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Abstract: Iran is a semi-arid to arid country that faces a water shortage crisis. Its weather is also
influenced by various air masses and moisture sources. Therefore, applying accurate stable isotope
techniques to investigate Iran’s precipitation characteristics and developing Iran meteoric water lines
(MWLs) as an initial step for future isotope hydrology studies is vitally important. The aim of this
study was to determine the MWLs for Iran by considering air masses and dominant moisture sources.
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model backward analysis
was used to determine the trajectories of various air masses in 19 weather stations in Iran and the
areas covered by them. δ18O and δ2H contents were obtained for precipitation events from 32 stations
in Iran and four in Iraq. Stable isotope samples were gathered from different sources and analyzed in
various laboratories across the world. Three MWLs for north of Iran, south Zagros, and west Zagros,
were determined based on the locations of dominant air masses and moisture sources. The proposed
MWLs were validated by comparison with fresh karstic spring isotope data across Iran. In addition,
Iran main moisture sources MWLs were used to determine dominant moisture sources role in karstic
springs and surface water resources recharge.
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1. Introduction

Isotope composition of hydrogen (δ2H) and oxygen (δ18O) of precipitation provides important
fingerprint information and allows for the identification of moisture sources for precipitation,
evaporated atmospheric moisture conditions, and air mass trajectory patterns [1–7]. The source
of the moisture is the most important predictor of the isotope content of precipitation [1,8]. There
are numerous numerical models to study moisture sources, but a Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) [9] model has been used in numerous stable isotope studies for
tracking moisture sources of precipitation [5,10,11]. Some of these studies, such as [11], consider
d-excess as reliable fingerprints to study moisture sources responsible for precipitation. Moisture
released from water bodies with a high sea surface temperature (SST) and a low relative humidity
normally show a high d-excess (d-excess = δ2H − 8 × δ18O [12]), whereas precipitation originating
from water bodies with a low SST and a high relative humidity will normally have a moderate to low
d-excess [12–14].

Stable isotope technique is a precious method to study water resources characteristics, mainly in
semi-arid and arid regions like Iran. To apply the stable isotope technique, it is important to develop
MWLs (as an indicator of the local precipitation). For accurate interpretation in water resource studies,
stable isotope data in water supply (surface and groundwater resources) should be compared with
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local precipitation via MWLs. In most stable isotope studies in Iran, the global meteoric water line
(GMWL) and the Eastern Mediterranean MWL (EMMWL) were used. However, some authors have
developed local MWLs for certain regions. References [15–24] developed MWLs for Mashhad, Sirjan,
Tehran, Zarivar and Marivan, Khersan, western Zagros, Shahrood, Lar National Park, northeast Iran,
and North Khorasan Province, respectively. Each of these MWLs is applicable to the region for which
it was developed and cannot be used in other parts of Iran because of differences in altitude, latitude,
precipitation, and temperature [25,26]. Therefore, there is a need to develop regional Iran MWLs
that can be applied to larger areas of the country. These MWLs will solve crucial obstacles regarding
stable isotope studies and will be applied in the future isotope hydrology studies in Iran. In addition,
to develop an MWL, the statistical approach should also be applied on precipitation isotopes data.
In some studies, including [27,28], a statistical approach has been used in developing MWLs.

Developing unique MWLs for Iran is not practical or reliable due to various weather conditions
across Iran. Although Shamsi and Kazemi [29] tried to present a unique MWL with a limited number
of samples and stations for Iran, their MWL was not reliable due to various climate conditions that
govern in different parts of Iran. Therefore, the authors tried to find a way and presented a method to
consider moisture sources in developing MWLs. In previous studies [30,31], it has been determined
that Iran is under the influence of various air masses with different isotope characteristics. The aim of
this study was to determine the sources of precipitation moisture for different regions of Iran using the
HYSPLIT model backward trajectories, and also to determine various air masses’ dominance zones.
Iran MWLs were developed based on various air masses’ dominance zones (presented by HYSPLIT)
and validated by comparison with fresh karstic springs. Finally, the MWLs for the main Iran moisture
sources were developed. These MWLs were used to study the role and contribution of various air
masses in karstic springs and surface water recharges across Iran. The application of moisture sources
MWLs to study the role and contribution of various moisture sources in karstic springs and surface
water resources recharge is a new method.

2. Iran Climatology and Weather Conditions

Iran is known for its diverse topography and climatology. A number of large water bodies border
Iran (the Caspian Sea to the north, and the Persian Gulf and Oman Sea to the south). There are also
high mountain ranges in Zagros (west and southwest Iran) and Alborz (north of Iran), which surround
two large deserts (Dasht-e Lut and Dasht-e Kavir in central Iran). These features influence the climate
of Iran, particularly the distribution of precipitation across the country. Average precipitation in Iran is
250 mm/year which varies from less than 100 mm/year in central Iran to higher than 1000 mm/year in
the Caspian Sea coastal area [31]. There is a dry period (May to October) and a wet period (November
to April) [31,32]. Four air masses including maritime polar (mP), Mediterranean (MedT), continental
polar (also called the Siberian high-pressure system, cP), and continental tropical (also known as
Sudan, cT) normally influence Iran in the wet period (November to April). However, the maritime
tropical (mT) air mass only influences Iran in the dry period (May to October) [25,26]. The cP air mass
predominantly supplies moisture from the Caspian Sea, and to a lesser extent from the Black Sea.
It enters from the north and influences the north part of Iran. The mP air mass enters Iran from the
northwest and mainly affects northwest Iran. The mP air mass predominantly supplies moisture from
the Atlantic Ocean and the Black Sea to Iran. MedT is one of the most active air masses and affects
almost all parts of Iran. The MedT air mass supplies moisture from the Mediterranean Sea and the
Atlantic Ocean, and to a lesser extent the Black Sea. The cP and mP air masses dominantly influence
Iran during December, January and February, while the MedT air mass dominantly influences Iran
during March and April. The cT air mass affects most parts of Iran (like the MedT air mass) but affects
the south most strongly. The cT air mass enters from the south and rarely affects areas outside of
Iran. The cT air mass transports a considerable amount of moisture from the Persian Gulf, the Red
Sea, and the Arabian Sea. The cT air mass has a crucial role in Iran precipitation during all of the
wet period [31]. Precipitation southeast of Iran is predominantly influenced by the mT air mass [25].
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The mT air mass supplies moisture from the Arabian Sea and the Indian Ocean to southeast and south
of Iran. Karimi and Farajzadeh [32] calculated air mass trajectories for Iran using 40-year reanalysis
datasets provided by the European Center for Medium Range Weather Forecasts, the US National
Centers for Environmental Prediction, and the National Center for Atmospheric Research. Numerical
models such as HYSPLIT and FLEXible_PARTicle dispersion model (FLEXPART) have been used
widely to identify the most important moisture sources and to determine the roles of moisture sources
in supplying precipitation to remote regions in several parts of the world including Iran [1,5,10,33–36].

3. Materials and Methods

The dominant air masses and moisture sources for 900 precipitation events (for the period of
2010 to 2016) at 19 meteorological stations were determined using 120-hour backward trajectories.
A precipitation event was considered to have occurred when precipitation was > 5 mm/day. These
trajectories were obtained using the online version of the HYSPLIT model called READY (Real Time
Environmental Application and Display System) [9,37]. HYSPLIT was initially developed by the US
National Oceanic and Atmospheric Administration Air Resources Laboratory in 1982 and has been
improved markedly since then. The HYSPLIT model can compute simple air parcel trajectories
(backwards and forwards) and complex simulations involving dispersion and deposition [37].
The position of an air parcel at a particular time is computed after wind speed, temperature, pressure,
and solar radiation data have been input into the HYSPLIT model from the US National Oceanic and
Atmospheric Administration “FNL” meteorological database [37].

δ18O and δ2H data were obtained from 36 precipitation sampling stations. In addition to
precipitation, the isotope composition of hydrogen (δ2H) and oxygen (δ18O) of fresh karstic springs
and surface water resources was also studied. All the isotope data were collected from previous
publications in academic journals, PhD theses, MSc dissertations, and reports/data from the Global
Network of Isotopes in Precipitation (GNIP) stations, the Karst Research Center of Iran, the Iran
Regional Water Authorities, and the Iran Water Resources Institute. For event-based determination
of stable isotope composition of precipitation, samples were collected in 25 mL polyethylene bottles
after each precipitation event and they were sent to the laboratory for analyses. However, for monthly
based samples, the procedure presented by the GNIP was used. To avoid and minimize evaporation in
monthly samples, these samples were taken in an event-based approach according to the rainwater
collected in the rain gauges after each event, and were transferred into a monthly accumulation
bottle [38]. These accumulation bottles were sent to the laboratory for further stable isotope analyses.
All the samples were analyzed for δ2H and δ18O (δ (%�) = (R sample /R standard − 1) × 103), where
R is 2H/H or 18O/16O ratio. The isotopic composition is expressed in δ per mil, and %� shows 2H/H
and 18O/16O deviation from the reference VSMOW (Vienna Standard Mean Ocean Water). Analysis
of the water samples was performed in several laboratories including G.G. HATCH Stable Isotope
Laboratory at the University of Ottawa, Canada; Stable Isotope Laboratory at the University of Waterloo,
Canada; IAEA laboratories; Federal Institute for Geosciences and Natural Resources in Hannover,
Germany; Isotope Science Laboratory at the University of Calgary, Canada; National Research Center
for Environment and Health (GSF), Neuherberg, Germany; the Isotope Hydrology Laboratory at
Kumamoto University, Kumamoto, Japan, and several other laboratories across the world. Samples
were analyzed for isotope composition of hydrogen (δ2H) and oxygen (δ18O) using isotope ratio
mass spectrometer (IRMS) (Thermo Finigan, Bremen, Germany) and Los Gatos Research, Inc. (LGR)
(ABB/LGR group, San Jose, CA, USA) instruments. The analytical standard uncertainties for most of
the samples were ± 0.1 %� and ± 1%� for δ18O and δ2H, respectively.
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The MWLs for Iran were developed using available isotope data and moisture sources obtained
by HYSPLIT model backward trajectories. A linear regression model was used to determine the
trend line between δ18O and δ2H data and develop MWLs. Linear regression was done in Microsoft
Excel with Analysis ToolPack of Microsoft Office (2016) Professional Plus (Microsoft Corporation,
Redmond, WA, USA) with License from the University of Vigo [39]. To understand how well the linear
regression model fits the data, R-squared (R2) value was used. The higher R2 values demonstrate
smaller differences between variable data and also show how strongly the variables are correlated
with each other. The developed MWLs of Iran were validated using the δ18O and δ2H contents of
fresh karstic springs across the country. The application of karstic spring as a natural pluviometer has
been done previously in several studies such as [40]. In addition to regression models, the Analysis
of Covariance test (ANCOVA) was also applied to the precipitation and karstic springs isotope data.
An ANCOVA test is just like an ANOVA test, but ANCOVA takes into account the influence of
the covariate (a covariate is a variable which has influence on the dependent variable/variables).
The ANCOVA test checks the effect of the covariate on the dependent variable/variables. Authors used
R programming (R Core team, Vienna, Austria) to calculate the ANCOVA test [41].

4. Results and Discussion

The contributions of different air masses which caused precipitation at 19 weather stations in
Iran were determined using the HYSPLIT model backward trajectories. The results are presented in
Figure 1. In addition, the main air mass trajectories toward Iran and areas covered by the different air
masses are also shown in this figure. Precipitation in large parts of Iran is influenced by several air
masses, but in some parts of the country just one or two air masses predominate.



Water 2019, 11, 2359 5 of 19
Water 2019, 11, x FOR PEER REVIEW 5 of 19 

 

 

Figure 1. Contributions of different air masses causing precipitation at 19 weather stations in Iran for 
the period of 2010–2016. (a) The dominant air mass trajectories toward Iran. (b) The spatial 
distributions of these air masses across Iran. (c) The length of each arrow indicates approximate 
intensity of the air mass. Station names are as follows: 1 Bandar Anzali, 2 Gorgan, 3 Tehran, 4 
Shahrood, 5 Mashhad, 6 Isfahan, 7 Arak, 8 Marivan, 9 Tabriz, 10 Shahrekord, 11 Ahvaz, 12 Zahedan, 
13 Sirjan, 14 Samyrom, 15 Bandar Abas, 16 Darab, 17 Chabahar, 18 Bushehr, and 19 Shiraz). 

 

Figure 1. Contributions of different air masses causing precipitation at 19 weather stations in Iran for
the period of 2010–2016. (a) The dominant air mass trajectories toward Iran. (b) The spatial distributions
of these air masses across Iran. (c) The length of each arrow indicates approximate intensity of the
air mass. Station names are as follows: 1 Bandar Anzali, 2 Gorgan, 3 Tehran, 4 Shahrood, 5 Mashhad,
6 Isfahan, 7 Arak, 8 Marivan, 9 Tabriz, 10 Shahrekord, 11 Ahvaz, 12 Zahedan, 13 Sirjan, 14 Samyrom,
15 Bandar Abas, 16 Darab, 17 Chabahar, 18 Bushehr, and 19 Shiraz).
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4.1. Developing MWLs for Iran

The mean isotope composition of hydrogen (δ2H) and oxygen (δ18O) of precipitation as well as
d-excess, station elevation, precipitation, and air temperature for each station in Iran and Iraq are
presented in Supplementary Table S1 [15,16,18,19,21,42–57]. The spatial distribution of the precipitation
sampling stations is shown in Figure 2a and karstic springs sampling stations in Figure 2b. These
stations were separated into three groups according to air mass dominance zones presented by the
HYSPLIT model backward trajectories presented in Figure 1.
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Figure 2. Climatological stations (black triangles) and precipitation sampling sites for isotope
composition of hydrogen (δ2H) and oxygen (δ18O) analysis in North Iran (sky blue circles), West
Zagros (brown circles) and South Zagros (gray circles) (a). Karstic springs sampling sites for isotope
composition of hydrogen (δ2H) and oxygen (δ18O) analysis in Iran (b). The geographic location,
boundaries of Iran (black line), and elevation map are derived from the Hydrosheds project [58].

As Iran weather is influenced by various air masses and moisture sources, it has not been possible
to develop a single MWL for Iran because the MWL and stable isotopes in precipitation mainly depend
on air masses and moisture sources [1,2]. Thus, three MWLs were developed for Iran (one each for
Zagros-west, Zagros-south, and north of Iran) according to the various air mass dominance zones
across Iran presented in Figure 1. To understand the effect of air mass dominance zones on the
developed Iran MWLs, the unique Iran MWL was developed by linear regression model and its R2 was
compared with the R2 of Iran MWLs developed based on air masses and moisture sources. Results
showed that the R2 values for Iran’s unique MWL was lower than the R2 for Iran MWLs developed
based on air masses and moisture sources (Supplementary Table S2). This confirmed that developing
MWLs based on air mass and moisture source dominance zones was much more accurate compared to
developing a unique MWL for the whole of Iran. The linear regression model was used to develop a
trend line between δ18O and δ2H data and develop MWLs. The proposed Iran MWLs and the relevant
equations are shown in Figure 3.

The intercept for the North of Iran MWL (+3.86%�) was markedly lower than the intercept for
Zagros-south (14.82%�) and Zagros-west (16.99%�) MWLs, while the North of Iran MWL slope (7.11)
was between the slope of Zagros-south (7.06) and Zagros-west (8.12), respectively. The much lower
intercept and lower slope of the North of Iran MWL compared to the Zagros region’s MWLs was
due to various isotope characteristics of moisture sources that influence these regions. The higher
slope of the Zagros-west MWL compared to other Iran MWLs and also GMWL δ 2H = (8.17 ± 0.06)
δ 18O + (10.35 ± 0.65) [59] was due to high relative humidity in this region. This region is covered
by high mountains and local jungles with high average annual precipitation and relative humidity
(>85%) which is higher than the global average [31]. Furthermore, the average d-excess for the north
of Iran stations (9.45%�) was considerably lower than the averaged d-excess values for the south of
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Zagros (18.57%�) and west of Zagros (16.31%�), respectively. This is because the SSTs for the water
bodies providing moisture to the Zagros regions (mainly the Mediterranean Sea, the Arabian Sea
and the Persian Gulf) are higher during the primary evaporation stage than the SSTs for the water
bodies providing moisture to the north of Iran (mainly the Caspian Sea, the Black Sea, and the Atlantic
Ocean) [60].
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Figure 3. Average δ2H and δ18O in the sampling station’s precipitation, and Iran developed meteoric
water lines (MWLs).

In the ANCOVA test on the precipitation samples, air temperature, precipitation amount, and
sampling station elevation were considered as covariate variables which influenced the stable isotope
content of precipitation. Air mass dominance zones were considered as fixed parameters, while
δ18O, δ2H and d-excess were considered depended variables. After checking the first assumption of
the ANCOVA test, only elevation showed p > 0.05 and met covariate requirements (Supplementary
spreadsheet S1). For the next assumption of the ANCOVA test, the homogeneity of the regression
was checked. To check this assumption, air mass dominance zones were considered the fixed factor,
elevation was a covariate, and δ18O, δ2H and d-excess were dependent variables. The p values were
>0.05 for all the variables and homogeneity of regression was met (Supplementary spreadsheet S1).
Elevation is variable which directly influences the stable isotope content of precipitation in Iran.

To validate the developed Iran MWLs, they were compared with fresh karstic springs across Iran.
The δ18O, δ2H, electrical conductivity (EC), and d-excess values for over 200 karstic freshwater springs
are shown in Supplementary Table S3 [17,19,20,43,45,54,61–71]. Evaporation did not markedly affect
the selected karstic springs, and the EC of the karstic springs water was < 1000 µS/cm. The isotopic
ratio of the karstic springs could therefore be used to check the validity of the MWLs. The proposed
MWLs were validated by matching the isotopic ratio of the karstic springs with the MWLs, and the
results indicated that the proposed MWLs were appropriate (Figure 4). The linear regression model
was applied to trend the karstic springs water line (Supplementary Table S2). Trending lines on
karstic springs showed very mild deviation from MWLs which confirmed the very low and negligible
evaporation in most of the samples and the reliability of karstic springs for validation of the developed
Iran MWLs.
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Studying the isotope data in karstic springs using an ANCOVA test demonstrated important results.
Authors considered EC as a covariate which influenced the stable isotope content of karstic springs.
Authors checked the validity of EC as a covariate and confirmed that this variable met the covariate
requirements. Therefore, the first assumption of the ANCOVA test was achieved. Furthermore,
the homogeneity of the regression was also tested. Karstic regions of Iran were considered as the
fixed parameter, EC as the covariate variable, and δ18O, δ2H and d-excess as dependent variables
(Supplementary spreadsheet S1). The homogeneity of regression was met for all the dependent
variables and thus two ANCOVA test assumptions were achieved. EC directly influenced the stable
isotope content of karstic springs, and thus choosing the karstic springs with low EC values for
validation of MWLs was a wise decision as high EC values (>1000 µS/cm) can influence the stable
isotope content of karstic springs.
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(c) Zagros-south MWLs.

The areas covered by the Iran MWLs are shown in Figure 5. No isotope data were available for
coastal lowland areas along the Persian Gulf, central Iran, east and southeast Iran. Therefore, MWLs
were not developed for these areas. The HYSPLIT model output indicates that the monsoon is the
dominant source of precipitation for the southeast of Iran. Karachi (Pakistan) is also influenced by
monsoon moisture sources [72], so the Karachi station MWL (KMWL) δ 2H = 7.56 δ 18O + 0.34 [73] can
be used as an alternative MWL for the southeast of Iran. No alternative MWL is available for coastal
areas along the Persian Gulf and central Iran.
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4.2. MWLs for Specific Moisture Sources

The HYSPLIT model output for 161 precipitation events for which isotope data were available
(12 of the 32 studied stations in Iran) indicated that moisture predominantly originated from various
moisture sources (mainly the Caspian Sea, the Mediterranean Sea, and the Persian Gulf). In previous
studies, only the stable isotope characteristics of different moisture sources were determined [1–5,30],
but herein an attempt was also made to determine MWLs for the precipitation events originated from
the main moisture sources (Figure 6). These MWLs could be used to study the roles and contributions
of various moisture sources in surface water and karstic springs recharge in Iran.
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The developed Iran MWLs and dominant moisture sources MWLs are shown in (Table 1).
Comparing the slope and intercept of the MWLs demonstrated very valuable results. In the west
Zagros region where precipitation is dominantly provided by MedT air mass, the Zagros-west MWL
is similar to the Mediterranean Sea MWL in both slope and intercept. However, in the south Zagros
region where precipitation is provided dominantly by MedT and cT air masses, Zagros-south MWL
slope and intercept values were between the Persian Gulf and the Mediterranean Sea MWLs slope and
intercept. In the north of Iran where precipitation is provided mainly by the simultaneous influence
of MedT and cP air masses, the North of Iran MWL slope and intercept values were between the
Mediterranean and the Caspian Sea MWL slope and intercept values.

Table 1. Regional MWLs for Iran and MWLs for specific moisture sources.

MWL Slope Intercept Dominant Air
Masses Dominant Moisture Sources

Zagros-south 7.06 14.82 MedT & cT Arabian Sea, Mediterranean Sea,
Persian Gulf, and continental sources

Zagros-west 8.12 16.99 MedT,
cT, & mP

Mediterranean Sea, Black Sea, Persian
Gulf, and continental sources

North of Iran 7.11 3.86 MedT, cT,
mP, & cP

Caspian Sea, Mediterranean Sea,
Black Sea, Persian Gulf, and

continental sources
Karachi MWL (KMWL)

for Southeast Iran 7.56 0.34 mT Indian Ocean and Arabian Sea

Caspian Sea 5.48 −8.59 cP Caspian Sea
Mediterranean Sea 8.36 18.42 MedT Mediterranean Sea and Black Sea

Persian Gulf 7.02 14.53 cT Persian Gulf

4.3. The Role of Various Moisture Sources in Surface Water and Karstic Springs Recharge in Iran

As mentioned earlier, MWLs developed for the dominant Iran moisture sources can be used in
the study of moisture source contribution rate in karstic springs and surface water resources recharge.
Surface water resources isotope data were collected from three dominant zones in the north of Iran,
west Zagros and south Zagros [17,18,20,43,54,57,62,67,68,74–85] and presented in Supplementary
Table S4. To study the role of the dominant moisture sources in surface water resources recharge,
surface water samples were plotted on the Caspian Sea, the Persian Gulf and the Mediterranean Sea
MWLs (Figure 7). Surface water resources in the north of Iran were closely plotted on the Caspian Sea
MWL. This demonstrated the considerable role of the Caspian Sea moisture in surface water resources
recharge in this region. However, the surface water resources in the south Zagros region were closely
plotted on the Persian Gulf MWL. This confirmed that surface water resources in this region were
dominantly under the influence of the moisture originating from the Persian Gulf. Some of the surface
water resources in the south Zagros region deviated considerably from the Persian Gulf MWL due
to huge evaporation effect. These surface water samples (mainly Parishan and Dasht-Arjan lakes)
faced huge evaporation from their surfaces (Supplementary Table S4). Finally, plotting surface water
resources on the Mediterranean Sea MWL showed that most of the surface water resources in all
three dominate regions were plotted closely on this MWL. This confirmed the dominant role of the
Mediterranean Sea moisture source in precipitation and surface water resources recharge in all parts of
Iran. Some of the surface water resources in the north of Iran (Caspian Sea and Bazangan Lake) and
also south Zagros (Parishan and Dasht-Arjan) dominantly deviated from the Mediterranean Sea MWL
which was due to an intense evaporation effect on these resources (Supplementary Table S4). A linear
regression model was used to develop a water line for surface water resources. The developed surface
water isotope lines showed huge decline in both slope and intercept compared to both Iran MWLs
and also to karstic springs isotope lines. This was due to the huge evaporation effect on surface water
resources in the studied regions (Supplementary Table S4).
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Plotting karstic springs on the dominant moisture sources MWL also demonstrated very valuable
results (Figure 8). Karstic springs in the north of Iran were plotted closely on the Caspian Sea and the
Mediterranean Sea MWLs. This is due to the fact that the Caspian and Mediterranean seas moisture
have a dominant role in karstic springs recharge in the north of Iran. However, karstic springs in
the Zagros regions (west and south) were mainly plotted on the Persian Gulf and the Mediterranean
Sea MWLs. Karstic springs in the Zagros regions are mainly recharged by the precipitation events
originating from these water bodies.
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Studying the role of various moisture sources on karstic springs and surface water resources
across Iran confirmed that various moisture sources dominantly recharged surface and karstic springs
resources across Iran. In the north of Iran, the Caspian and Mediterranean seas influence surface and
karstic springs resources, while in the Zagros regions in the west and southwest of Iran, the Persian
Gulf and the Mediterranean Sea moisture have a dominant role in surface and karstic springs recharge.

5. Conclusions

Most parts of Iran are influenced by several air masses, but specific air masses are dominant in
each part of the country. Thus, a single MWL for Iran is not appropriate. Three MWLs were developed
for Iran based on the main moisture sources and air masses which influence this country (Zagros-west,
Zagros-south, and North of Iran). The proposed MWLs for Iran were validated by matching karstic
spring δ18O and δ2H values to the proposed MWLs. The d-excess values were higher for the west and
south Zagros regions compared to the north of Iran, because the water bodies supplying moisture
to west and south Zagros’ precipitation have higher SSTs and lower humidity than those supplying
moisture to the north of Iran. Furthermore, MWLs were also developed for the main Iran moisture
sources (the Caspian Sea, the Mediterranean Sea, and the Persian Gulf). Plotting karstic springs
and surface water resources on the main moisture sources MWLs showed that both karstic springs
and surface water samples in the north of Iran were mainly plotted on the Caspian Sea and the
Mediterranean Sea MWLs. However, most of the karstic springs and surface water samples were
plotted on the Persian Gulf and the Mediterranean Sea MWLs in the south and west Zagros regions.
The methods proposed here can be applied in other regions influenced by various air masses and
moisture sources.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2359/s1,
Table S1. Station elevation, precipitation depth (P), air temperature (T), mean isotope composition of hydrogen
(δ2H) and oxygen (δ18O) of precipitation, and mean d-excess for each studied station in Iran and Iraq; Table S2.
The linear regression models for precipitation, karstic springs and surface water resources data; Table S3. Mean
isotope composition of hydrogen (δ2H) and oxygen (δ18O), electrical conductivity (EC), and d-excess values in
karstic springs sampling stations for the regions in Iran covered by the MWLs, and the number of karst springs in
each region; Table S4. Mean isotope composition of hydrogen (δ2H) and oxygen (δ18O), and d-excess values in
surface water resources for the regions in Iran covered by the MWLs, and the number of surface water resources
in each region; Spreadsheet S1: ANCOVA test results for the precipitation and karstic springs stable isotope data.
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