O 0 N

10
11

12

13
14
15

16
17
18
19
20
21
22

E proceedings

Type of the Paper (Abstract, Meeting Report, Preface, Proceedings, etc.)

Application of statistical techniques to study stable isotopes

(180 and 2H) characteristics of precipitation in Iran (Southwest

Asia)

Mojtaba Heydarizad '*, and Rogert Sori 23

23
Citation: Lastname, F.; Lastname, F.;
Lastname, F. Title. Proceedings 2021, 24
65, x. https://doi.org/10.3390/xxxxx o5
Received: date
Accepted: date
Published: date

26

27
Publisher’s Note: MDPI stays neusg
tral with regard to jurisdictional
claims in published maps and instit?”

tional affiliations. 30

.

Copyright: © 2021 by the authorgy
Submitted for possible open access
publication under the terms an§4
conditions of the Creative Commor35
Attribution (CC  BY) licen3§6
(http://creativecommons.org/licenses

/by/4.0)). 37

1 Department of Geography, Ferdowsi University of Mashhad, Mashhad, Iran;
e-mail: mojtabaheydarizad@yahoo.com
2 Environmental Physics Laboratory (EPhysLab), CIM-UVigo, Universidade de Vigo, 32004 Ourense, Spain. ;
rogert.sori@uvigo.es
3 Instituto Dom Luiz (IDL), Facultade de Ciéncias, Universidade de Lisboa, 1749-016 Lisboa, Portugal.

* Correspondence: mojtabaheydarizad@yahoo.com; Tel.: (+989151171768)

Abstract: Various climatic and geographic parameters influence precipitation in Iran which makes
the interpret of stable isotopes signatures in precipitation very complicated. Thus, precipitation
sampling stations for stable isotopes analyses in Iran have been classified by cluster analysis (CA)
to 10 clusters based on their stable isotopes characteristics. The classification of stations by CA also
has a close correlation with Koppen climatic zones across Iran. Finally, the stations in each cluster
have plotted on GMWL and EMMWL. This study shows that classifying precipitation sampling
stations can simplify the interpretation of stable isotopes in precipitation of the regions with

complicated climatic systems.
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1. Introduction

Iran is a semi-arid and arid country in the Middle East that has faced a water shortage
crisis from an early time. Although annual precipitation in Iran is low 341 mm [1], this
amount of precipitation is also unevenly distributed across the country. In the Caspian
Sea coastal area mainly its western parts, annual precipitation amount is more than 1800
mm, while the precipitation notably decreases to less than 100 in the central part of Iran
[1]. The dominant moisture sources and air masses causing precipitation also show large
variations across Iran. During the wet and cold period (November to April), cP
(continental polar), cT (continental tropical), mP (maritime polar), and MedT air masses
influence Iran. However, during the dry and hot period (May to October), mT (maritime
tropical) air mass influences this country [1-3]. The cP air mass mainly transfers the

moisture from the Caspian Sea, the Mediterranean Sea, and to the lower extent the Black
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Sea to Iran. The cT air mass mainly transfers the moisture of the Arabian Sea, the Persian
Gulf, the Red Sea, and the Oman Sea to Iran. The mP air mass transfers the moisture of
the Black Sea and high latitudes water bodies such as the North Atlantic Ocean to Iran.
Finally mT air mass transfers the moisture of the Oman Sea and the Indian Ocean to Iran
[4-9].

The integrated moisture fluxes over Iran from 1981 to 2015 are shown in Figure 1.
The pattern of moisture fluxes over Iran during the dry period is different from that of the
cold and wet period. During the dry period, strong moisture fluxes are observed over the
Arabian Sea and the Indian Ocean causing monsoons in India which sometimes
influence the southeast of Iran Figure 1a. However, in the cold and wet period, moisture

fluxes are observed over the Black Sea, the Mediterranean Sea, the Red Sea, and the

Persian Gulf Figure 1b.
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Figure 1. The vertically integrated northward and eastward moisture flux (VIMF) data from the

ERA Interim Reanalysis with a resolution of 1° x 1° during dry (a) & wet (b) periods between 1981-
2015 (data obtained from ERA-Interim [10]).

The large variations observed in the precipitation amount across Iran have a
significant influence on the climate of this country. According to the Koppen classification
of climate zones, Iran has been classified into various zones including BWh (arid, desert,
and hot), BWk (arid, desert, and cold), BSh (arid, steppe, and hot), BSk (arid, steppe, and
cold), Csa (temperate, dry summer, and hot summer), Csb (temperate, dry summer, and
warm summer), Cfa (temperate, no dry season, and hot summer), Dsa (continental, dry
summer, and hot summer), Dsb (continental, dry summer, and warm summer), Dsc (cold,
dry summer, and cold summer), Dfb (continental, no dry season, and warm summer), Dfc
(continental, no dry season, and cold summer) [11,12].

Due to Iran's low average annual precipitation amount, significant spatial variations
of precipitation amount across the country, and various climate zones in Iran considering
all the aspects of precipitation as the significant part of the water cycle has a dominant

role. Therefore, precipitation characteristics across Iran should be studied using accurate
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and reliable methods. Stable isotopes technique can present an accurate and
comprehensive view of Iran precipitation characteristics.

Application of stable isotopes in water resources studies has been started since Craig
1961 [13] has found that ¥O/1%0 has a very close and strong correlation with 2H/H
variations in fresh water molecules [14]. Stable isotopes technique presents crucial
information regarding the climate condition of the moisture origin as well as climate
condition in precipitation sampling sites. There are so many studies regarding the
application of stable isotopes in precipitation in Iran. Most of these studies are local small
scale investigations [6,7,9,15-19] or large scale studies that cover all of Iran [3,20,21]. The
aim of this reseacrh is to perform a comprehensive study on stable isotopes characteristics

of precipitation in Iran using statistical techniques.

2. Materials and Methods
In this study, stable isotopes (%O and 2H) and d-excess have been studied in 34
stations across Iran. Stable isotopes data have been presented in delta notation (d), which

is the relative deviation of the sample from the standard (Vienna Standard Mean Ocean
Water (VSMOW)) by Eq. 1:

180

(m)sample
6180sample = (1807— 1) *1000%0 VSMOW (1)

m)reference
The analytical standard uncertainties for precipitation samples were + 0.1%o and + 1 %o
for %0 and &?H, respectively. Stable isotopes data have been gathered from PhD and MSc
thesis as well as scientific papers.
As the number of the studied stations across Iran is large, these stations have been
classified based on their stable isotopes characteristics by Cluster analysis (CA). Then
based on stations classification by CA analysis and Koppen climatic zones across Iran, the

stable isotopes characteristics of precipitation in Iran have been studied.

3. Results and Discussion

In this study, stable isotopes signatures in 34 sampling stations across Iran have been

studied Table 1.

3.1. Classifying the precipitation sampling stations based on stable isotopes characteristics using
cluster analysis (CA)

Studying the variations of stable isotopes in precipitation across Iran is
difficult due to various climate zones that exist in this country. Therefore, CA has
been used to classify the studied stations based on their stable isotopes
characteristics. The CA has classified the studied stations into 10 groups Table 2.
Studying the spatial distribution of clusters across Iran and comparing it with the
Koppen climatic zones map presented valuable results Figure 2.
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Table 1. The studied precipitation sampling stations across Iran.

Row Station N E References Row Station N E References
1 Abadeh 52.7 31.2 9] 26 Shirinbahar ~ 49.5 31.5 [22]
2 Abolabas 49.5 31.3 [23] 27 Sirjan 557 294 [24]
3 Alvand 45.6 345 [25] 28 Marvdasht 52.8 29.8 9]
4 Ardekan 52.0 30.3 9] 29 Tehran 51.4 35.7 [26]

Tehran-
5 Arsanjan 53.0 29.9 [9] 30 51.4 35.6 [26]
Airport
6 Bajgah 52.6 29.7 [91 31 Zarghan 524 295 [91
7 Darab 54.5 28.7 [9] 32 Zarivar 462 355 [27]
8 Dasht Arjan 52.0 29.6 [28] 33 Birjand 59.2 329 [29]
Dorfak-
9 Damavand 52.1 35.7 [30] 34 496 372 [31]
Gilan
10 Estahban 54.0 29.1 [9]
11 Fasa 53.4 28.5 [9]
12 Gorgan 54.5 36.8 [16]
13 Hamadan 48.5 34.8 [32]
14 Hashtgerd 50.6 35.9 [33]
15 Isfahan 51.6 32.0 [34]
16 Jahrom 53.6 28.5 [9]
17 Kazeroon 51.6 29.6 [9]
18 Khersan 50.8 31.5 [35]
19 Mashhad 59.6 36.3 [36]
20 Paveh 46.4 35.0 [37]
21 Rafsanjan 56.0 30.4 [38]
22 Sabalan 48.0 38.4 [19]
23 Sarcheshmeh 55.7 29.4 [17]
24 Shahrood 55.0 36.4 [15]
25 Shiraz 52.5 29.6 [9]

Table 2. The average stable isotopes signatures in the studied stations based on their clusters across Iran.

Cluster Climate Zone Ave.d0 Ave.d’H Ave. D-excess Station
(%0 VSMOW)
1 BSk -5.34 -23.51 19.30 Abadeh, Ardekan, Arsanjan, Bajgah,
Dahte-Arjan, Isfahan, Khersan, Zarghan,
Takht Jamshid, Sarcheshmeh

2 BSk and BWk -6.95 -33.30 22.75 Sirjan and Birjand

3 BSk and BWk -6.90 -42.03 13.40 Damavand, Tehran, Tehran airport

4 Cfa, BWK, and BSk -3.20 -18.07 7.70 Gorgan, Shahroud, Rasht
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BSh -2.10 -5.30 14.40 Abolabas, Jahrom, Mashhad, Kazeroun,
Estahban
BSh, DSa -3.35 -12.12 19.87 Alvand, Darab, Shirin bahar, Fasa,
Paveh, Shiraz
BWh -0.50 12.90 16.90 Rafsanjan
DSa, BSk -8.45 -53.40 14.10 Zarivar and Hamadan
BSk -6.50 -49.70 2.50 Hashtgerd
Dfb -16.30 -113.6 17.10 Sabalan

N Arid, desert, hot (BWh)

BN Arid, desert, cold (BWk)

W Arid, steppe, hot (BSh)
Arid, steppe, cold (BSk)
Temperate, dry summer, hot summer (Csa)

B Temperate, dry summer, warm summer (Csb)
Temperate, no dry season, hot summer (Cfa)

B Cold, dry summer, hot summer (Dsa)

. Cold, dry summer, warm summer (Dsb)

. Cold, dry summer, cold summer (Dsc)

W Cold, no dry season, warm summer (Dfb)

Figure 2. The spatial distribution of the studied stations based on their clusters across Iran plotted
on the Koppen climatic zones.

A significant number of the studied stations are in the first cluster, which are located
in arid, steppe and cold region (BSK) climatic zone. These stations are located in the
southern and southwestern parts of the Zagros region. Precipitation in these stations
occurs by moisture supply from the Persian Gulf, the Red Sea and the Arabian Sea via cT
and MedT air masses. The average stable isotopes contents %0 and 0?H in the stations
located in this cluster are -5.34%o and -23.51%o, respectively. Furthermore, d-excess also
shows high values 19.30%o.

In the second cluster, the studied stations are located in the central part of Iran and
classified as BSk and BWk climate zones. These stations receive less amount of annual
precipitation compared to the other stations in Iran. In this cluster, the role of moisture
originating from low latitude water bodies such as the Persian Gulf, the Red Sea, and the

Arabian Sea is significant. Very high d-excess values in the stations located in this cluster
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22.75%o also confirm it. However, 8180 and d2H in the stations located in this cluster show
depleted values -6.95%o and -33.30%o, respectively.

The stations in the third cluster are also classified in BSk and BWk climate zones. In
addition to cT and MedT air masses which influence precipitation in this region, cP air
mass also has a dominant role in the stations located in this cluster. The cP air mass
significantly transfers the moisture of water bodies with low sea surface temperature (SST)
such as the Caspian Sea to these stations. The average d'%0 and 62H values in precipitation
in the stations in this cluster are -6.90%o and -42.03%o, respectively. The low d-excess values
13.40%o in the studied stations in this cluster also confirm the role of moisture originating
from low SST water bodies such as the Caspian Sea.

The fourth cluster consists of Shahroud, Gorgan, and Rasht stations. Rasht station is
located in Cfa, Gorgan is located in BSk, and Shahroud is located in BWk climate zones
according to the Koppen classification. Rasht in the western part of the Caspian Sea central
area receives the highest amount of precipitation compared to other stations across Iran,
while Shahroud located in a arid zone receives very low amount of annual precipitation.

In the fourth cluster, the role of cP air mass and moisture originating the Caspian Sea
is dominant in providing moisture for precipitation. Very low d-excess values 7.70%o in
the precipitation of the stations in this cluster also confirm its origin in the moisture supply
from the Caspian Sea. The average 0%0 and 9?H values in precipitation of the studied
stations in this cluster are enriched -3.20%o and -18.70%o, respectively.

The fifth cluster consists of Abolabass, Estahban, Jahrom, Kazeroon, and Mashhad
stations. All the stations except for Mashhad are located in the south part of the Zagros
region and all of them are classified in the BSh climate zone. The average 0¥0O and 52H
values in the stations of this cluster are -2.10%o and -5.30%o, respectively. Same as the fifth
cluster, the stations located in the sixth cluster including Kerend, Darab, Fasa, Paveh,
Shiraz, and Shirinbahar also exist in the Zagros region, but in the western part. These
stations are mainly plot in BSh, except for Kerend and Paveh stations which locate in Dsa
zone. The average 00O and 02H values in the stations of this cluster are -3.35%o and -
12.12%o, respectively. In the fifth and the sixth clusters, stations are dominantly under the
influence of cT and MedT air masses and moisture originating from high SST water bodies
such as the Persian Gulf, the Red Sea, the Arabian Sea, The Mediterranean Sea have a
dominant role in the stations of this cluster. Although the moisture sources are the same
for the fifth and sixth clusters, d-excess values in the fifth cluster are lower (14.4%o)
compared to the cluster sixth (19.87%o). This is due to more intense secondary evaporation
influence the fifth cluster stations.

Rafsanjan is the only station in the seventh cluster locates in the central part of Iran
in BWh climate zone. The central part of Iran receives a very low amount of precipitation
compared to the other parts of Iran. Large two deserts "Dashteh-Lut" and "Dashteh-Kavir"
also exist in this part of Iran. Rafsanjan receives moisture from low latitude water bodies
such as the Persian Gulf, the Red Sea and the Arabian Sea, characterised with high SST.
The average 080 and d°H values in this station are -0.5%0 and 12.90%o, respectively.
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However, d-excess in the precipitation events in this station shows high values (16.90 %o)
which confirms its origin from low latitude water bodies.

In the eighth cluster, Hamadan and Zarivar stations are located in the western part
of Iran, in the Zagros region. These stations are dominantly under the influence of MedT
air mass and the Mediterranean Sea with high SST. The average 50 and d*H values in
this cluster stations are -8.45%o and -53.40%o, respectively. The average d-excess in these
stations shows a high value 14.10%o.

In the ninth cluster, only Hashtgerd station exists. The role of cP air mass and
moisture originated from the Caspian Sea is dominant in providing moisture for the
precipitation over this station.. This is the reason for the very low d-excess value (2.50%o)
in this station. The average 5%0 and 0?H values in the station in this cluster are -6.50%o
and -49.70%o, respectively. Although Hashtgerd station is located beside third cluster
stations, but it has been classified in a separate cluster (ninth cluster). This is because
Hashtgerd is in the boundary zone, between climatic zones BWk and BSk.

In the last cluster (tenth cluster), only the Sabalan station exists. This station is located
in a very cold zone with a high amount of annual precipitation. This cluster shows the
most depleted isotope values compare to other stations Table 2. This is dominantly under
the influence of the cP, MedT and mP air masses and the moisture originating from the
Mediterranean Sea, Black Sea, and to a lower extent the Caspian Sea. The d-excess in the

precipitation events of this station shows high values 17.10 %o.

3-2-Studying stable isotopes signatures of precipitation in Iran based on the Koppen climatic zones

Stable isotopes in precipitation events across Iran are under the influence of various
local and regional parameters. Plotting the average 0%0O and &?H values in the studied
stations based on their clusters on the global meteoric water lines (GMWL) and Eastern
Mediterranean meteoric water line (EMMWL) demonstrate valuable results Figure 3.

The stations located in Zagros mountain range in the first, second, sixth, and seventh
clusters dominantly plot on EMMWL. This is because the precipitation events in the
stations located in this part of Iran are mainly provided by the moisture originating from
the Mediterranean Sea, as well as from other water bodies such as the Persian Gulf, the
Arabian Sea, and the Red Sea. Shirin bahar station in the sixth cluster shows significant
deviation from both GMWL and EMMWL due to the huge secondary evaporation effect.
Although the stations located in the fifth cluster are also located in Zagros region, a very
mild deviation can also be observed from EMMWL. This is due to the secondary
evaporation on precipitation events in the stations that exists in this cluster.

On the other hand, stations located in the northern part of Iran including ninth, third,
and fourth clusters plot on, or in the vicinity of GMWL. There are only two exceptions
Rasht and Gorgan stations in the fourth cluster. Rasht station plot on EMMWL, which is
due to the effect of local events such as numerous lagoons which influence stable isotope
contents of precipitation in this area. Gorgan station deviates from both GMWL and
EMMWL due to the evaporation effect. Finally, Sabalan station which locates in high

elevations of Sablan mountain hills in the northern part of Iran demonstrates high d-
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82H(VSMOW%o)

excess values and plots in the vicinity of EMMWL. This is because this region is

dominantly under the influence of moisture transported from the Mediterranean Sea.
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Figure 3. Plotting the stable isotopes signatures in the studied stations across Iran on GMWL and

EMMWL.

4. Conclusion

This study shows that stable isotopes signatures in precipitation across Iran are
significantly under the influence of the climatic conditions of the sampling stations as well
as precipitation moisture source regions. Therefore precipitation characteristics show
spatial variations across the country. By Cluster analysis (CA), the studied stations have
been classified into 10 clusters according to stable isotopes characteristics of precipitation.
Stations located in each cluster show some differences in 80 and d?H values and d-excess.
Furthermore, the spatial variations of stable isotopes signatures in precipitation have been
linked to climatic zones where the studied stations are located. The method used in this
study can also be applied in other parts of the world to classify the precipitation sampling

stations based on their stable isotopes characteristics.
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