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ABSTRACT
Iran and Iraq face a water shortage crisis especially in the recent decade. Hence, the regions with high
potential water resources are highly important to these countries. Precipitation sampling for %0 and *H
analyses was conducted in 10 stations in the west of Iran and 2 stations in the east of Iraq during this study.
Studying precipitation and its moisture sources using the backward trajectories of the HYSPLIT model,
developing seasonal meteoric water lines (MWLs), and simulating the spatial variations of stable isotopes in
precipitation using stepwise regression yielded valuable results regarding the hydrometeorology of the study
region. The precipitation moisture sources in the study region were determined using the backward
trajectories of the HYSPLIT model. These backward trajectories demonstrated the domination of various
moisture sources including the Mediterranean Sea, the Black Sea, the Red Sea, and also the Persian Gulf in
different seasons as reflected in the seasonal MWLs. In addition to moisture sources, the effects of
meteorological parameters (temperature and precipitation amount) on the stable isotope content of
precipitation also showed a notable correlation (with R? = 0.58 and 0.46, respectively). Surface water
resources were also plotted on the developed seasonal MWLs, while some samples deviated from seasonal

MWLs due to the evaporation effect.

Keywords: stable isotopes, moisture sources, HYSPLIT, stepwise regression, ANCOV A test

1. Introduction

Since 1961 when Harmon Craig stated that !0 and 2H
in the water molecules of fresh water resources have a
close correlation (Craig, 1961), the stable isotope tech-
nique has been increasingly used as a reliable tracer in
hydrological, hydrogeological, and hydro-meteorological
studies (Clark and Fritz, 1997; Kurita et al., 2004; Kohn
and Welker, 2005; Lachniet and Patterson, 2009; Kumar
et al.,, 2010; Soderberg et al.,, 2013; Huang and Wen,
2014; Wei et al., 2016; Xu et al., 2018; Mohammadzadeh
and Heydarizad, 2019). The application of the stable iso-
tope technique in precipitation, as one of the most
important parts of water resources studies, is influenced
by different parameters. Moisture origin (Sjostrom and

*Corresponding author. e-mail: mohammadzadeh@um.ac.ir or
mohammadzadeh@alumni.uottawa.ca

Welker, 2009; Breitenbach et al., 2010; Liu et al., 2010;
Lykoudis et al., 2010; Crawford et al., 2013; Krklec
et al., 2018; Rao et al., 2018; Tanoue et al., 2018;
Boschetti et al., 2019; Juhlke et al., 2019; Kong et al.,
2019; Mohammadzadeh and Heydarizad, 2019) precipita-
tion amount (Kurita et al., 2004; Lachniet and Patterson,
2009), latitude (Dotsika et al, 2010), altitude
(Gonfiantini et al., 2001; Guan et al., 2009; Kumar et al.,
2010; Windhorst et al., 2013; Vespasiano et al., 2015),
and temperature (Kohn and Welker, 2005; Lachniet and
Patterson, 2009) mainly control the '®0 and ?H contents
in precipitation. Among these parameters, the moisture
sources of precipitation affect the stable isotopes in pre-
cipitation much more than the other parameters
(Mohammadzadeh and Heydarizad, 2019).

Developing the local meteoric water line (LMWL) is
the first step in isotope studies as it is needed for
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Fig. 1. The main air masses influencing Iran and Iraq and their directions (a) and the precipitation sampling points in the study
region (b).

comparing water resources (groundwater and surface  2013; Osati et al., 2014; Kazemi et al, 2015;
water resources) with the local precipitation (Heydarizad, Mohammadzadeh and Heydarizad, 2019) have been done
2018). In Iran, a few studies (including Mohammadi to develop the LMWL of Fars Province, Tehran, Sirjan,
et al, 2007, Faroughi, 2008; Heydarizad, 2011; Shahroud, Khersan, Mashhad, Marivan, and the west of
Mohammadzadeh and Ebrahimpour, 2012; Jahanshahi, Zagros, respectively. These MWLs are only applicable to



Table 1. The meteorological characteristics of the west of Iran (based on the data of the meteorological stations in Sanadaj, Kermanshah, Ilam, Marivan, Paveh, Ghasreh Shirin,

and Dareh Shahr).

Precipitation (mm)

Temperature (°C)

Type of
meteorological

Average
elevation (m) Fall

Annual

Spring Summer

Winter

Fall
146.9
133.8
129.1

Annual

Spring Summer

15.9

Winter

Elevation

utm y

635,264 3,776,063

Supplementary 553,552 3,817,752

Synoptic

utm x

station

Eslam Abad Garb (EAG) Synoptic

Ghasr-e-Shrin (GSh)
Kangavar (Kan)
Krend (Krd)

Name

455.9

2.6
0.3

94.9

211.5

13.8

25.5

2.8

10.9

1528

1350

370.1

61.0

175.0
151.4
251.7

33.6 22.4

25.0

11.7
22

19.3

466
1835
1518
1625
1460
1585
1005

355
1445
1510

1311

382.6
537.3
437.0
759.9
521.2

2.4
1.3
1.5
3.6

0.9

99.6
137.9
122.9
191.2

25.1 13.3

15.6

10.3

773,924 3,821,639
615,076 3,792,431
697,747 3,803,058
623,119 3,879,421
651,090 3,842,862

579,611
Supplementary 560,109 3,749,410

146.4
126.9
224.1

16.4 26.2 14.9

4.8

12.2

Automatic
Synoptic
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3.8 16.3 26.2 14.5 185.7
4.4 341.0

11.6

Kermanshah (KSh)

Paveh (PV)

27.8 15.5

17.2

12.6

1462
1345

Automatic
Synoptic

16.6 27.6 150 1385 2303 151.6
132.1

3.4
9.4

13.1

12.2

Ravansar (RS)

413.3
231.9

84.0 0.8

196.4
107.5

31.5 20.0

22.3

16.9

554
301

3,812,394

Synoptic

Sarpol-e-Zehab (SPZ)

Sumar (Sum)

1.2

53.4

353 23.9 69.8

26.4

20.9

507

a small part of Iran. The moisture sources of the precipi-
tation events and also the seasonal effect were not consid-
ered in any of these studies. To study the moisture
sources of precipitation events, the backward trajectories
developed by the Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) model is mainly used
(Mohammadzadeh and Heydarizad, 2019).

In addition to MWLs, the spatial distribution maps of
stable isotopes in precipitation also have a great role in
isotope studies. The initial maps of isotopes in precipita-
tion used inverse distance-weighted (IDW) approaches,
however, later on, multiple regression and more sophisti-
cated interpolation models were presented (Terzer et al.,
2013). The Bowen and Wilkinson model (BW) is the
most important multiple regression model which uses the
fixed predictive variables of absolute latitude, squared
latitude, and altitude optimized by an interpolation par-
ameter so as to obtain the best fitting model (Terzer
et al., 2013). In recent studies on developing isotope
maps, multiple regression and GIS-based interpolation
methods have been used as predictive indicators in
both global (Bowen and Revenaugh, 2003; Van der
Veer et al., 2009; Terzer et al., 2013) and regional
(Longinelli and Selmo, 2003; Delavau et al., 2015;
Sanchez-Murillo et al., 2013) scales.

Iran and Iraq are semi-arid and arid countries and
have faced water shortage crisis from early times. The
water shortage crisis has increased in the recent decade
due to the population growth and the recent long
droughts. Therefore, water resources studies are very
crucial for these regions. The study region is one of the
most important water zones for both Iran and Iraq.
Iran and Iraq have a special view toward this region
due to its higher annual precipitation compared to the
average annual precipitation in these countries. This
region is the origin for some of the main rivers in Iran
and Iraq such as Karkheh, Dez, Diyala, Upper Zab,
Lower Zab, and Karoun. Although this region has a
great role in providing water supply for both countries,
few studies have been done on it (the west of Iran
(Osati et al.,, 2014) and the east of Iraq (Ali et al.,
2015)). Comprehensive stable isotope studies on water
resources are highly crucial for further meteorological
and hydrological studies in this region. This study aims
to determine the main moisture sources for precipitation
in the west of Iran and the east of Iraq and to investi-
gate the stable isotopes of local precipitation including
developing the seasonal MWLs and the distribution
maps of stable isotopes in this region. Finally, the sta-
ble isotopes in the main surface water resources in this
region have been plotted on and compared with the
developed seasonal MWLs.
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Fig. 2. The land use map of the study region.

2. The study area

The study area, the locations of the sampling stations, and
the trajectories of the main air masses influencing the study
region are shown in Fig. 1. Nine meteorological stations
including Eslam Abad Gharb (EAG), Ghasr-e-Shrin (GSh),
Kangavar (Kan), Krend (Krd), Kermanshah (KSh), Paveh
(PV), Ravansar (RS), Sarpol-e-Zehab (SPZ), and Sumar
(Sum) in Kermanshah province, one station in Marivan
(MAR) in Kurdistan province (Mohammadzadeh and
Ebrahimpour, 2012), and two stations in the neighboring
regions in Diyala (DYL) and Sulmaniyia (SOL) in Iraq (Ali
et al., 2015) were selected to study the stable isotope (‘*0
and *H) characteristics of precipitation in the west of Iran
and the east of Iraq. Zagros mountain ranges cover most of
the study area making its climate milder with a higher
amount of annual precipitation compared to the average
annual precipitation of Iran (Alijjani, 2000). The amount of
annual average precipitation according to the meteorological
stations in Sanadaj, Kermanshah, Ilam, Marivan, Paveh,
Ghasreh Shirin, and Dareh Shahr in the west of Iran is
around 570 mm. The mean monthly temperatures vary from
about 30.3°C in August to about 5.3°C in December

(Mohammadzadeh and Eskandari, 2018). Table 1 presents a
summary of the climatic parameters in the stations in the
west of Iran. According to previous studies (Alijani, 2000;
Barati and Heydari, 2003), the Mediterranean and the con-
tinental tropical (also known as the Sudan) air masses are
the dominant air masses and the Mediterranean and the
Arabian Seas are the main moisture uptake sources for the
west of Iran and the east of Iraq. In addition, the land use
map of the study region is presented in Fig. 2. The land use
map shows large variations study area.
Agricultural lands and forests cover large parts of the study
area. Local forests cover the west, southwest, and northwest
parts of the study area. On the other hand, pastures and
dry farms also cover large parts of the study region. In add-
ition to these dominant land use types, rock coverage, urban
areas, bare lands, and water bodies (streams and wet lands)
cover small parts of the study region.

across the

3. Materials and methodology

The moisture sources of precipitation in the study region
were determined using the backward trajectories of the
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Table 2. The variations of precipitation, temperature, 680, *H, and d-excess in the studied stations in Iran and Iraq.

Location Date Precipitation (mm)  Temperature (°C) s'%0 5H d-excess (%,) LMWL (%,)
EAG 19 February 2015 2070  465.00 6.30 1034 —5.07 —4.12 —22.19 —21.82 11.15 5H = 6.24
20 March 2015 46.50 5.90 —7.86 —43.24 5'%0 + 8.8
20 April 2015 58.10 10.50 —5.99 —31.14
21 May 2015 9.70 17.40 —4.03 —11.55
22 October 2015 3.40 19.00 —4.36 —11.49
21 November 2015  266.20 10.00 —-2.62 —15.58
21 December 2015 60.40 3.30 —5.76 —-26.02
GSh 19 February 2015 13.60  320.40 13.10 1695 —242 —289 —0.75 —14.39 8.75 8H = 17.32
20 March 2015 43.10 14.00 —6.07 —26.44 o180 + 1233
20 April 2015 15.00 18.70 0.00 10.45
21 June 2015 3.40 25.70 431 46.64
21 November 2015  204.80 17.60 —2.67 —17.27
21 December 2015 40.50 12.60 —-2.44 —5.88
Kan 19 February 2015 27.60  397.40 6.10 6.99 —221 —-536 —2.90 —29.14 13.72 5°H = 7.64
20 March 2015 26.90 5.90 —6.05 —33.64 o130 + 14.63
20 April 2015 75.00 10.50 —2.70 —0.55
21 November 2015  194.90 9.20 ~5.81 ~36.82
21 December 2015 73.00 2.60 -7.81 —46.28
Krd 19 February 2015 2730  665.60 6.80 9.00 —349 —6.68 —6.19 —32.52 20.95 5°H = 6.89
20 March 2015 68.50 6.60 —9.23 —48.16 5180 + 15.65
20 March 2015 68.50 6.60 -7.77 —40.66
20 April 2015 67.00 10.60 —2.74 —0.94
21 May 2015 7.60 16.70 —0.99 7.65
21 November 2015  347.20 10.70 —6.52 —34.43
21 December 2015 79.50 5.00 —9.23 —43.19
KSh 19 February 2015 560  340.60 7.30 1257 =217 —479 —9.55 —29.79 8.50 5H = 5.96
20 March 2015 22.80 7.40 —2.47 —12.18 5'%0 — 0.18
20 April 2015 49.90 12.30 —2.36 —4.50
21 May 2015 6.90 19.30 —2.38 —9.04
21 June 2015 3.50 26.00 2.88 15.64
21 November 2015  203.80 11.00 ~5.66 —39.45
21 December 2015 48.10 4.70 —5.90 —32.09
PV 19 February 2015 77.60  731.20 7.90 1248 —4.82 —6.33 —17.04 —33.65 16.98 5H = 6.96
20 March 2015 63.40 8.10 —7.28 —39.40 %0 + 11.9
20 April 2015 68.40 12.10 ~5.76 —24.95
21 May 2015 14.20 19.50 -1.50 —1.51
22 October 2015 9.80 21.80 0.52 16.02
21 November 2015 416.20 11.50 —6.91 ~39.92
21 December 2015 81.60 6.50 —6.20 —31.86
RS 19 February 2015 3240  526.70 6.30 1093  -3.13 —7.18 —10.17 —42.86 14.61 5°H = 5.86
20 March 2015 49.80 6.80 —6.65 —41.40 5'%0 + 2.76
20 April 2015 57.60 17.70 —5.43 ~27.69
22 October 2015 3.30 19.90 7.54 4441
21 November 2015  315.00 10.20 —8.34 —53.81
21 December 2015 68.60 4.70 —6.37 —26.07
SPZ 19 February 2015 1770 409.60 10.40 14.60 0.02 —4.03  6.86 —15.90 16.34 5H = 5.66
20 March 2015 53.80 12.00 243 -5.16 81%0 + 7.87
20 April 2015 27.10 16.50 —2.71 ~5.65
21 May 2015 3.70 23.40 —5.34 —22.38
21 November 2015  255.60 15.30 —4.70 —20.67
21 December 2015 51.70 10.00 —4.35 —16.18
Sum 20 March 2015 38.40  357.40 15.40 18.17 —4.53 —0.34 —15.71 —13.67 13.85 *H = 5.61
20 April 2015 18.40 24.00 1.09 14.48 5180 + 8.32

(Continued)
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Table 2. (Continued).

Location Date Precipitation (mm)  Temperature (°C) 50 °H d-excess (%,) LMWL (%,)
21 November 2015  235.40 19.20 —3.64 —17.55
21 December 2015 65.20 14.10 —3.34 —6.43
Mar 15 December 2010 —-7.8 —8.03 —47.48 —43.17 21.1
15 January 2011 —-8.27 —38.87
15 December 2011 —7.86 —7.25 —45.26 —45.03 12.96
Sol 15 January 2012 —6.56 —44.73
15 March 2012 —-7.33 —45.11
15 December 2011 —-5.78 =542 -293 -28.0 15.36
Dyl 15 January 2012 -5.0 —26.2
15 March 2012 —5.48 —28.5
HYSPLIT model (NOAA, 2018a, 2018b, 2018c). University in Canada using a Los Gatos Research (LGR)

Temperature, wind speed, pressure, and solar radiation are
the main inputs of the HYSPLIT model (Stein et al., 2015).
In this study, the web-based version of the HYSPLIT model
(READY) which is free of charge was used. In this study,
the backward trajectories of the HYSPLIT model have been
developed from December 2011 to March 2012 and from
March 2015 to December 2015 in three different elevations
of 500, 1500, and 2500 masl. According to previous studies
(Karimi and Farajzadeh, 2011; Heydarizad, 2018), most of
Iran’s precipitation moisture enters the country at these ele-
vations. The backward trajectories developed by the
HYSPLIT model were run for 240 hours/10days which is
the average residence time of moisture in the atmosphere
(Numaguti, 1999). The regions where humidity decreased
were considered as moisture sinks, while the zones where
humidity increased at each elevation were considered as
moisture source regions.

The GNIP procedure was used to sample precipitation
for stable isotope analyses. Precipitation sampling was done
in several meteorological stations in the west of Iran and
the east of Iraq from 2011 to 2015 (Table 2). The precipita-
tion sampling sites were synoptic weather stations run by
the personnel 24 h/7d. To collect precipitation samples, after
each precipitation event, the rain gauges were emptied
immediately into monthly bottles (1L air-tight high-density
polyethylene bottles capable of minimizing the influence of
evaporation). As the water content of the collectors was dir-
ectly emptied into the monthly bottles right after the precipi-
tation, no additional substances such as paraffin were used.
In addition, the rain gauges were also highly resistant to
evaporation and were also capable of measuring the amount
of precipitation (Fig. 3). At the end of each month, 30 mL
isotope bottles for each sampling station were filled with
precipitation water from the monthly bottles.

The stable isotopes (‘*0 and ?H) in the precipitation sam-
ples in the west of Iran were analyzed in the University of
Waterloo-Environmental Isotope Laboratory (UW-EIL)
and G.G. Hatch Stable Isotope Laboratory of Ottawa

and a Delta-Plus XP isotope ratio mass spectrometer
(IRMS) (Thermo Finnigan, Germany). All the data were
reported as 6 values on the VSMOW standard scale and
were given as parts per thousand (per mil, % ) with the ana-
Iytical standard uncertainties of +0.1%, and *1%, for 5'%0
and &°H, respectively. The stable isotopes were used to
develop seasonal and total MWLs for the study region. To
investigate the effects of the seasonal variations of precipita-
tion amount on feeding surface water resources, the 5'%0
and 6°H contents in Zarivar lake and some of the rivers in
the study region were also used.

To investigate the effects of the meteorological param-
eters (temperature and precipitation amount) on the sta-
ble isotope content of precipitation, the ANCOVA test
has been used. The ANCOVA test is very similar to the
ANOVA test, however, the ANCOVA test also takes the
effect of covariate variables into account (a covariate is a
variable which has an influence on the dependent vari-
able/variables). Each parameter in the ANCOVA test
should meet two conditions. First, it should have the
needed requirements to be considered as a covariate vari-
able. Second, it should have homogeneity of regression.

To simulate the spatial variations of '%0 and 6°H in the
study region, geographical parameters (including longitude,
latitude, and altitude) and meteorological parameters
(including the amount of monthly precipitation and tem-
perature data) were considered as independent variables.
Then, the correlation of the independent variables with the
monthly values of 6'%0 and 6°H in each station was eval-
uated using multiple stepwise regression. This is a statistical
technique applied in order to fit a linear equation between a
dependent variable and several predicted variables (Lachniet
and Patterson, 2006) as described in equation 1:

Y=[fy+ /Xy +fXa+ ..+ B, X+ (M

where Y is the predicted variable, f, to f3, are partial regres-
sion coefficients, X; to X,, are independent variables, and ¢ is
the error term that describes the variations of Y which can-
not be explained by a linear model. In this model, the
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1/

Fig. 3.

independent variables are gradually entered into the equation
in order to determine their significance in the regression
model and to decide whether they should be removed from
the model based on the calculated F statistics and p-values
for each independent variable (Unland et al., 2013). In order
to find the main independent factors in the regression models,
the variables with the p-values of less than 0.05 were selected
and the other variables were removed. The total procedure is
shown in Supplementary Fig. 1 (McNeese, 2015).

4. Results and discussion

4.1. Determination of the moisture sources of
precipitation by the HYSPLIT model

Studying the moisture sources of precipitation in the
study region showed that during the winter months

The schematic picture of a rainwater collector and the procedure for sampling the stable isotopes.

(January, February, and March), the precipitation mois-
ture largely originated from the Mediterranean Sea, the
Black Sea, and the Persian Gulf (Fig. 4). These sources
of moisture were mainly transferred by the
Mediterranean and continental tropical air masses and to
a lower extent by the continental polar air mass in this
region. During the spring months (April, May, and June),
precipitation largely originated from the Mediterranean
Sea and transferred via the Mediterranean air mass.
During the fall months, precipitation moisture in October
largely originated from the Mediterranean Sea, while in
November and December besides the Mediterranean Sea,
moisture was also provided by the Red Sea and the
Persian Gulf (Fig. 4). This shows the role of the
Mediterranean and continental tropical air masses in
transferring moisture in this season. The moisture sources
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Fig. 4.
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The moisture sources of precipitation from December 2011 to March 2012 and from March 2015 to December 2015 in the

study region detected using the backward trajectories of the HYSPLIT model (% demonstrates the frequency of the trajectories).

for the monthly precipitation obtained by the outputs of
the HYSPLIT model for this region were in close agree-
ment with those of the other studies (Heydarizad, 2018;
Heydarizad et al., 2018a).

The monthly moisture fluxes over the water bodies
which provide moisture for Iran were also studied for the
period 1981-2015 (Fig. 5). In January, dominant moisture
fluxes were observed from the Mediterranean Sea, the
Persian Gulf, and the Red Sea. The moisture fluxes in
January were almost the same as those in February,
March, and April. In May, the role of moisture from the
Persian Gulf and the Red Sea significantly decreased. In
late spring and summer (June, July, August, and
September), a very strong monsoon regime was observed
over the Arabian Sea and the Indian Ocean which caused
a huge precipitation over India and Pakistan. Meanwhile,
in the study region, besides the moisture of the Persian
Gulf and the Red Sea, the role of the moisture fluxes
from the Mediterranean Sea in Iran and Iraq was largely
decreased. This is due to the fact that the Azores high
pressure system is reinforced over Iran and Iraq and
causes a stable atmospheric condition preventing the
transfer of moisture fluxes to this region (Heydarizad,

2018; Heydarizad et al., 2018a, 2018b). Due to the weak-
ness of the Azores high pressure system in fall (October,
November, and December), moisture fluxes were
observed again from the Mediterranean Sea in October,
while from November to December, moisture fluxes were
also observed from the Red Sea and the Persian Gulf

besides the Mediterranean Sea (Fig. 5).

4.2. Isotopic variations of 0 and °H in
precipitation and developing seasonal LMW Ls

The seasonal variations of stable isotopes in precipitation
were considerable in the study region (Table 2).
Developing seasonal MWLs for the study region showed
various slopes and intercepts. The variations observed in
slope and intercept are because of moisture sources and
meteorological variations due to seasonal changes.

The seasonal and total MWLs in the study region had
lower slopes and intercepts than GMWL (Craig, 1961)
and EMMWL (Gat and Carmi, 1970) (Fig. 6). The win-
ter MWL (°H = 6.67 6'%0 + 9.76) showed the highest
slope compared to the other seasons due to the higher
relative humidity and the lower evaporation effect in
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Fig. 5. The spatial distribution of the vertically integrated moisture flux over the water bodies which provide moisture for
precipitation in Iran and Iraq (from 1981 to 2015).

winter (Fig. 6). The spring MWL (8°H = 6.26 %0 + 8.59). No MWL was developed for summer since no con-
10.36) showed a lower slope due to the evaporation siderable precipitation occurred during this season in the
effect, however, it had the highest intercept compared to study region. The total MWL developed for the study
the MWLs of the other seasons due to the stronger role region (0*H = 6.44 6'%0 + 8.51) showed a lower slope
of the Mediterranean Sea moisture in this season. Most and intercept compared to the Zagros MWL (5°H = 6.80
of the samples (mainly in April and May) were plotted 0180 + 10.1) developed by Osati et al. (2014). This is
on or in the vicinity of the EMMWL which showed the perhaps due to the fact that the current study covers a
important role of the Mediterranean Sea moisture. larger area including some warmer and drier regions
Nevertheless, the precipitation samples in June demon- in Iraq.

strated the most intense deviation from all the samples
and MWLs due to the huge evaporation effect (Table 1).
The fall MWL (6°H = 6.08 6'%0 + 5.10) showed the low-
est slope and intercept perhaps due to the intense evapor-
ation effect and/or the role of the Caspian Sea moisture To study the effect of meteorological parameters on the sta-
in the precipitation of this season. According to some ble isotope content of precipitation, the ANCOVA test has
previous studies (Heydarizad, 2018; Mohammadzadeh been used. The results of the ANCOVA test showed that
and Heydarizad, 2019), the MWL of precipitations origi- both temperature and precipitation amount met the needed
nating from the moisture of the Caspian Sea showed a requirements to be considered as covariate variables
low slope and a very low intercept (0°H = 5.48 §'80 — (Supplementary Table 1). However, only precipitation also

4.3. The effect of temperature and precipitation on
precipitation isotopes


https://doi.org/10.1080/16000889.2020.1721224

10 H.

MOHAMMADZADEH ET AL.

Fall ) . ° Winter ’
® Oct-15 el A Feb-15 A
L Nov-15 ®» Mar-15 ,»;;.'/
26 f Dee-15 2 :::nu, "A‘.“"
+-GMmwL Py —WIMWL (Winter) "“
JEMWL '_-' ’.‘ “~ EMWL ¥
2 o TVIMwL N 2 a4
e
g
;’3 14
E -34 2
. . s
= w7 "0 §2H =6.67 5'%0 +9.7662
54 H 54
-10 -7 -4 -1 2 s 8 =10 -7 -4 -1
3130 (%0 VSMOW) 31%0 (%0 VSMOW)
45 Spring " —WIMWL Tual P °
S 40 { -+ GMWL 2 ot
~ EMWL
25 20
= 0
S s
%
- 20
£
- -15 p .
P p w1 o A
AT §82H = 6.26 81%0 + 10.36 e 3°H = 6.44 530 + 8.514
3 -7 -5 -3 -1 1 3 s M—In -7 -4 -1 2 5 8
3130 (%0 VSMOW) 3180 (% VSMOW)
Fig. 6. The seasonal and total developed MWLs for the study region and comparing them with GMWL and EMMWL.
800 20
@ . w  (b)
700 " o
= 600 P (mm)= -46.903 5'¢0+ 250.79 L '
g ............. R? = 0.4674 G 14 O e
o Tt = e
=5 L . 012 * .
o |\ e 3J °
= 400 ° 0 290 .. s °
g ........ ° 8. e
2 300 ‘ o« e E 8
] R e ®  T(C)=1.31055"0+ 18.523
o 200 4 R? =0.5861
100 2
0 0
-8 -7 6 5 -4 -3 2 -1 8 7 6 5 4 3 2 & 0
5'80(VSMOW?h) 5'%0(VSMOWS%)
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in the study region.

met the second condition of the ANCOVA test, i.e. the
homogeneity of regression.

Studying the effects of the variations of the precipita-
tion amount on the 6'®0 content in precipitation showed
a notable negative correlation (R%? = 0.46) between the
5'%0 content in precipitation and the precipitation
amount. The 5'0 content was depleted 1%, per approxi-
mately 47mm precipitation increase in the study region
(Fig. 7a). This gradient is much lower than that of the
Tehran region in north-central Iran which showed a

depletion of 19, per approximately 10mm increase in
precipitation and that of the Mashhad region in the
northeast of Iran which demonstrated a depletion of 1%,
per approximately 23mm of increase in precipitation
(Heydarizad, 2011). The low R?> = 0.46 observed in the
correlation of the precipitation amount vs the 6'%0 con-
tent in precipitation is due to the fact that numerous local
parameters influence the climate of the study region such
as the moisture of Zarivar lake and also the existence of
several cyclones and anti-cyclones in Zagros mountain
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Table 3. 5'30 and 6°H of precipitation in the study region based on the outputs of the predictive model.

Predicted value (map) Residual (map)
Dependent
variable Model Min Mean Max Min Mean Max Adjusted R?
o180 o180 (%,) = —0.003E — 243 + ¢ —10.95 —6.02 —2.80 —1.35 0.96 0.03 0.75
O°H O*H (%,) = —0.017E — 8.56 + ¢ —64.21 —32.44 —10.45 —12.06 —0.21 4.98 0.72
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Fig. 8. The predicted values of 8*H and 6'%0 (A and C) and their corresponding error values (B and D) for the study region.
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Table 4. The 6'%0 and 6*H contents of surface water resources in the study region.

Row Surface water ID Type 5130 (%) 0% H (%) d-excess (%,) References
1 Havassan River —4.0 —25.7 6.1 Khalaj Amirhosseini (2011)
2 Kanishirin River —4.1 —26.3 6.8 Khalaj Amirhosseini (2011)
3 Cahmsaree River -3.5 —25.5 2.6 Khalaj Amirhosseini (2011)
4 Dare Zangene River —4.0 —28.0 4.1 Khalaj Amirhosseini (2011)
5 P.Solaiman River -59 —34.6 12.2 Osati et al. (2014)
6 Aran River —6.2 -35.2 14.2 Osati et al. (2014)
7 Doab River —6.3 —36.0 14.0 Osati et al. (2014)
8 Haidar Abad River —6.0 —-32.2 15.4 Osati et al. (2014)
9 Faraman River -5.7 —-32.2 13.2 Osati et al. (2014)
10 Holailan River =51 —28.8 11.8 Osati et al. (2014)
11 Ramavand River —6.6 -32.0 20.8 Masjedi et al. (1995)
12 Seymareh River -5.9 —-29.4 17.4 Masjedi et al. (1995)
13 Tangsyab River -5.1 —28.8 12.4 Masjedi et al. (1995)
14 Zarivar Lake 5.5 16.9 —26.9 Mohammadzadeh and Ebrahimpour (2012)
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Fig. 10. Plotting the surface water resources in the study region on the developed seasonal and total MWLs.

ranges. On the other hand, air temperature also influen-
ces the 6'%0 content in precipitation and there is a posi-
tive correlation (R? = 0.58) between them. The depletion
of 1%, of 3'%0 content in precipitation per 1.3°C decrease
in temperature is observed in the precipitation samples

(Fig. 7b). This is a high gradient compared to those of
the other regions of the world such as the Black Forest in
Germany and the central parts of Switzerland with a gra-
dient of 19, depletion per 2.63°C and 1.78 °C decrease in
temperature (Clark and Fritz, 1997), respectively. The
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gradient is even milder in some stations inside Iran such
as Tehran and Mashhad where the 19, depletion of the
5180 content occurs with a temperature decrease of
3.21°C and 2.75°C (Heydarizad, 2011), respectively.

4.4. The simulation of the spatial distribution of
stable isotopes in the study region using the stepwise
regression technique

The stepwise regression technique was used to determine
which meteorological (precipitation amount, evaporation,
and temperature) and non-meteorological parameters
(latitude, longitude, and elevation characteristics of the
observation points) as the independent variables were
statistically significant in predicting the isotopic composi-
tions of precipitation as the dependent variables in the
study region. In addition, the stepwise regression tech-
nique was used to develop the §'%0 and 6°H spatial dis-
tribution map in the study region.

As shown in Supplementary Fig. 1, the meteorological
and geographical data (independent variables) in the
study region were first entered into the stepwise regres-
sion model and the insignificant data were omitted (Table
3). In addition, the spatial distribution map of the predi-
cated 6'%0 and 6*H and the error map (the differences
between the real and predicted isotopic values) were pro-
duced for the study region. The predicated '%0 and 6*H
showed an acceptable match with the real data except for
those of Ravansar station in the northern part of the
study region. The spatial distribution map of the errors
represents the local effects on the isotopic composition of
precipitation (Fig. 8).

Studying the effect of the elevation of the sampling sta-
tions on the variations of 6'0 in precipitation showed a
significant correlation. The content of 6'%0 in precipita-
tion depleted 0.5%, per approximately 100-meter increase
in elevation (Fig. 9). This is a high gradient compared to
the other mountainous regions in the world such as Jura
Mountains in Switzerland, Mount Blanc in France, and
Mount Cameroun in West Africa (Clark and Fritz, 1997).

4.5. The seasonal effect of precipitation on feeding
surface water resources in the study region

Studying the seasonal effect of precipitation on feeding
surface water resources (several rivers and Zarivar lake)
in the study area yielded very valuable results (Table 4).
The surface water resources (mainly rivers) were plotted
on or near the developed seasonal MWLs, while the sam-
ples from Zarivar lake showed a larger deviation due to
the evaporation effect (Fig. 10). Among the developed
seasonal MWLs, the surface water resources showed a
considerable deviation from the spring MWL due to

intense secondary evaporation influencing spring precipi-
tation. Among the studied surface water resources, the
samples from Zarivar lake showed a huge deviation from
all the developed seasonal MWLs and also from the river
water samples. This is due to the fact that Zarivar lake
has a large evaporation from its surface.

5. Conclusions

The moisture sources of precipitation were determined by
the backward trajectories of the HYSPLIT model in the
west of Iran and the east of Iraq. Spring precipitation
was mainly provided by the
Mediterranean and the Black Seas, while in the other sea-
sons, the role of the moisture of the Persian Gulf, the
Red Sea, and the Arabian Sea also increased. The devel-

moisture of the

oped seasonal MWLs showed variations in the slope and
intercept which confirmed the seasonal effects on the pre-
cipitation characteristics in the study region. In addition
to the moisture sources, stable isotopes in precipitation
had a noteworthy relationship with monthly temperature
and precipitation amount with R? = 0.58 and R? = 0.46,
respectively, as investigated by the ANCOVA test. The
spatial distribution map of the stable isotopes (5'%0 and
0°H) in precipitation was also simulated using the step-
wise regression method in the study region and showed a
good match with the real data except for the northern
part of the study region. Surface water resources in the
study region were influenced by seasonal variations in
precipitation as well as the evaporation effect mainly in
Zarivar lake.
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