kabul and
Kashmir region). The Western Pamir Mountains seem to be
less influenced by these high d-values of Mediterranean ori-
gin. This tendency is even clearer when the type of precipita-
tion in the Western Pamir Mountains is considered. In
contrast to rain, snow formation in clouds happens under
non-equilibrium conditions (Lamb et al., 2017) and tends to
elevate the d-values of the resulting snow above the water
vapour it was formed from (Jouzel and Merlivat, 1984;
Uemura et al., 2005). Thus, snow samples derived from
Mediterranean moisture should show even higher d-values.
Since at least part of the precipitation during the winter
months falls in the form of snow, a connection to high d-
values of Mediterranean origin should be expected to be
expressed more clearly.

Precipitation events that were assigned to the ‘local’ mois-
ture source class represent moisture from within 3� radial
distance. The d-values of these events are in the same range
as N Indian Ocean and western moisture (Fig. 6b).

Moisture from the proximity of the measurement sta-
tions ultimately also originates from evaporated vapour
of different seas. Therefore, a comparison between its d-
value and those of other source area classes can help to
understand the moisture source of a wider region. In
November, local moisture is a major contributor (Fig.
5b) with low d-values (Fig. 6b). From December to
February, ‘local’ d-values are in the range of N Indian
Ocean values. This changes from February to April when
they resemble western d-values more closely. This

Table 1. (Continued).

2014-04-17 37.67256 71.83347 2564 �15.3 �118.9 3.5 0.8
2014-04-26 37.67256 71.83347 2564 �9.4 �67.0 7.9 0.6
2014-04-29 37.67256 71.83347 2564 �3.7 �9.7 20.2 7.8
2014-04-30 37.67256 71.83347 2564 �3.1 �5.7 19.4 3.6

This data were also used by Meier et al. (2015a) and Meier et al. (2015b).
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behaviour correlates well with the seasonal specific
humidity contribution, where most moisture stems from
the N Indian Ocean in December and January, and west-
ern moisture takes the lead in March. Over the course of
the year, d-values of the ‘local’ class are closely related to
the overall average of event samples (dotted line in Fig.
6b). This indicates that moisture in the 3� proximity to
the sampling stations is well represented by the average
of all discussed moisture sources at the sampling site.
This shows that the sampled precipitation events are rep-
resentative of a wider region.

5. Conclusions

The strong influence of Mediterranean or western air
masses and moisture that seems to influence several sites
on the southern slopes of Himalaya and Hindu Kush
Mountains, could not be found as distinctively in our
event-based and monthly integrated data. Specifically,
deuterium excess values above 15& that are typical for
cold season precipitation in the eastern Mediterranean
and further east, as well as in the Persian Gulf and
Kabul, were not as abundant in the Western Pamir
Mountains during this time of the year.

With respect to our hypothesis regarding the influence
of Mediterranean moisture, our data evaluation of trajec-
tories from the Western Mediterranean to the Western
Pamir show a maximum moisture contribution during
March and April, when it was not initially expected.
Stations with monthly integrated precipitation collection
along this transect exhibit a seasonal d-excess trend of a
clear sinusoidal shape. This characteristic was not
observed in the Western Pamir Mountains, where month-
long spikes are superimposed on a weaker seasonal trend.

Our findings confirm the complexity of precipitation
moisture origin in Central Asia and suggest to refrain
from simple conclusions, such as linking high d-values to
Mediterranean moisture without thorough discussion.
The observations of a maximum ‘western’ moisture con-
tribution in March and April and its relatively low d-val-
ues of below 15& contradict the simplified assumptions
of other studies concerning moisture sources in Central
Asia. The seasonal distribution of d-values in Kabul and
the Kashmir Valley resemble what can be expected from
a continuation of the eastward trend from the
Mediterranean to the Middle East and the transport of
Mediterranean moisture.

The sparse distribution of isotope data in precipitation
in the Middle East and Central Asia needs to be
improved for a more thorough assessment of water avail-
ability and sources in these regions. Future studies would
benefit from an increased number of stations that collect
precipitation for stable isotope analyses along the transect

from the Mediterranean to Central Asia, to address further
important research questions such as the calculation of the
contribution of recycled water to precipitation. Therefore,
the authors like to encourage submission of isotope data to
freely accessible online databases, such as the GNIP/GNIR
database (iaea.org/water), the Waterisotopes Database of
The University of Utah (waterisotopes.org) or the World
Data Center PANGAEA (pangaea.de).
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