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ABSTRACT

The Arvandroud river (also known as Shatt-al-Arab) and its estuary have been degraded due to changing
river flow regime in the Tigris and Euphrates rivers. This study assessed changes in flow from the major
rivers and the impacts on the estuary. To assess the river flow changes, three major flow regime
attributes were computed: timing (TIF), magnitude (MIF), and variability (VIF). By combining these
indices, the total flow regime impact factor (IF) was scaled between 0 and 1, and classified into five
groups: Low (0.80<IF<1.0), Incipient (0.60<1F<0.80), Moderate (0.40<IF<0.60), Severe (0.2<IF<0.40),
and Drastic (0.0<IF<0.20). Flow regime impact maps were then created for 1941-1955, 1960-1970,
1975-1984, and 1990-2000. These revealed that, over time, the impact has extended along the basin
from downstream to upstream, with a significant flow regime change from 1941-1955 to 1990-2000 in
the Tigris, Euphrates, and Arvandroud. Analysis of remote sensing data revealed that the change in the
flow regime has led to land degradation in the Arvandroud estuary during the past 46 years (1972-2018).
In addition, the impact of Iran- Irag war (based on degradation of vegetation cover between 1985-1988)
is 5.1 times of mean rate of change during 1972-2018. This study thus contributes new information on
estuaries and the impact of upstream land and water use change.
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1 Introduction

In several large river systems, land and water management practices have led to major changes in river flow
(e.g. (Radinger et al. 2018, Torabi Haghighi and Klgve 2017, Fazel et al. 2017, Eng et al. 2013, Nilsson et al.
2005). Anthropogenic interference e.g. land use and cover change, river modification beside of climate change
are influence on major characteristics of flow regime in river (Ashraf et al. 2018, Hekmatzadeh et al. 2020,
Mustonen et al. 2016, Pirnia et al. 2019, Torabi Haghighi et al. 2019, Yaraghi et al. 2019). Managing large
rivers is especially challenging as they are transboundary, with different upstream and downstream water
management interests. In many river basins, e.g., that of the Zambezi (Petersen-Perlman 2016), the Mekong
(Hirsch 2016, Sneddon and Fox 2006), and the Indus (Akhter 2015), headwater regulation and increased water
use have altered downstream flow and sediment regime, with effects on ecosystems, navigation, fisheries, and
agriculture. Estuaries are particularly important in this regard, due to their many ecosystem services and high
socio-economic value. Furthermore, sea level rise and other changes in coastal water resources are adding to
existing pressures on estuaries (Lotze et al., 2006).

The Tigris and Euphrates are important transboundary rivers in the Middle East that drain water from
Turkey, Iraq, Syria, Iran, Jordan, and Saudi Arabia to the Persian Gulf. The competing interests of Turkey,
Syria, and Irag have led to conflicts on how the water should be shared (Al-Ansari, N.A., Sherwany, G. and
Knutsson, S. 2014, Biedler 2004, Rowley 1993, Sofer 1999, Yetim 2002, Yilmaz 2003). Construction of more
than 140 dams (FAO 2009) in the Tigris-Euphrates basin has resulted in significant flow alteration, with less
water for meeting the water demand of downstream and aquatic ecosystems, including the coastal zone,
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estuaries, and wetlands. The flow regime in the Arvandroud estuary (below the confluence of the Tigris and
Euphrates) is severely affected by upstream developments, but poorly documented to date.

The Arvandroud estuarine zone covers an area of approximately 10-20 x 10° km? and encompasses
wetlands, sandbars, marshes, ponds, ox-bow lakes, and tidal flats (Patiris et al. 2016). In recent years, river
regulation and land drainage have led to degraded water quality (Ghandehari et al. 2007, Al Bomola 2011),
salt water intrusion (Etemad Shahidi et al., 2011), reduced ecological status (Partow 2001, Al-Mutairi et al.
2014, Al-Yamani 2008), decreased fisheries (Richardson and Hussain 2006), drying of marshes and wetlands
(Richardson and Hussain 2006, Fuladavand and Sayyad 2015), and desertification and increasing dust storms
(Keramat et al. 2011, Zarasvandi et al. 2011, Hamidi et al. 2013, Cao et al. 2015). Furthermore, in addition to
the significant anthropogenic pressures, during the past 30 years the region has suffered from the impacts of
two major wars.

The main objective of this study was to assess and quantify the hydrological impact of intra-annual
river regime alteration at Arvandroud and some key points in the Tigris and Euphrates rivers. Due to limited
access to recent hydrological data, remote sensing images were analysed for addressing possible hydrological
impact on Arvandroud estuarine in recent years. The aim was to contribute to existing literature on upstream
regulation impacts on estuaries, which contains descriptions of other major river basins worldwide. In the
Arvandroud area, water scarcity is a key issue, along with river regulation, making this case different from
those reported previously. Additionally, the region is politically sensitive, including transboundary water

policy.
2 Material and methods

2.1 Study area

The Arvandroud is a short transboundary river located after the confluence of the Tigris and Euphrates near
the city of Qurnah in Iraq, about 110 km northwest of Abadan city in Iran. The river flows to the Persian Gulf
after passing the Port of Basra in Irag and joining the Karun river near the city of Khorramshahr in Iran (Fig.
1). Before discharging into the Persian Gulf, the Arvandroud varies between 270-2500 m in width and 9-15
m in depth, which means that it is navigable. It supports marine habitats along the northwest coast of the
Persian Gulf and in the Mesopotamian marshes (UN-ESCWA et al. 2013). Limited access to hydrological
data is one of the major challenges in research on this basin (Kavvas et al. 2011).

In this study, the variation in total flow at the last station on each of the two major tributaries (Kut on
Tigris and Hit on Euphrates) was used to calculate the inflow to the Arvandroud. In addition, to better
understand the impact of river regulation on the flow regime in the two main tributaries and their headwaters,
and to evaluate the hydrological impact on river flow, we used data from a set of 21 gauging stations widely
distributed along the rivers at points of major development (e.g., dams) in different parts of basin (Fig. 1 and
Table 1). All flow regime alteration has been estimated based on monthly flow.

The main area of riverine nearby the estuarine has been covered by date palms trees. The date palms
are the major economic source of inhabitants in this area and irrigated by many diverted channels from the
Arvandroud. Based on the length of irrigation channel around the Arvandroud in both sides, we made a
polygon of vulnerable area for evaluating the possible impact of river regime alteration on vegetation cover
and mainly date palms (Fig. 1b). Inside of the polygon we select 9 areas which are covered by dense vegetation
to better address the change in land cover (Fig. 1b).

2.1.1 The Euphrates and its flow regime

The Euphrates river, with a basin area of 440,000 km?, is the longest river (2786 km) in western Asia, with
three main riparian countries (Iraq 47%, Syria 22%, Turkey 28%). The Euphrates river basin also extends into
Saudi Arabia (2.97%) and Jordan (0.03%) (Fig. 1). The Karasu and Murat rivers, the two major tributaries of
the Euphrates, originate in eastern and western Turkey, respectively. Other tributaries are the Sajur, Khabour,
and Balikh, which originate in Syria. Rainfall over the course of the Euphrates varies from 1000 mm in its
headwaters (cold Mediterranean climate in Turkey) to 150 mm in the Syrian territory and 75 mm in southern
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Irag (hot, dry climate) (Fig. 2a). The estimated area of irrigated land fed by Euphrates water is 2.3 million ha
(UN-ESCWA et al. 2013).

The monthly flow regime during 1941-1955 at Hit gauging station (with an upstream watershed area
of 264,100 km?) on the Euphrates was used to estimate the natural flow (pre-impact flow in Fig. 3a-d). There
is an additional gauging station on the Euphrates below the Hindiya barrage (upstream watershed area 274,100
km?; (Saleh 2010), but it was not considered suitable for natural flow analysis as it has been impacted by the
barrage since 1911. As a result, while an additional area of 10,000 km? (mid-basin) contributes to flow at
Hindiya station, the actual flow generated in this additional area is negligible (less than 0.5% of total flow).

To illustrate this, based on available data and the layout of the basin, the Euphrates basin was divided
into three sub-basins, namely the upper Keban dam in Turkey (63,875 km?), mid-basin between Keban dam
and Tabaga dam in Syria (57,125 km?), and the rest of the basin between Tabaga dam and above Hit station
in Iraq (143,100 km?). The influence of the basin section between Hit station and Hindiya station was
considered minimal, due to the predominating hot desert climate (climate type BWh according to the Képpen
classification system (Peel et al. 2007) and lack of precipitation (Fig. 2a-c). Mean annual (1931-1950) specific
discharge (flow/basin area) for the upper Keban dam, Keban dam to Tabaga dam, and Tabaga dam to Hit
station sub-basins was 9.73, 3.59, and 0.42 L st km, respectively, due to different climate and precipitation
conditions (Fig. 2d). The contribution of the sub-basins above Tabaga dam (121,000 km?; (UNESCO 2013))
and of the basin above Keban dam was around 95% and 70%, respectively, of flow at Hit station (combined
basin 264,100 km?; (Saleh 2010)).

The flow regime of the Euphrates at Hit 1931-1950 was assumed to be natural flow, since at that time
the river was not regulated by any important reservoir upstream of this station. The contribution of basin area
to river flow decreases from the northern part of the basin (headwater tributaries; Fig. 2d) towards the south,
with only 5% of the flow rate at Hit being generated by the sub-basin between Tabaga dam and Hit station.
With a simplifying assumption of linearity for the system and considering that an area of roughly 143,100 km?
between Tabaga and Hit contributes 5% to the flow, one can readily calculate the contribution to river flow of

the 10,000 km? basin area between Hit and Hindiya as: 5% X 11403;010000 = 0.35%. Therefore, the area between

Hit and Hindiya only contributes around 0.35% to the flow and the flow rate at Hit (1940-1955) can
confidently be considered the pre-impact flow of the Euphrates before discharging to the Arvandroud. To
evaluate flow regime alteration in headwaters of the Euphrates, we examined the monthly flow change in its
two major tributaries, the Karasu and Murat (Figs. 4a and 4b).

2.1.2 The Tigris and its flow regime

The Tigris river, which is 1800 km long and has a basin area of approximately 221,000 km?, is the second
longest river in western Asia. The Tigris basin expands over four riparian countries (Iraq 56.1%, Turkey
24.5%, Iran 19%, Syria 0.4%). The river Tigris is regulated by several storage and diversion dam projects in
Irag and Turkey, to irrigate over 4.5 million ha of farmland inside the basin and around 150,000 ha outside it.
The climate varies from semi-humid (800 mm annual rainfall) in the north to semi-arid (150 mm annual
rainfall) in the south (Fig. 2). The Tigris originates in the Armenian Highlands in eastern Turkey and is fed by
many tributaries, such as the Greater Zab (basin area of 25,810 km?), Lesser Zab (21,475 km?), Al-Adhaim
(13,000 km?), and Diyala (31,896 km?) located in the Zagros Mountains in lIran, Iragq, and Turkey (UN-
ESCWA et al. 2013).

The Kut barrage is the last station on the Tigris with available flow data (before it discharges to the
Arvandroud). The Kut barrage diverts a portion of Tigris flow for irrigation purposes through the Gharraf
Canal. The pre-impact flow in the Tigris was estimated by adding the Gharraf Canal flow to available flow
data at the Kut gauging station (‘Pre-impact’ in Figs. 3e-h). To evaluate flow regime alteration in headwaters
of the Tigris, we examined the monthly flow change at two points on the main corridor of the Tigris,
Diyarbakir, Cizre (Figs. 4c and 4d), and one of major tributaries of Tigris, the Great Zab at Bekhem (Fig. 4i).
In addition, we considered two important points on the Tigris, at Mosul and Baghdad, to evaluate the impact
of Mosul dam and Samara barrage (Figs. 4e and 4f).

To estimate the flow regime alteration due to Samara barrage on the Tigris, gauging stations above
(Beiji) and below (Baghdad) Samara dam were considered. The Diyala (also known as Sirwan) river is a
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tributary that joins the Tigris between Beiji and Baghdad stations, whereas water extraction is minimal
between the two stations. To compare the two stations, we adjusted the flow rate at Baghdad by removing the
contribution of the Diyala. After this adjustment, the difference in mean monthly flow between Baghdad and
Beiji stations before construction of Samarra dam (1940-1955) was minimal (‘Pre-impact’ and ‘Post-impact1’
in Fig. 4f), confirming the validity of our decision to compare these two stations as pre- and post-impact.

2.1.3 Karkheh and Karun

The Karun is the largest river (in terms of discharge) in Iran and the Karkheh is the longest. Both rivers are
fed by snowmelt and rainfall and originate in the Zagros Mountains in western Iran. These rivers run entirely
inside Iran’s territory and are considered an internal water of Iran. Historically, Karun flow was not part of
the Arvandroud water system, since before 1765 the river discharged to the Persian Gulf through many
channels and rivers such as Bahmanshir river, Nahre Ghadimi, and Nahre Koor. In 1765, the Karun was
connected to the Arvandroud artificially with a canal for navigation purposes (UN-ESCWA et al. 2013). The
Karkheh feeds the Hooralazim wetland, with excess water during high flow years discharging to the
Arvandroud system. Although these two rivers are not main contributors to the impact on the Arvandroud,
river regime alteration (at Ahvaz and Hamidieh) was taken into account in this study (Figs. 4g and 4h).

2.1.4 Flow regime at Arvandroud

Flow measurement in the Arvandroud is uncertain due to inflow of fresh water from upstream and tidal effects
from the Persian Gulf. The tide in Arvandroud is classified as semidiurnal, reaching an average rise of 2.6 m
at the mouth of the river at the Persian Gulf. The tide affects the upstream river by an average of 1.4 m at
Abadan city (about 74 km from the river mouth) and continues upstream (Zahed et al. 2008, Etemad Shahidi
et al. 2011). Due to unrealistic flow values, the last existing gauging station (Khosoro-Abad) was shut down
in 1994. As mentioned, to resolve this lack of direct measurements we used the sum of discharge data for the
two last available points on the Tigris and Euphrates. Although there is a mid-basin between these two stations
and the river confluence point at Qurnah (Figs. 1 and 2a), in comparison with upstream areas the contribution
of this area to monthly flow is negligible (this is explained for the Euphrates in section 3.1). Due to the low
amount of annual rainfall (less than 100 mm; Fig. 2a) and high mean annual temperature (about 25 °C; Fig.
2b), the climate in most of this area is classified as hot desert (BWh according to the Kdppen climate
classification system; Fig. 2c). Thus, the amount of flow generated in the area is insignificant (Fig. 2d). The
total sum of pre-impact flow (1941-1955) at Hit station on the Euphrates and Kut station on the Tigris was
considered natural inflow to the Arvandroud river system (Pre-impact in Figs. 3i-1). The sum of flow between
Kut and the Hindiya barrage during 1941-1955, 1960-1970, 1974-1984, and 1990-1999 was considered altered
(post-impact) flow (Figs. 3i-1).

2.2 River regime impact

Existing methodology (Torabi Haghighi et al. 2014) was used to quantify river regime impacts by combining
three major attributes of flow regime (magnitude, timing, and variation in monthly flow) through comparison
of intra-annual flow regime pre- and post- impact. This method is presented in Fig. 5 and quantifies the total
impact on flow regime as:

RI = MIF x (TIF + VIF) 1)

where RI is river impact; MIF is a flow magnitude impact factor that is a function of water consumption and
quantifies change in flow magnitude before and after development (Fig. 5b); TIF is a timing impact factor that
considers changes in the timing of maximum, minimum, and median discharge cumulative density function
(Fig. 5¢), and VIF is an intra-annual flow variability impact factor that indicates how a natural flow regime
approaches more uniform flow after dam construction (Fig. 5d). These three impact factors can be quantify as
follow:



The MIF can be calculated as:

MIF, = AOF/AIF or MIF, = AFpost/AFpre (1)

In Eq. (1), AOF and AIF are the annual outflow/inflow from/to the dam (m2 or m3s), respectively, AFpost
is the annual outflow from the dam after dam construction, and AFere is the annual flow rate with no dam.

The VIF is calculated as Eq. (2):

VIF = (50 — FRereSRrostl o 50) x 100 )
IRRpre

In the above equation, the IRR is the river regime index introduced by Haghighi and Klgve (2013). The
IRR is dependent on the annual flow hydrograph fluctuation varied between 0 (uniform flow) and 1200
(strongly seasonal flow regime). A calculator tool for the RRI can be found in the Supplementary Material in
Haghight and Klgve (2013). Also, the subscribes “Pre” and “Pos” are indicators of the river condition under
pre- and post-construction of dam. By considering these, the VIF is varied between 0 and 0.5.

The TIF considers timing changes in minimum, maximum, and timing of the fifty percent value of the
flow cumulative density function (cdf50) and calculates as:

TIF = (50 —0.274 X (|DTmax|+|DTm3in|+|DTmedian|))/100 (3)
where DTmax, DTmin, and DTmedian are the time shift in monthly maximum discharge, minimum discharge, and
cdf50 timing value, respectively. The VIF is varied between 0 and 0.5.

Based on the RI index (which varies between a maximum impact of 0 and a minimum impact of 1),
the river regime impact can be classified into one of five groups: Low: RI >0.8, Incipient: 0.6<RI<0.8,
Moderate: 0.4<RI<0.6, Severe: 0.2<RI<0.4, and Dramatic: O<RI< 0.2. This classification is subjective and
case-sensitive but is deemed appropriate for most river systems by Torabi Haghighi et al. (2014).

Here we performed the analysis using either a temporal or spatial approach to quantify the river regime
impact at the point of interest. In temporal analysis, only the date of impact (e.g., dam construction) is
considered. The available time series of data at any point is divided into two parts, pre-impact and post-impact,
and the river impact (RI) is computed by contrasting the mean monthly flow in the pre-impact and post-impact
periods (e.g., the impact of Mosul dam construction was evaluated using this approach) (Fig. 4e). The
disadvantage of this approach lies in the impact of climate variation on the computed index, specifically when
one period (pre- or post-) belongs to a dry period and the other belongs to a wet period. In this case, the impact
of climate variability confounds the impact of the dam. However, this error decreases as the length of the data
series increases.

In spatial analysis, mean monthly flow at two stations (in the same period) above and below a point of
interest are considered pre- and post- impact time series data and used to compute the RI index. For example,
in the present case the impact of Samara dam on the Tigris was evaluated through comparison of the flow of
the Tigris at Beiji and Baghdad stations (Fig. 4f). The drawback of this approach is the effect of added flow
from sub-basins between the two selected stations on flow rate at the lower station. The error in the impact
index grows as the distance between the two stations increases and the area of mid-basin expands. This error
can potentially be compensated for if the additional flow stemming from the mid-basin is gauged (e.g., by
measuring the discharge of tributaries that join the major river between the two selected stations). However,
this error is minimal in dry climate areas such as southern part of the Tigris-Euphrates basin, where annual
rainfall is very low. Spatial or temporal analysis was used for all stations, rivers, and tributaries along the
basin except for the Arvandroud river, in which the flow measurement is extremely complicated due to
different hydraulic forces acting upon this river.

2.3 Land use-land cover change analysis

To assess the impact of flow regime alteration on lowland area, we assessed land use-land cover (LULC)
change based on the available Landsat images for Arvandroud estuary. We considered Landsat MSS images
(01 August 1972, 16 August 1978 and 22 July 1985); Landsat TM image (09 August 1988); Landsat ETM+
image (17 August 2002); and Landsat OLI/TIRS (21 August 2018) for the analysis. The images are
downloaded from USGS Earth Resources Observation Systems data center. The analyzed images were
selected from similar month, to avoid seasonal effects on vegetation. Less than 10% cloud cover was another
criterion to select those images. For Image processing and classification purpose, we used maximum
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likelihood (ML) procedure in ArcGIS software. Based on the topography of the region, four types of land use
were identified: 1) Water bodies, including deep and shallow water; 2) bare areas, including sandy flats and
areas without plants; 3) areas with low vegetation density; and 4) areas with high vegetation density, including
wetlands and irrigated areas. In addition, we considered normalized difference vegetation index (NDVI) to
detect the density of green vegetation:

NDVI = ZNE—BRed )

BNIR+BRed

where Bgreen, Bred and Bnir are top-of-atmosphere (TOA) reflectance or surface reflectance in the green, red,
and near-infrared band, respectively.

A time series of NDVI value (1984-2018) for nine selected areas (Fig. 1b) has been acquired from
https://app.climateengine.org/ (Climate Engine, 2016).The NDVI approach can be used to distinguish
changes in different vegetation covers (Hamel et al. 2009, Torabi Haghighi, et al. 2018). The NDVI values
has been standardized by Z-Score method to assess the temporal variation of NDVI (Abdi, 2007).

__ NDVI-NDVI
ZScore -

©)

SNDVI

where NDVI is the mean value of NDVIs and Sy py; is the standard deviation of the NDVIs.
3 Results and discussion

3.1 Water use trends and water management history

Historically, Iraq was the first country to control water and develop agriculture in the Tigris-Euphrates
basin, when it constructed two barrages, Hindiya (1911) and Kut (1934), on the Euphrates and Tigris,
respectively (FAO 2009). River regulation has expanded exponentially since then. In the 1960s, Turkey and
Syria initiated construction of Keban and Tabaga (Assad reservoir) dams, respectively. In the 1980s, Turkey
launched the GAP (Southeastern Anatolia Project), which included construction of 22 dams and 19
hydropower facilities on both rivers to supply water for 1.7 million hectares irrigation and generate 21 billion
KWHY/ year (Biedler 2004, FAO 2009). Also, the main purpose for major reservoirs in Irag and Syria rely on
developing irrigation and electricity (main purposes of major dams were presented in Table S2 in
supplementary material).

A dataset gathered in 2010 for the entire river system shows that Turkey has the highest total dam
capacity (about 150 km®), followed by Irag, Iran, and Syria (Fig. 6a). In the history of Euphrates regulation,
1970-1975 and 1984-1992 are important periods. In the first period, Keban dam (Turkey, 1975, volume 31
km?®) and Tabaga dam (Syria, 1973, volume 11.2 km?) were constructed (combined volume 42.2 km?), while
in the second period Haditha dam (Irag, 1984, volume 8.2 km?), Karakya dam (Turkey, 1987, volume 9.5
km?®) and Ataturk dam (Turkey, 1992, volume 48.7 km®) were constructed (combined volume 66.6 km®) (Fig.
6b).

The major change in the Tigris occurred in 1954, when Samarra dam diverted a great portion of river’s
flow to Lake Tharthar (72.8 km®) (Fig. 6¢). In both the Tigris and Euphrates, long-term mean annual flow is
lower than the reservoir capacities (Figs. 6b and 6c¢). Before 1977, the Karun river was regulated only by two
dams (Dez, 1962, volume 2.86 km?; Karun1, 1976, volume 3.14 km?®). Further construction on the Karun and
Karkheh rivers (roughly 10 km®) was implemented after 1992 (Fig. 4d). Based on the FAO database (FAO
2009), the chronology of key developments and list of major dams are presented in Tables S1 and S2,
respectively. Based on the available data and also the chronology of key developments, we selected four
periods to assess flow regime alteration in the Arvandroud estuary: 1941-1955, 1960-1970, 1974-1984, and
1990-2000.
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3.2 Flow regime alteration in the Euphrates

After construction of dams in the river basin, the flow regime of the Euphrates has changed considerably from
upstream to downstream. The river impact (RI, Eqg. (1)) change at the Hindiya gauge (Figs. 3a-d), the lowest
Euphrates flow monitoring point, showed a significant regime change between 1941-1955, 1960-1970, 1974-
1984, and 1990-2000, with RI of 0.64, 0.63, 0.34, and 0.17, respectively (Fig. 5m). Thus Euphrates river flow
regime impact has changed from ‘Incipient’ during 1940-1955 to ‘Drastic’ during 1990-2000 (Figs. 3a-d and
7a). Of the four selected periods, the smallest change occurred between the two first. A change in the flow
regime from ‘Incipient’ to ‘Severe” occurred during 1974-1984, when two considerable reservoirs (Keban, 31
km?3, Tabaga 11.2 km?®) were constructed (Figs. 1 and 6¢). More recent developments, including construction
of dams such as Ataturk (1992, 48.7 km®), Karakaya (1992, 9.6 km®), and Haditha (1984, 8.2 km®), had a
‘Drastic’ impact on river flow in lower parts of the Euphrates river basin and the Arvandroud estuarine zone
during 1990-99 (Figs. 3d and 7a).

The impact of river regulation is evident in the RI factor at Hindiya barrage, which changed from 0.64
(‘Incipient’) to 0.51 (‘Moderate’) from 1940-1955 to 1971-1993 (Fig. 4e), while the RI in 1960-1970 was still
0.64 (‘Incipient’). The initial dam construction is not evident in the RI factor, as the dam had a low storage
capacity and only diverted a fraction of the flow for irrigation. Further construction of numerous dams in Iraq,
Turkey, and Syria in 1971-1993 has had a clear effect on river flow at Hindiya station. The change in flow
rate at Hit station between the periods 1950-1970 and 1975-1984 shows that Keban (1973) and Tabaga (1975)
dams had a ‘Moderate’ effect on Euphrates flow.

The impact of river regime change in headwaters and lower part of Euphrates is shown in Figs. 7a and
7b. Water management in all three countries (Turkey, Irag, and Syria) has contributed to significant flow
regime alteration in lower parts of the Euphrates basin. Due to lack of available up-to-date flow data for around
the border of Turkey-Syria and Syria-lraq, assessing the exact contribution of each country is complicated.
However, based on dam capacity, Turkey has played a major role in river regime alteration in lowland areas.

To assess the potential role of climate change on the Euphrates, the RI for the Murat and Karasu rivers
at Elazig-Palu (25447 km?) and Mus-Bingol (2098.4 km?) was computed (Figs. 4a, b and 7b). These two
stations are located in the unregulated part of the Euphrates, so a change in flow regime would reflect natural
variations or climate change impacts. Based on Eq. 1, the impact of river flow alteration between 1961-1979
and 1991-2006 was classified as ‘Low’ (Fig. 7b), which indicates a minor impact on runoff due to climate
change.

3.3 Flow regime alteration in the Tigris

The RI for the Tigris river at the last station before joining the Euphrates to form the Arvandroud was
calculated to be 0.82, 0.53, 0.48, and 0.12 for 1940-1955, 1960-1970, 1974-1984, and 1990-2000, respectively
(Figs. 3e-h and 7a). This confirmed the significant change in impact from ‘Low’ to ‘Drastic’ on delivered flow
regime to lower parts of the Tigris river (follow squares sign in Fig. 7a).

The Samarra-Tharthar system (1954-1956) is the largest diversion system on the main corridor of the
Tigris. To evaluate the impact of this water regulation system, mean monthly flow at Beiji, upstream of the
Samarra barrage, was compared with that at Baghdad gauge station, downstream of the barrage (Fig. 4f). Total
impact on flow regime between these stations before this development was classified as ‘Low’ based on RI
(Figs. 4f and 7b). The impact on timing and variability of flow was negligible (0.96), as there is no reservoir
between two stations, so the river flow regime did not show any change in TIF and VIF (vertical axis in Fig.
7b). Thus the computed total impact derived largely from the change in the magnitude of flow (MIF). The
impact of Samara dam was estimated based on comparison of these two stations in the period 1961-1981
(before Mosul dam, Iraqg, 1983, 12.5 km3; ‘Post2’ in Fig. 4f), when the impact was classified as ‘Incipient’
(Figs. 4f and 7b). Due to low storage capacity of the barrage during this period, the majority of flow during
the high flow season (December-June) was not regulated, so this part of monthly flow transferred to
downstream areas. In the period, the MIF index changed more than TIF and VIF (Fig. 7b). In the last
evaluation period (1990-2000), the added storage capacity of several dams (e.g., Mosul dam) enabled storage
of flow during the high flow season and its release during the low flow season. This increased the potential
for diverting flow by the Samara barrage and consequently the impact on Tigris flow at Baghdad increased to
‘Severe’ (‘Post3’ in Figs. 4f and 7b).



Moving upstream along the Tigris main channel, the flow regime impact is lower, e.g., ‘Incipient’ and
‘Low’ at Mosul dam in northern Iraq and at Cizre in southern Turkey (last gauge in Turkey territory before
entering Iraq) (Figs. 4e and 7b). Although Mosul dam has considerable capacity (12.5 km?), the impact at the
dam site was classified as ‘Incipient’ due to the low reduction in magnitude of flow (MIF), with the major
impact on flow characteristics being exerted on TIF and VIF (Fig. 7b).

The impacts on flow regime of other tributaries and headwaters, e.g., the Great Zab at Bekhme (Figs.
4i and 7b), Lesser Zab at Dokan dam (lrag, 1961, 6.8 km®), Diyala at Derbendi Khan (Iraq, 1962, 3 km?) and
Tigris at Diyarbakir (headwater in Turkey, Figs. 4c and 7b) were classified as ‘Low’ or ‘Incipient’ for the
period 1990-2000. Although these dams were constructed for irrigation purposes, the irrigation demand is
supplied by a diversion dam far away from the dam location, and hence the indices reflect minimal potential
impact. According to our results, by 2000 the contribution of Turkey to flow regime alteration in the Tigris
was low (Fig. 7b) and the greatest impact on flow regime was observed in the lower part of the Tigris in Iraqi
territory, particularly below the Samara and Kut barrages.

To address the contribution of different countries to the natural flow of the Tigris and its change, the
stations at Cizre (38294 km?), Baghdad (134,000 km?), and Kut (166,200 km?) were used to divide the Tigris
basin into upper, middle, and lower sub-basins. Approximately 37% of the flow at Kut originates from the
upper sub-basin (above Cizre in Turkish territory) and 55% comes from the middle sub-basin (between Cizre
and Baghdad, including western tributaries like Great and Lesser Zab which mainly originate in the Zagros
Mountains), while the remaining 8% is the contribution of the rest of the basin. By 2000, major regulation
was imposed on Tigris in Iraq by the construction of considerable storage and several diversion dams, but
Turkey will continue to make a contribution on completing the GAP projects and certainly Ilisu dam (Torabi
Haghighi et al. 2018).

3.4 Monthly flow regime and its impact on Arvandroud and lower tributaries

In Arvandroud, flow (RI) was 0.74, 0.54, 0.41, and 0.14 in 1941-1955, 1960-1970, 1974-1983, and 1990-
1999, respectively, and the impact on flow was classified as ‘Incipient’, ‘Moderate’,” Moderate’, and ‘Drastic’,
respectively (Fig. 7b). All three flow characteristics (magnitude, variability, and timing) in the Arvandroud
river were altered and the river flow regime changed from a clearly seasonal regime in 1940-1955 to a uniform
flow regime in 1990-1999 (Fig. 3a) indicating a strong impact of regulation. In the period 1941-1955,
tributaries were modified only by two diversion dams in Iraq (Kut and Hindiya), and the impact was classified
as ‘Incipient’ in this period due to low storage capacity of these dams. In the period 1960-1970, another
diversion dam (Samarra barrage) was installed on the Tigris, and the RI decreased to 0.54. In the period 1974-
1983, modification of the Euphrates continued with the construction of two storage dams in Turkey and Syria,
and the RI was reduced to 0.41. The impact of the period 1990-1999 reflects the construction of many dams
and hydropower facilities, which led to a ‘Drastic’ flow regime alteration in the Arvandroud. The flow change
impacts in recent years have been even higher than in the period 1990-1999, as the tributaries have been
modified by more dams, and the flow will change even more in future on completion of the planned projects
in headwaters, particularly Ilisu dam on the Tigris in Turkey.

Above and below the confluence of the Tigris and Euphrates at Qurna, two major rivers (the Karkheh
and Karun from Iran) join the Arvandroud river system. The Karkheh first discharges to Hooralazim wetland
(area 900 km? before shrinkage; (Fuladavand and Sayyad 2015), which is part of the Mesopotamian
Marshlands. Annual water loss by the Mesopotamian Marshlands (20 000 km?) is about 16 km?®(World Bank
2006). As the majority of Karkheh flow (mean annual flow 1971-2001 of 5.5 km®at Hamidieh gauge) is
consumed in the wetland, the Karkheh only makes a contribution to the Arvandroud river flow regime during
years with high inflow to the wetland. Thus, the role of the Karkheh in the Arvandroud flow system is minor.
Based on available data for the period 1990-2000, the river regime impact was classified as ‘Low’ (Figs. 4h
and 7b), as the major dam on this river was installed in 2006 (after the last calculated period throughout this
study). The Karun joins the Arvandroud just before it enters the Persian Gulf (Fig. 1). Most regulation
practices on the Karun were imposed after 2000 and thus the flow regime impact analysis for the periods
1974-1983 and 1990-2000 showed a ‘Low’ impact for this river at Ahavaz city (Figs. 4h and 7b).



3.5 Spatio-temporal impact on the whole basin

In terms of overall impact on the basin, the results clearly show that most of the headwater part of the basin is
categorized in the ‘Low’ impact class, whereas low-lying areas and particularly the Arvandroud estuarine
region have experienced an increasing rate of impact through the periods 1941-1955, 1960-1970, 1974-1984,
and 1991-2000 (Fig. 8). It is worth mentioning that these periods have been selected based on major regulated
practices in study area, for example in the first period (1941-1955), the flow regime affected by two diversion
dams called Kut on Tigris and Hindiya, or in the second period we could see the impact of Samara barrage as
a massive water diversion and also interbasin water transfer. In addition, an increase in the number of dams
during different periods has extended the impact upstream in the basin. In the Euphrates, until 1970 the impact
was restricted to inside lIraqi territory (Figs. 8a and 8b), while during the periods 1974-1984 and 1991-2000
the rate of impact increased in Irag and also extended into Syria (Figs. 8c and 8d) and Turkey (Fig. 8d). In the
Tigris, spatially the impact was still restricted inside Irag by 2000, but the rate of impact was clearly increasing
with a tendency to extend to upstream areas of the basin (Fig. 8). When GAP project construction, particularly
Ilisu dam, on the Tigris is completed, the impact can be expected to extend to Turkey’s territory (Torabi
Haghighi et al. 2018).

In this work spatio-temporal flow regime impact was assessed by using River Impact method along
these rivers which were missed during previous studies. For example, the hydrological impact of water
resources development on the Mesopotamia Marshes was evaluated by using SWAT model (Jones et al., 2006)
or evaluation of water resources of the Tigris river (Al-Ansari et al., 2018). The main drawback of this work
is the period of analysis which is ended to 2000 as previously mentioned and indicated by others e.g. Kavvas
et al. (2011). To overcome this data actualization issue, the remote sensing images were analyzed.

3.6 Impact of Anthropogenic Activates on the Arvandroud Estuary

Analysis of LULC in the Arvandroud estuary revealed the major consequences of river regulation and other
anthropogenic activities (Fig. 9). Based on the comparison of LULC from 1972 to 2018 in the Arvandroud
estuarine region (Fig. 1b), the main outcomes of anthropogenic activities are decreasing high density
vegetation (32%), growing area of bare land (17%), and increasing low-density cover vegetation (16%) (Figs.
9a and 9b). This indicated substantial LULC change in this area. Moreover, an increasing rate of sedimentation
could be addressed in reduction of waterbody (1.26%) and increasing the bare area which has affected
navigation in the river. The extending sandy zone and shallow water area at the mouth of river due to the
inflow reduction are causing difficulties for ships while passing through the main channel of Arvandroud.

This area was exposed to Iran-lraq War (1980-1988). A sharp reduction (-3.53% per year) in high
density vegetation from 1985-1988 in comparison with long term reduction (-0.69% per year) indicate the
considerable impact of war (5.1 times of mean long-term impact) on high dense vegetation (Fig. 9). A sign of
recovery (+0.31% per year) is also visible in case of high dense vegetation, immediately after ending the
conflict (1988-2003, Fig. 9). Reduction of high dense vegetation cover (-1.0% per year) would be the results
of river regime alteration and climate variability in this region (Fig. 9) after 2003.

For more detail, the NDVI values show negative trend after 2000 in all parts of inserted area (Fig. 10
c), and it was observed after a positive trend (or tendency) since 1984 (Fig. 10b). This negative trend would
be due to flow regime change during 2000-2018, the period that we could not access to observed hydrological
data. The variation of NDVI according to Z-score also indicates the negative value in recent years and it
clearly shows the impact of flow regime particularly after 2010 (Fig. 10d).

Reduced freshwater flow has led to saltwater intrusion from the Persian Gulf, contributing to land and
water salinization in the Arvandroud estuarine region. This is evident as expanding low-density vegetation
cover along the river margin (Fig. 9). It is estimated that water salinization has led to death of 400,000 date
palms in Abadan city, Iran (Islamic Republic News Agency - IRNA 2019). It is predicted that the number of
dead palm trees will reach 2 million if salinization continues (Islamic Republic News Agency - IRNA 2015).
Loss of agricultural land has had severe socioeconomic impacts on the region and these will only worsen in
future if current water management practices continue. Moreover, the Hoor-Alazim wetland, in southwestern
Iran, has shrunk from 900 km 2in 1992 to 300 km? in 2008, mainly due to construction and impounding at
Karkheh dam (Fuladavand and Sayyad 2015).



Because of drying of the Hoor-Alazim and Iragi marshlands, the incidence of dust storms in western
cities of Iran has increased dramatically (Zarasvandi et al. 2011). During 2007-2009, about 120 dust storms
occurred in urban areas in Khuzestan province, more than 50% of which reduced the maximum visibility to
less than 1 km (Zarasvandi, 2011). During 2007-2009, about 120 dust storms occurred in urban areas in
Khuzestan province, more than 50% of which reduced the maximum visibility to less than 1 km (Zarasvandi,
2011). These storms had major social impacts on the region, as schools, universities, and other organizations

were shut down and daily activities were impaired.

The impact of flow regime alteration extends beyond the lowland region of riparian countries to the coast of the Persian
Gulf, especially the Kuwait coastal zone, which is suffering from water quality and biological process degradation due to the
reduction in freshwater flow from the Arvandroud. In our LULC analysis, we clearly demonstrate the impact of river regulation
during the past 43 years and as novelty we quantify the intensity of the impact of Iran-lraq war in comparison with river regulation

impact.

4 Conclusions

In this study, a framework for assessing the impact of water construction on rivers and basins was
applied to the Tigris-Euphrates basin. The results showed that upstream and downstream water developments
in the Tigris-Euphrates water system have led to severe changes in the Arvandroud estuary. Construction of
about 300 km? of reservoirs on the water system since 1911 has had a drastic effect on the flow. Over time,
the impact of flow regulation has extended along the basin from downstream to upstream. By 2000 (endpoint
based on available data in this study), most of headwater area, particularly in Turkey and the eastern part of
the Tigris basin in the Zagros Mountains, was still in the ‘Low’ impact class, while in middle part of the basin
the impact increased during different periods. The greatest impact was observed after 1970, with increasing
water competition between Irag, Turkey, and Syria. This has led to severe changes in ecosystem services in
the river, with catastrophic impacts on the socio-economic system. The impacts will intensify in future, as
more dam construction projects are underway, and there may also be an influence of climate change. The main
weakness of this work was the period of analysis which was ended to 2000 due to lack of data which was
explained earlier. The resolving the shortage of updated data should be considered in future studies. In absence
of observed flow data (2000-2018), the remote sensing data confirm change in estuarian zone clearly. The
results of remote sensing analysis revealed that the war impact (based on the degradation of vegetation cover
during 1985-1988) is 5.1 times of mean rate of change during 1972-2018. Quantifying the impact of war on
natural system was the issue which is not studied in this region. Although land degradation in the estuary area
is an important issue and visible from our results, but in the other hand the dams and hydropower have a
crucial role in the economy of inhabitants and riverain country by providing water for irrigation or generating
energy. Hydropolitic and water conflict on headwater tributaries of transboundary rivers lead to many problem
and negative impacts on the flow regime in river lowlands. The Tigris-Euphrates water system is an exemplary
case of transboundary rivers that has drastically suffered from the impacts of river regulation and water
management practices. The challenging situation arises from the conflicts and non-cooperative management
of the water resources by the riparian countries. Downstream marshes and wetlands gave many invaluable
ecosystem services to local inhabitants and provided a thriving habitat for fauna and flora for centuries.
Hydropolitic and water conflict between riparian countries have placed these invaluable aqua-ecosystems,
estuarine zone and their dependent anthroposphere at a “mercy position” for minimum environmental flow.
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Table 1: River flow gauging stations in the study area

River Station Country  Latitude Longitude Area (km?)
Euphrates Keban Turkey  38.82 38.77 63875
Euphrates Tabagah Syria 35.86 38.58 121000
Euphrates Deir Ez-Zor Syria 35.26 40.28 150000
Euphrates Hit Iraq 33.61 42.84 264100
Euphrates Hindiya Barrage Iraq 32.72 44.27 274100
Karasu (H.W. Eu.) Mus-Bingol Turkey 38.78 41.50 2098.4
Murat (H.W. Eu.) Elazi1g-Palu Turkey  38.70 39.95 25447.2
Diyala (T. Ti.) Gauge Iraq 35.10 45.70 29700
Diyala (T. Ti.) Derbendi-Khan Iraq 35.13 45.75 17800
Adhaim (T. Ti.) Injana Iraq 34.5 44.52 9840
Lesser Zab (T. Ti.) Dokan Iraq 35.95 44.95 11700
Greater Zab (T. Ti.) Eski Kelek Iraq 36.27 43.65 20500
Khazir (T. Ti.) Manguba Iraq 36.3 43.55 2900
Tigris (H.W.) Cizre Turkey  37.33 42.19 38294
Tigris (HW.) Diyarbakir Turkey  37.86 40.24 6106
Tigris Mosul Iraq 36.62 42.82 56000
Tigris Beiji Iraq 34.93 43.49 107600
Tigris Baghdad Iraq 33.41 44.34 134000
Tigris Kut Iraq 32.72 45.79 166200
Gharraf Kut Iraq 32.53 45.79 N.A
Karkheh Hamidieh Iran 315 48.43 50600
Karun Ahvaz Iran 31.32 48.67 60769

1: http://webworld.unesco.org/water/ihp/db/shiklomanov/part%274/ASIA (accessed 25.05.16.), 2: Saleh,

2010, 3: DSI - General Directorate of State Hydraulic Works in Turkey, H.W.: Head Water, T.: Tributary,

Eu.: Euphrates, Ti.: Tigris.
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and gauging stations and b) Arvandroud estuary
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Fig. 4: River flow in headwaters, middle basin area, and tributaries to the basin. a, b) Murat and Karasu,
headwaters of the Euphrates river (Pre: 1969-1980, Post: 1991-2006), c-f) Tigris river at Diyarbakir,
Cizre (Pre: 1969-1980, Post: 1991-2006), Mosul (Pre: 1969-1980, Post: 1991-2006), and Baghdad
(Pre: flow at Beiji 1940-1955, postl, post2 and post3: flow at Baghdad 1940-1955, 1961-1980 and
1983-2000), g, h) the Karun and Karkheh rivers at Ahvaz and Hamidieh (Pre: 1974-1984, Post: 1990-
2000), and i) Great Zab river at Bekhem (1940-78 and 1979-2004), where O-...-S means October - ....
-September.
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Fig. 5: Change in intra-annual flow regime due to dam operation: a) intra-annual flow before dam
operation (pre-impact), b) change in magnitude of flow impact factor, ¢) intra-annual flow variability
factor (VIF), d) timing impact factor and e) intra-annual flow after dam operation (post-impact).
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Fig. 6: Cumulative reservoir capacity in riparian countries in the main river and tributaries in: a) the
entire basin, b) the Euphrates, c) the Tigris, and d) the Karkheh and Karun (Source of data: FAO).
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Fig. 9: Land use and land cover (LC) change (1972, 1978, 1985, 1988, 2003 and 2018) in the
Arvandroud estuarine region determined using the LC index.
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Fig. 10: Change in vegetation cover (1984 - 2018) in different parts of Arvandroud estuarine region
(parts 1-9 according to Fig. 1) determined using normalized difference vegetation index (NDV1), a,
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Table S1. Chronology of major event in studied area (FAO, AQUASTAT 2009)

Year | Plans/Projects/Treaties/Conflicts Countries involved Main aspects

1914 Al Hindiya dam on the Euphrates Iraq For flood control and irrigation purposes.

1920 Treaty regarding utilization of the waters France and Great Britain

of the Euphrates and Tigris rivers

1930 Turco-French Protocol Turkey and France Coordinates any plans to use the waters of the
Euphrates.

1946 Treaty of friendship and good neighborly Turkey and Iraq Extended the principals of mutual cooperation over

relations water development in both rivers. Sharing of related
data.

1951 Ramadi Habbaniya dam on the Euphrates Iraq For flood control and irrigation purposes

1960s | Start of construction of the ‘Third River’ Iraq 565 km canal between the Euphrates and the Tigris
rivers (completed in 1992).

1970s | Construction of several canals Iraq Linking lake Thartar to the Euphrates, and connecting
the lake with the Tigris.

1973 The Kevan dam Turkey First dam on the Euphrates for Turkey. Construction
started in 1960s. for hydropower purposes.

1973 The Tabga dam Syria (with the help of USSR) First dam on the Euphrates for Syria to meet water and
energy needs.

1975 Filling of the Tabqa dam conflict Syria and Iraq (Saudi Arabia and Major source of conflict between Syrians and Iraqis

possibly USSR mediated) addressed. Finally the Syria released more water from
the dam to Iraq.

1976 Release of 350 m%/s from the Euphrates Turkey Prevented tension between Syria and Iraq, regarding

downstream the filling of the Tabga dam.

1977 Southeastern Anatolia Project (GAP) Turkey Turkey announced plans for GAP, which included 22
dams and 19 hydropower installations on the
Euphrates-Tigris.

1983 Establishment of joint technical committee | Turkey, Iraq, and Syria Dealing with water issues between the basin riparian

for regional waters countries, to ensure principals of consultation and
notification as required by international law. This
group disintegrated after 1993 without any progress
having been made.

1984 Turkey proposes a ‘Three staged-plan’ Turkey (indirectly Syria and Iraq) For optimal, equitable and reasonable utilization of the
transboundary watercourses of the Euphrates-Tigris
basin. Confirms to the principle of equitable
utilization.

1985 The Haditha dam Iraq Dam on the Euphrates rivers to produce hydropower.

1986 | The Bath dam Syria Second dam on the Euphrates for the Syria. Small-
scale electric generation and small amount of water for
irrigation.

1987 | Informal agreement guaranteed 500 m?/s Turkey and Syria The Syria has accused Turkey of violating this

of the Euphrates from Turkey to the Syria agreement a number of times.

1988 | The Karakaya dam Turkey Second dam on the Euphrates for Turkey. First dam
built under the GAP. For production of hydropower.

1990 Agreement between Syria and Iraq to share | Syria and Iraq The Syria agrees to share the Euphrates’ water with

the Euphrates water Iraq on a 58%(Iraq) and 42% (Syria) basis.
Corresponds to a flow of 9 km*/year.

1992 Completion of the Ataturk dam Turkey Third dam on the Euphrates for Turkey, the most
important one under the GAP project. For irrigation
and hydropower. The filling of the dam, shutting of
the river flow for a month, causes conflict with
Syrians and Iragis.

2001 Joint Communique GOLD (Syria), and GAP-RDA Supporting training, technology exchange, study

(Turkey) missions, and joint projects.
2002 | Bilateral agreement concerning the Syria and Iraq For irrigation purposes.
installation of a Syrian pump station on the
Tigris river
2008 Cooperation on water issues by Turkey, Syria, and Iraq 18 water experts from each country to work toward

establishing a water institute

the resolution of water-related problems.
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Table S2. Large dams in the studied area (FAO, AQUASTAT 2009)

Completed or Dam Reservoir
Name of dam Country River Purposes Operational Height Capacity  Area
Year meter km3 km?
Samarra-TharThar Iraq Tigris IR 1954 72.8 2710
Atatlirk Turkey Firat IR, HP 1992 169 48.7 817
Keban Turkey Firat HP 1975 210 31 675
Raza Dyke Iraq Euphrates 1970 18 26 1330.3
Mosul Iraq Tigris IR, HP 1983 131 125 326
Al Tabga Syria Euphrates IR, HP 1973 60 12 610
Karakaya Turkey Firat HP 1987 173 9.58 268
Haditha Iraq Euphrates IR, HP 1984 57 8.2 500
Dokan Iraq Lesser Zab IR 1961 116 6.8 270
Karkheh Iran Karkheh IR, FC, HP 2001 127 5.575 166
Hamrin Iraq Diyola river HP 1980 40 4 440
Ramadi-Habbaniya Iraq Euphrates IR, FC 1951 3.3
Karoun 1 Iran Karoun IR, HP 1976 200 3.139 54.8
Derbendi Khan Iraq Diyola river IR 1962 128 3 121
Dibbis Iraq Lesser Zab IR 1965 15 3 32
Karoun 3 Iran Karoun IR 2004 205 2.97 46
Dez Iran Dez IR, HP 1962 203.5 2.856 62.5
Kralkizi Turkey Maden HP 1997 126 1.919 57.5
Tishrin Syria Euphrates HP 1999 40 1.883 166
Birecik Turkey Firat IR, HP 2000 63 1.22 56.2
Batman Turkey Batman IR, FC, HP 1999 85 1.175 49.2
Ozliice Turkey Peri HP 2000 144 1.075 25.8
Dicle Turkey Dicle IR,WS, HP 1997 87 0.595 24
Gavoshan Iran Gaveh roud IR,WS, HP 2002 136 0.55 14.7
Kuzgun Turkey Sergeme IR, HP 1996 110 0.312 11.2
Cat Turkey Abdulharap 1996 78 0.24 0.3
Masjedsoleyman Iran Karoun IR, HP 2001 177 0.23 3.68
Vahdat Iran Gheshlagh IR, WS, HP 1975 80 0.224 9.34

IR: Irrigation, WS: Water supply, HP: Hydropower, FC: Flood control

http://www.fao.org/nr/water/aquastat/dams/index.stm (2018/05/02)
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