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A B S T R A C T   

River regulation is challenging when there is diverse upstream and downstream interest, leading to regional and 
international conflict. However, quantifying the upstream-downstream flow regime changes and their causes are 
given less consideration in the river basin. In this study, we presented three new ratios for downstream-upstream 
low flow contribution (DUL), downstream-upstream high flow contribution ratio (DUH), and meteorological- 
hydrological drought ratio (MHD), for an integrated assessment of flow regime alteration across the river 
basin. To test the methods, we compared flow regime alteration upstream and downstream in the Ceyhan basin 
in central Turkey, which was significantly modified by agriculture between 1984 and 2018 (the irrigated area 
increased 2.8-fold, rainfed farming decreased by 67.6%). Our analysis revealed a clear change in the contribution 
of low and high flow seasons to annual flow in the last station of the river at Misis after 1984, but no considerable 
change in upstream tributaries. In the last decade (2005–2014) and the second half (1995–2014) of the study, the 
frequency of hydrological droughts increased, while meteorological droughts followed a stationary pattern. 
Evaluation of the impact of anthropogenic activities on river regime (by comparing flow regime characteristics 
after 1984 with those from 1975 to 1984 as post- and pre-impact periods) revealed low to incipient impact 
upstream (Hanköy, Karaahmet, and Kadirli river headwaters), severe impact below the Aslantaş dam in the basin 
center, and moderate impact at the last station on the Ceyhan river. The new metrics provide supplementary 
information on the flow regime alteration in the basin and can be introduced as a novel quantitative measure to 
recognize the driving factor of droughts.   

1. Introduction 

Rivers are vital for many species, including humankind, for whom 
they play an essential role in transportation, fishing, agriculture, in-
dustry, recreation, and urbanization (Paine, 2019). However, the com-
bined effects of anthropogenic activities and climate change are 
threatening rivers in different regions and climate systems by altering 
the natural flow patterns (Ashraf et al., 2016; Hekmatzadeh et al., 2020; 
Torabi Haghighi et al., 2020a; Yaraghi et al., 2019). River management 
is challenging when there are different upstream and downstream water 
benefits and can lead to morphological (Shahrood et al., 2020), 
ecological (Cui et al., 2018; Leigh et al., 2012), socio-economic (Alra-
joula et al., 2016), and environmental (Moore, 2016; Torabi Haghighi 
et al., 2018b) changes in downstream parts of rivers. For example, 

increasing the upstream water regulations in the Zambezi (Petersen--
Perlman, 2016), Mekong (Kuenzer et al., 2013), Tigris and Euphrates 
(Torabi Haghighi et al., 2020b), and Indus (Akhter, 2015) has altered 
the lowland flow and led to significant impacts on ecosystems, naviga-
tion, fisheries, and agriculture. 

Alterations in attributes of the flow regime, including magnitude, 
frequency, duration, and timing (Bejarano et al., 2017), can be amplified 
by superimposing stressors such as climate change, dam construction, 
and land use/land cover change (Qi et al., 2020). Such changes in the 
flow regime can occur on an hourly to annual scale (Ashraf et al., 2018). 
Dam construction and land use change mainly influences the flow 
regime in the lower parts of the river, while climate change can impact 
the flow regime in the entire basins. Thus, flow regime alteration may 
not occur uniformly throughout the whole basin, but the impacts 
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inevitably increase from upstream to downstream (Ashraf and Hanif-ur- 
Rehman, 2019; Fazel et al., 2017; Munia et al., 2018; Piliouras and Kim, 
2019). Understanding the spatial impacts on upstream to downstream 
flow regimes is crucial for addressing many water resources manage-
ment problems, e.g., sediment load, fish migration, and water allocation. 
Developing the indices and approaches to quantify the impact of climate 
variability, dam and hydropower construction, and land use change to 
address the flow regime alteration from upstream to downstream can 
help decision-makers and water resources planners to make informed 
decisions for the future. 

This study aimed to provide a comprehensive overview of the 
upstream–downstream flow regime alteration in a river basin. The 
questions addressed by this paper include:  

1) To what extent can we quantify the impact of climate variability and 
anthropogenic activity on flow regime characteristics from upstream 
to downstream in a river basin?  

2) How can the changes in extreme flow characteristics be quantified 
from upstream to downstream?  

3) Is there any association between hydrological and meteorological 
droughts from upstream to downstream? 

To reply to these questions, we developed three new ratios:  

i) Downstream-upstream low flow contribution ratio (DUL);  
ii) downstream-upstream high flow contribution ratio (DUH); and  

iii) meteorological-hydrological drought ratio (MHD). 

Combining these new ratios will lead to an integrated flow regime 
analysis across the basin. 

These approaches were tested using the Ceyhan river basin case in 
Turkey. The results obtained were compared with the river impact (RI) 
method (Torabi Haghighi et al., 2014). 

Many previous studies have examined the impact of dam construc-
tion on the Mediterranean climate system (Altın et al., 2020; Ludwig 
et al., 2009; Sadaoui et al., 2018; Schneider et al., 2013). However, there 
is a lack of knowledge on the impacts of dam construction combined 
with land use change on headwaters, central reaches, and downstream 
parts of the Ceyhan river, which flows to the Eastern Mediterranean Sea 
(Altın et al., 2020; Isola et al., 2017). In the semi-arid or sub-humid 
Mediterranean climate zone, hydrological processes vary widely in 
time and space due to high variabilities in precipitation regime, the 
influence of topography, and the spatial distribution of soil types and 
land use (Moussa et al., 2007). Thus statistical impact assessment is 
more convenient, cost-effective, and time-efficient in these regions. The 
Ceyhan delta is severely affected by flow regime alteration resulting 
from dam construction, with the southern part of the delta being 
particularly affected (Ataol, 2016). The largest dam above the delta, the 
Aslantaş dam, has an important effect in preventing sediment arrival in 
the delta. Before construction of this dam in 1984, the annual sediment 
load in the Ceyhan river was 5.5 million tons, producing an important 
coastal ecosystem at the mouth of the river, with nested coastal dunes, 
lagoons, swamps, and marshes flanking the river outlet (Aksu et al., 
1992; Isola et al., 2017). 

In this study, we assessed flow regime alteration upstream and 
downstream in the Ceyhan basin using 40 years of flow and precipitation 
data (1975–2014) from five gauging stations on the Ceyhan river. We 
divided the data into four decades for analysis of temporal changes, 
based on dam construction history in the basin. We applied trend 
analysis to precipitation and river discharge data to distinguish between 
climate-based and anthropogenic causes of change in stream flow during 
the 40-year study period. 

2. Material and methods 

2.1. Study area and history of river regulation 

The Ceyhan river basin (20,670 km2) in central Turkey falls within 
the Eastern Mediterranean climate region (Fig. 1a). The basin borders 
the Seyhan river basin in the west-northwest, the Asi basin in the south, 
and the Euphrates basin in the east-northeast. Annual flow in the Ceyhan 
river is around 7.18 km3, representing 4% of total river flow in Turkey 
(Agrin, 1999). The river is 509 km long and runs from the Nurhak 
mountains in the Eastern Taurus mountain range to the north 
(2000–2500 m above sea level (masl)) and flows southwest to the 
Mediterranean Sea near the city of Adana. The numerous streams and 
reservoirs of Ceyhan river have allowed for rapid development of the 
local economy. Industries in the region have expanded rapidly in recent 
years, especially the textile, metallurgy, food, and chemical industries, 
resulting in intensive use of water resources. The average population 
density in the region is 70 inhabitants per square kilometer, and 54% of 
the population lives in urban areas (Tanrıverdi et al., 2010). Agriculture 
in the basin is affected by drought, as are other sectors such as urban 
water supply, tourism, energy production, transportation, and the 
environment (Gumus and Algin, 2017). 

Ceyhan river regulation (Fig. 1c and Table 1) started in 1971 with 
construction of the Mehmetli dam on the Kesiksu river, a western trib-
utary of the Ceyhan, followed by dams on two other tributaries of the in 
eastern parts of the basin in 1972, Aksu River (Kartalkaya dam, point 
#10 on Fig. 1b) and western Kilgen River (Kozan dam, point #13 on 
Fig. 1b) (Fig. 1). The main regulation practices (83% of total reservoir 
capacity) of the Ceyhan basin was carried out in the period 1984–2002 
with construction of six major dams on the main corridor of the Ceyhan 
and Göksun rivers (Aslantaş, 1984; Menzelet, 1989; Sir, 1991; Berke, 
1999; Kılavuzlu, 2001; Adatepe, 2002). The process of river regulation 
was continued with dam construction on the basin’s headwaters (Ayvalı, 
2005; Kandil, 2013; Sarıgüzel, 2013). 

To evaluate flow regime alteration from headwater to the mouth of 
the Ceyhan river, we used data from five selected gauging stations 
(Table 2 and Fig. 1b): Hanköy and Karaahmet stations on highland 
tributaries (Söğütlü and Göksun), Kadirli station on a lowland tributary 
(Sonboz), and Aslantaş and Misis stations on the main corridor of the 
Ceyhan river in the center and outlet of the basin, respectively. To assess 
the impact of regulation on a temporal scale, the 40 years of available 
flow and precipitation data was divided into four 10 year sub-periods: 
1975–1984 (P1), 1985–1994 (P2), 1995–2004 (P3), and 2005–2014 
(P4) and two 20 year sub-periods: 1975–1994 (H1) and 1995–2014 
(H2). The first of these (1975–1984) was considered the pre-impact 
period, as less than 8% of total reservoir capacity was constructed in 
this period (Table 1 and Fig. 1c). The low and high flow durations in 
different periods vary from upstream to downstream (Figs. S1-S4 in 
Supplementary Material (SM)). For example, for the whole period 
(1975–2014), for the downstream (at Misis, Fig. S4 in SM), December- 
May has higher contribution (high flow duration) in annual flow, 
while in the upstream, (at Hanköy and Karaahmet, Figs. S1 and S2 in 
SM) it is from January to June. 

2.2. Methodology 

To evaluate upstream–downstream flow regime alteration in the 
basin, flow regime characteristics were analyzed at available stations 
from headwaters to the mouth of the Ceyhan river in the Mediterranean 
Sea. Two possible causes of flow regime alteration (natural phenomena 
and anthropogenic activities) were assessed, based on precipitation 
trend analysis, land use change analysis, and the history of river modi-
fication. The full analysis of the basin comprised five steps:  

i) Precipitation and flow trend analysis, 
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Fig. 1. (a) Location of the study area in central Turkey, (b) location of dams and gauges in the Ceyhan basin, and (c) and cumulative reservoir capacity and changes 
in annual flow at Misis station (outlet of Ceyhan river), 1971–2015. 

Table 1 
History of river regulation in the Ceyhan river basin, Turkey, and its tributaries, 1971–2015.  

Dam name River Com.† He. (m) Ca. (MCM) Ar (km2) Purposes Lat. Long. 

Mehmetli Kesiksu 1971 69 106 2.75 Irr 37.5 36.01 
Kartalkaya Aksu 1972 56 195 11.2 Irr, Fc 37.46 37.24 
Kozan Kilgen 1972 78 170 6 Irr 37.3 35.51 
Aslantaş Ceyhan 1984 95 1150 49 Irr, FC, HP 37.27 36.27 
Kalecik Kalecik 1985 77 31.25 NA Irr 37.14 36.46 
Menzelet Ceyhan 1989 151 1950 42 Irr, FC, HP 37.67 36.85 
Sır Ceyhan 1991 116 1120 47.5 HP 37.50 36.60 
Berke Ceyhan 1999 201 427 7.8 HP 36.98 25.3 
Kılavuzlu Ceyhan 2001 59 69 3 Irr, HP 37.6 36.93 
Adatepe Göksun 2002 95 500 19 Irr 37.6 36.93 
Ayvalı Erkenez 2005 76 80 3 Irr, WS, FC 37.6 36.93 
Kandil Ceyhan 2013 52 400 14.5 HP 38 37 
Sarıgüzel Ceyhan 2013 60 101 1.64 HP 37.57 36.59 

†Com: commissioning, He: Height, Ca: Capacity, MCM: million cubic meters, Ar: Area. 
Irr: Irrigation, Fc.: Flood Control, HP: Hydropower, WS: water supply. 
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ii) determination of upstream–downstream alterations in the 
contribution of high and low flow seasons to annual flow, 

iii) determination of the incidence of upstream–downstream meteo-
rological and hydrological droughts in the Ceyhan basin,  

iv) river regime impact analysis,  
v) land use/land cover change analysis. 

2.2.1. Precipitation and flow trend analysis 
To analyze the temporal hydro-climatological status of the Ceyhan 

basin, trends and variations in mean annual and monthly precipitation 
and discharge were calculated. Trends in these parameters were evalu-
ated using the Mann-Kendall (M− K) (Gilbert, 1987; Kendall, 1975; 
Mann, 1945), based on the correlation between ranks of elements of a 
time series (e.g., X = {Xk, k = 1, 2……, n}, and is defined as: 

S =
∑

i<j
sgn

(
Xj − Xi

)
(1) 

where: 

sgn
(
Xj − Xi

)
=

⎧
⎨

⎩

1Xi < Xj
0Xi = Xj
− 1Xi > Xj

(2) 

The significance of trends can be tested by comparing the stan-
dardized variable Z with the standardized normal variate at the desired 
significance level (α): 

Z =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ S > 0

0S = 0
S + 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ S < 0

(3)  

Var(S) =
n(n − 1)(2n + 5)

18
(4) 

If abs (Z) ⩾ 1.96, the time series has a significant trend at a 95% 
significance level (α = 0.05). 

The positive or negative sign of the trend is revealed by the sign of β 
(Sen’s Slope): 

β = Median
(

Xj − Xi

j − i

)

wheni < j (5)  

2.2.2. Upstream-downstream alterations in the contribution of high and low 
flow seasons to annual flow 

To determine the contribution of high and low flow seasons to annual 
flow, we developed a MATLAB (MATLAB, 2019) code to extract the 
mean low and high flow for different durations (as 1, 2, 3, 4, 5, and 6 
months) for each year at all stations. Then for each period, we calculated 
the percentage contributions of low flow and high flow seasons to 
annual flow. Based on the calculated percentages, we developed the 
following two ratios to evaluate downstream-upstream (DU) changes in 

the contribution of low (L) and high (H) flow season to annual flow: 

DUL = CLFDOi/CLFUPi (6)  

DUH = CHFDoi/CHFUPi (7) 

where DUL is the ratio of contribution of low flow duration in 
downstream to upstream areas, DUH is the ratio of contribution of high 
flow duration in downstream to upstream areas, CLFDOi and CLFUPi are 
the contribution of low flow duration to annual flow downstream and 
upstream, respectively, and CHFDOi and CHFUPi are the contribution of 
high flow to annual flow downstream and upstream, respectively. The 
ratios were calculated for different consecutive durations of low flow 
and high flow, ranging from i = 1 to 6 months. For instance, for i = 3 we 
looked for the three consecutive months making the maximum and 
minimum contribution (CHF and CLF) to annual flow in each sub-period 
or the whole period. Defining the wet and dry durations does not follow 
an explicit rule and was not specified for the study area; therefore, we 
examined different durations (1–6 months) to cover all possible wet and 
dry spells to further understand flow regime alteration. It is worth 
mentioning, the DUH and DUL can be calculated for any pair of points in 
the basin that i) have a flow record in the same period and ii) have one of 
the points placed below another one. This study considered the first 
available gauge in headwater (Karaahmet, Hanköy, Kardiliri) of the 
Ceyhan basin as upstream gauges and the last station (Misis) in the basin 
as downstream ones. We can develop a DUH or DUL spatial map across 
the basin if several gauges are upstream to downstream. The gauge from 
the middle of the basin can be considered a downstream station for 
headwater tributaries or considered the upstream station for the lower 
station. 

2.2.3. Upstream-downstream meteorological and hydrological droughts in 
the Ceyhan basin 

As precipitation is the main driver of river runoff, if the frequency of 
hydrological droughts varies in line with meteorological droughts in 
different periods, it can be concluded that the basin is less affected by 
human intervention (Torabi Haghighi et al., 2020b). Therefore, the ratio 
between the number of years with hydrological and meteorological 
drought in upstream and downstream was used as an indicator for 
assessing upstream–downstream change: 

MHD = NoMD/NoHD (8) 

where MHD is meteorological-hydrological drought ratio, and NoMD 
and NoHD are the number of meteorological and hydrological drought 
events in each period. To calculate NoMD and NoHD, we considered the 
number of negative phases of standardized precipitation index (SPI) and 
streamflow drought index (SDI), developed by McKee et al. (1993) and 
Nalbantis and Tsakiris (2009), respectively. SPI and SDI are derived 
from precipitation and discharge, respectively, and, for both, a negative 
value is considered to indicate meteorological and hydrological drought. 
Both indices are well known and have been applied in many cases in 
different climates globally (Diani et al., 2019; Torabi Haghighi et al., 
2020d; Hsin-Fu Yeh and Chang, 2019). Details of the calculations for SPI 
are available in McKee et al. (1993) and for SDI in Nalbantis and Tsakiris 
(2009). Although the two methods propose different drought categories 
from mild to extreme, here we have only considered the number of 
drought years (when the values of SPI and SDI are below zero) (McKee 
et al., 1993, Nalbantis and Tsakiris, 2009). 

2.2.4. Flow regime impact (RI) 
The Impact on river flow can be seen as changes in river flow 

magnitude, timing, and intra-annual flow variability. Such changes were 
quantified here by developing the impact factors MIF (magnitude impact 
factor), TIF (timing impact factor), and VIF (variation impact factor) 
(Torabi Haghighi et al., 2014) (see Fig. S5 in SM for the concepts behind 
these factors). Dams can change one or more of these factors depending 
on their purposes. Combined river impact factor (RI) considers all these 

Table 2 
Characteristics of the five selected gauging stations in the Ceyhan basin from 
which data were taken for flow regime analysis.  

River Gauging 
station 

Area 
km2 

Alt. 
masl 

Lon. Lat. Available 
data 

Söğütlü Hanköy 400 1347 37◦32′ 38◦15′ 1973–2014 
Göksun Karaahmet 739.2 1324 36◦

34′

38◦ 1′ 1955–2014 

Sonboz Kadirli 480 70 36◦05′ 37◦21′ 1954–2014 
Ceyhan Aslantaş 14708.4 90 36◦

17′

37◦

16′

1965–2006 

Ceyhan Misis 20,466 15 35◦

38′

36◦

57′

1971–2014  
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three major impacts as: 

RI = MIF × (TIF +VIF) (9) 

The value of RI varies between 1 (natural river flow) and 
0 (completely changed river flow). The RI index range is defined by five 
different impact classes, where a value of 0.8–1.0 represents a ’low’ 
impact (less than20% alteration in flow regime characteristics), 0.6–0.8 
an ’incipient’ impact, 0.4–0.6 a ’moderate’ impact, 0.2–0.4 a ’severe’ 
impact and 0.0–0.2 a ’drastic’ impact (greater than80% alteration in 
river flow regime). Based on the terms in Eq. (9), a graphical chart can be 
produced to visualize river flow impact (Fig. S1). 

Magnitude impact factor is calculated as: 

MIF = AFPost/AFPre (10) 

where AFPre and AFPost are mean annual flow in the pre-impact and 
post-impact period, respectively, for a specific gauging station. 

Variation impact factor quantifies the variation in the hydrograph as: 

VIF =
50 − 0.5*IRR

100
(11)  

IRR =
|RRIPre − RRIPos|

RRIPre
*100 (12) 

where RRIPre and RRIPos are the River Regime Index (RRI) in the pre- 
change and post change periods, respectively (Torabi Haghighi and 
Kløve, 2013). Details of RRI calculation can be found in Torabi Haghighi 
and Kløve (2013). 

Timing impact factor takes into account shifts in the maximum, 
minimum, and 50% of the discharge cumulative density function (Tor-
abi Haghighi et al., 2014): 

TIF =
50 − 0.247*TF

100
(13)  

TF =
|DTMax| + |DTMin| + |DTMedian|

3
(14) 

where DTMax, DTMin, and DTMedian are the time shifts in monthly 
maximum discharge, monthly minimum discharge, and CDF50 timing 
value, respectively. 

2.2.5. Land use change analysis 
In addition to river regulation, land use change can be introduced as 

another driver of flow regime characteristics. Indeed, it is the leading 
cause of flow regime change in the regions that are not directly influ-
enced by dams (e.g., upstream of dams). Therefore, to address this 
reason for flow regime alteration, the land use change has been 
analyzed. For this purpose, to understand the history of river modifi-
cation (Fig. 1c) in the basin, land use maps for two milestones, 1985 (the 
start of significant river regulation) and 2018, were produced. Landsat 
multispectral images were obtained from the USGS dataset to prepare 
land use maps. These consisted of Landsat 5 Thematic Mapper images 
(TM Path/Row: 175/035) for 07.06.1985 and Landsat 8 Operational 
Land Image (OLI Path/Row: 175/035) for 28.06.2018. Landsat multi-
spectral images encompass seven bands with spatial resolution 30 m for 
bands #1-#5 and band #7, and 120 m for thermal band #6. QUick 
Atmospheric Correction (QUAC) in ENVI 5.3 was applied for the at-
mospheric correction of Landsat images (a necessary step in accurately 
extracting quantitative information) in image pre-processing (El-Khoury 
et al., 2015). The fusion supervised classification (maximum likelihood 
algorithm) approach and decision tree method were employed to pro-
cess and classify the Landsat images in ENVI 5.3 (Pullanikkatil et al., 
2016; Torabi Haghighi et al., 2018a). 

3. Results 

3.1. Annual and monthly flow and precipitation trends 

Annual flow analysis for the four gauging stations distributed across 
the Ceyhan basin showed a significant negative trend (p < 0.05) in the 
flow regime (Fig. 2). In contrast, precipitation at the upstream stations 
Hanköy, Karaahmet, Kadirli, and the whole basin did not significantly 
change over the 40-year study period (Fig. 2). No significant change in 
precipitation and the negative trend in annual flow indicate that the role 
of anthropogenic activities is greater than natural phenomena on river 
flow (Fig. 2). A negative and positive tendency (not a statistically sig-
nificant trend) in monthly precipitation was observed in 56% and 39% 
of months respectively at all stations (Figs. S10-S13 in SM). Three up-
stream stations (Karaahmet, Kadirli, and Hanköy) showed declining 
flow in all months and had a negative trend from April (or May) to 
September (or October) (Figs. S10, S11, and S12 in SM). This period 
almost matches the low flow duration (Figs. 3UL1-6, S1, S2, S14, and 
S15 in SM) from late spring to early autumn, which complies with the 
high irrigation demand season. In contrast, at the downstream gauging 
station (Misis), river flow showed a significant negative and positive 
trend in high (January-June) and low (July-September) flow duration 
(Fig. 4DH, 4DL, S4, and S13 in SM). It indicates a decline in flow for the 
most recognized high flow durations e.g. in April, April-May, March- 
May, February-March, January-March, and December-March which 
have 13.0%, 26.1%, 37.8%, 48.6%, 58.7%, and 66.9% contribution to 
annual flow, respectively (Fig. 4 DH1-DH6). Conversely, the contribu-
tion of most low flow durations (August, August-October, August- 
November) have a positive trend, with less than 4.3%, 9, and 14% 
contribution to annual flow (Fig. 4 DL1-DL6). This again indicates a 
more substantial influence of anthropogenic activities i.e., dam con-
struction and agricultural activities in the downstream part of the basin, 
on the flow regime. Storing water in high flow season (January to June 
resulting in a negative trend in downstream) and releasing it in the low 
season (for irrigation) is a usual function of storage dams, e.g., the 
Aslantaş and Menzelet dams on the main channel of the Ceyhan river. 

3.2. Upstream-downstream alteration in high and low flow seasons 

Here we have provided the results for Hanköy stations (upstream) 
and Misis station (downstream). The contribution analysis for two other 
headwater stations, including Kadirli and Karaahmet, are presented in 
Figs. S14 and S15 in SM. In headwaters for the Ceyhan basin (i.e., 
Hanköy station) the contribution of low flow to annual flow was lower 
than at the outlet of the basin (Misis station), while the contribution of 
high flow to annual flow was higher (Fig. 3 and Table 3). The ratio 
between the contribution of low flow in downstream and upstream 
(DUL) for a 1 to 6 month duration was 4.1, 3.98, 3.44, 3.22, 2.53, and 
2.17, respectively, while for high flow (DUH) it was 0.45, 0.5, 0.56, 
0.65, 0.73, and 0.79, respectively. The contribution of a 1–6 month 
duration of low flow in the highlands of the Ceyhan basin (upstream of 
Hanköy station) was 1%, 2.2%, 4%, 6.2%, 10.3%, and 15.3% of annual 
flow, respectively, while in the lower basin (Misis station) it was 4.2%, 
8.7% 13.9%, 19.6%, 25.8%, and 33.1%, respectively (Fig. 3 and 
Table 3). Note that the contribution analysis for the two other headwater 
stations (Kadirli and Karaahmet) produced similar results as those found 
for the Hanköy station (see Figs. S14 and S15 in SM). 

The impact of river regulation was evident in the contribution of 
upstream–downstream low and high flow duration to annual flow. A 
significant change in DUL and DUH was observed after the construction 
of the Aslantaş dam in the main corridor of the Ceyhan river in 1984. In 
the period 1975–1984 (pre-impact period), DUL varied between 1.37 
and 1.64, while it increased to 2.12–5.26 in the period 1985–2015 (post- 
impact period) (Table 3 and S17 in SM). This means that before regu-
lation, the contribution of low flow downstream in annual flow was 
closer to that upstream, while after river regulation it was greater, 
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particularly for the 1–4 month low flow seasons (Table 3 and S17 in SM). 
On a monthly scale, the 1.68% contribution of low flow to annual flow 
downstream (Misis station) before 1984 increased to 5% for 1984–2015 
(Fig. 4DL1). This change and impact of regulation on low flow contri-
bution was also seen for other durations, with an increase from 3.9%, 
6.6%, 9.8%, 13.54%, and 20.44% to 10.27%, 16.29%, 22.91%, 29.9%, 
and 37.27%, for the 2, 3, 4, 5, and 6 month duration, respectively (Fig. 4 
DL2-DL6 and Table 3). 

Likewise, a clear change in the contribution of high flow to annual 
flow due to river modification was seen downstream at Misis station. 
The contribution of high flow to annual flow at Misis station changed 
from 19.85%, 35.06%, 49.81%, 61.17%, 71.9%, and 79.56 before 1984 
to 11.92%, 23.14%, 33.81%, 44.36%, 54.26%, and 62.73% after 1984 
for the 1, 2, 3, 4, 5, and 6 month durations, respectively (Fig. 4 DH1-DH6 
and Table 3). This reflects the function of dams in holding water in high 
flow season and releasing it during the irrigation season. 

3.3. Upstream-downstream meteorological and hydrological droughts 
over the Ceyhan basin 

The temporal variation of meteorological and hydrological droughts 
indicates that in 57% and 68% of the study period, the SPI and SDI had 
the same direction (positive or negative), respectively (Fig. S16 in SM). 
In the whole period (1976–2015), the percentage of meteorological and 
hydrological drought years, respectively, was 55% and 50% at Misis 

(downstream), 45% and 45% at Kadirli, 47.5% and 42.0% at Karaahmet, 
and 50% and 42.5% at Hanköy in the headwater area, thus, the per-
centage of hydrological drought years increased from upstream to 
downstream areas (Fig. 5). 

In recent years (after 1995), the number of hydrological droughts has 
increased, while the meteorological droughts occurred sporadically 
(Fig. 5 and Fig. S16 in SM). The MHD ratio for all four stations for the 
whole period (1976–2015) is close to 1.0 (WP, Fig. 5e), while it 
decreased between sub-periods (Fig. 5e, H1, and H2, P1-P4). From P1 
(1976–1985) to P4 (2006–2015), MHD changed from 6 to 0.28 at 
Hanköy (headwaters) and from 2.5 to 0.75 at Misis (river mouth) 
(Fig. 5e). This variation was also visible in the second half (1976–1995, 
H1) compared with the first (1996–2015, H2), from 1.85 to 0.72 at 
Hanköy, 1.28 to 0.9 at Karaahmet, 1.28 to 0.75 at Kadirli, and 1.22 to 
0.64 at Misis (Fig. 5e). 

3.4. Spatial and temporal changes in flow regime characteristics 

Based on the change in monthly flow at the different stations and 
different sub-periods (Fig. 6), a river impact index (RI) was calculated 
for different gauges, including Karaahmet, Hanköy, Kardiliri, Aslantaş, 
and Misis across the Ceyhan basin (Fig. 7). Among the four stations, the 
lowest impact was observed at Hanköy (1995–2004, Fig. 6b2) and the 
highest (’severe’ impact, Fig. 7) at Aslantaş station (after 1995) (Fig. 7, 
Fig. 6d2 and 6d3). For more details of MIF, VIF, and TIF, see Table S1 in 

Fig. 2. (a) Annual precipitation and (b) results of flow trend analysis at four gauging stations in the Ceyhan basin: 1) Hanköy, 2) Karaahmet, 3) Kadirli, and 4) Misis. 
S.L. = significant level, Neg. = negative trend and Pos. = positive trend. 
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SM. 
Due to the influence of Aslantaş dam (constructed in 1984, with a 

capacity of 1.15 km3), the RI value in the middle of the basin was 0.41 
for the period 1985–1994 in comparison with the pre-impact period 
(1976–1985), and thus the impact was classified as ’moderate’ (Fig. 7). 
With continued regulation of the Ceyhan river through the construction 
of the Menzelet dam (1989, 1.95 km3) and Sir dam (1991, 1.12 km3), RI 
in the mid-basin decreased to 0.29 and 0.31, respectively, thus the 
impact status changed to ’severe’ for the sub-periods 1995–2000 and 
2000–2005 (Fig. 7). In different sub-periods, the results showed ’low’ to 
’incipient’ impact in headwaters (Hanköy and Karaahmet stations) and 
the lowland tributary (Kadirli station) (Fig. 7). At the last station (Misis), 
RI varied between 0.43 and 0.57, indicating a ’moderate’ impact in 
lower part of the basin (Fig. 7). 

Among the three indices of river flow regime evaluated, VIF showed 
the greatest degree of alteration throughout the region (Table S1 in SM). 
In central and downstream stretches of the river, VIF decreased 
dramatically (by 50–80%) and played a major role in the declining RI 
index (Table S1 in SM). In contrast, the VIF decrease was smaller 
(0–20%) at the headwater stations (Hanköy, Karaahmet, Kadirli), which 
were not fully affected by water regulation and withdrawals due to 
irrigation networks. Stations on tributaries (Karaahmet, Kadirli) showed 

’incipient’ impact due to water regulation, as neither MIF nor VIF 
declined significantly at those points. 

3.5. Land use change 

Changes in land use and irrigated area in the Ceyhan basin in the 
study period were assessed by comparing the irrigated area in 1985 and 
2018, based on image processing from the Landsat data. Four main land 
use/land cover types were identified in the Ceyhan river basin: irrigated 
area, dry farming (rainfed) area, water bodies, and other area. Land use/ 
land cover maps and changes in irrigated area and dry farming area in 
the basin between 1985 and 2018 are shown in Fig. 8. The main land use 
changes in the study period were an increase in irrigated agricultural 
area in the catchment (+76%) and a decrease in dry farming area 
(-67.6%). In 1985, irrigated and dry farming land each occupied around 
56,000 ha. Over the next 33 years (to 2018), irrigated land area 
increased to 156,000 ha and dry farming area decreased to 18,600 ha. 
The density of irrigated land increased both upstream and downstream, 
which would influence water exploitation across the Ceyhan basin. 

Fig. 3. Percentage contribution of one to six 
months high and low flow durations to annual 
flow in different periods (P1: 1975–1984, P2: 
1985–1994, P3: 1995–2004, P4: 2005–2014) at 
upstream (Hanköy) station. Letters on each bar 
indicate the start and end months in high or low 
flow durations, e.g., A-M: April-May, M− M: 
March-May, M− J: March-June, F-M: February- 
May, J-O: July-October, J-A: July- August, N-J: 
November-January and O-D: October-December. 
The Dash line and box on each panel show the 
mean percentage contribution to the annual flow. 
UH and UL (1–6) are Upstream High and Low 
flow for one to six months duration.   
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4. Discussion 

There are two major reasons for flow regime alteration, natural and 
anthropogenic (Haghighi et al., 2020d; Torabi Haghighi et al., 2020c). 
In pristine basins (with low or no anthropogenic interference), changes 
in flow regime are caused solely by natural phenomena and should be 
distributed uniformly over the basin. In basins with heavy water 
resource use and increasing water consumption over time, changes in 
flow regimes are likely to be dominated by anthropogenic causess. As a 
rule, when moving from headwaters towards the lower part of a basin, 
the influence of anthropogenic impacts will be cumulative and, conse-
quently, the total impact on the flow regime will be higher. Extreme 
flows affect several hydrological, geomorphological, and ecological 
processes. Regulation of high flows (dampening of floods) is important, 
as it reflects the capacity of river basins to retain (store) water, especially 
during wet seasons (Rodríguez et al., 2018). Usually, any abrupt change 
in flow regime (e.g., at the Misis station, due to reservoir impounding) is 
easily recognisable; conversely, gradual change (e.g., in the Hanköy 
station, due to land use change or overexploitation of GW) is challenging 
to detect. In the present study, the river flow regimes in upstream and 
downstream areas of a river basin were compared to help quantify and 
distinguish between natural and anthropogenic impacts on river flow. 
We have measured the upstream–downstream flow regime change by 
applying three novel ratios (DUL, DUH, and MHD). To the best of our 
knowledge, these indices are the first approaches for integrating the 
upstream–downstream flow regime alteration in the river basin. 

The DUL and DUH ratios allowed the quantification of the change in 
extreme flow in the basin. In the natural condition (minor anthropogenic 
versus dominant climatic drivers), the distribution of low or high flow is 
uniform across the basin, and the magnitude of DUL and DUH is close to 
1, or the difference between these two ratios is minimum (Table 3, 
period 1975–1984). This condition indicates that any temporal differ-
ence between DUL and DUH is due to climate change, or possible human 
intervention is uniformly distributed across the basin. Furthermore, any 

change in these two ratios (or an increase in the difference between 
them) can quantify the impact of damming or other human intervention 
in the river basin. For example, as human intervention occurs, some 
parts of the high flow will be stored in the reservoir (decreasing the 
DUH, Table 3) and released during low flow duration (increase in the 
DUL, Table 3) to fulfill demands e.g., irrigation. The suggested indices 
can reveal the overall change across the basin from upstream to down-
stream beyond the cause of change. As seen, these two indices can be 
introduced as the degree of departure from pre-impact conditions and 
helpful in comparing a change over time even if there was an existing 
intervention. Furthermore, for the basins with unreliable (or insuffi-
cient) flow data from the pre-intervention period, the range around ‘1′

can be recommended for the baseline value of DUL and DUH during the 
pre-impact period. 

Trend analysis is widely used for the assessment of flow regime 
alteration (e.g. Martínez-Fernández et al., 2013, Hammond and 
Fleming, 2021); however, it did not reveal any differences between 
upstream and downstream flow regime characteristics. Two proposed 
new indices (DUL and DUH) can be considered as a supplementary 
approach for integrated flow regime alteration across the basin. As 
shown, annual and monthly trend analysis for the Ceyhan basin revealed 
a significant negative trend in flow regime in all parts of the basin but no 
significant change in precipitation (Fig. 2). Analysis of the contribution 
of low and high flow seasons to annual flow in order to compare 
upstream–downstream flow regime change revealed no marked change 
in their relative contributions in upstream areas but a clear shift in their 
contributions in downstream areas before and after 1984 (Table 3 and 
Fig. 3). Before 1984, when intensive regulation of the Ceyhan river 
through dams and hydropower began, the difference between high flow 
and low flow contributions in upstream and downstream areas was 
lower than in the post-impact period (1985–2015). The DUH and DUL 
ratio for different decades in the study period quantified the different 
changes between upstream and downstream areas of the basin in the 
pre-impact (1975–1984) and post-impact periods. 

Table 3 
Percentage contribution of high flow (HLC%) and low flow (LFC%) to total annual flow at upstream and downstream gauging stations in the Ceyhan basin, and the 
starting month of high flow (SMH) and low flow (SML) from 1 to 6-month(s) duration, and downstream-upstream low flow contribution ratio (DUL) and downstream- 
upstream high flow contribution ratio (DUH in different decades of the study period.  

Dur.* Period Upstream @ Hanköy Downstream @ Misis DUL DUH 

NoM* SMH HFC% SML LFC% Std. SMH HFC% SML LFC% Std. 

1 1975 1984 4  31.12 9  1.05  9.34 4  19.85 8  1.68  6.03  1.61  0.64 
1985 1994 4  29.88 9  1.03  8.95 4  11.27 8  4.99  2.48  4.86  0.38 
1995 2004 4  33.80 9  0.98  9.93 4  11.75 8  5.16  2.50  5.26  0.35 
2005 2014 4  28.57 8  1.02  9.49 4  12.74 8  4.81  2.51  4.69  0.45  

2 1975 1984 4  51.39 9  2.40  17.04 4  35.06 8  3.94  11.41  1.64  0.68 
1985 1994 4  49.56 9  2.26  16.28 4  22.31 7  10.19  4.69  4.51  0.45 
1995 2004 4  53.10 9  2.14  17.78 4  22.74 7  10.86  4.74  5.08  0.43 
2005 2014 3  53.39 9  2.08  17.33 3  24.38 10  9.75  4.72  4.69  0.46  

3 1975 1984 3  67.31 9  3.92  22.63 3  49.81 7  6.59  15.82  1.68  0.74 
1985 1994 3  66.09 8  4.44  21.43 3  33.04 7  15.43  6.60  3.47  0.50 
1995 2004 3  69.42 8  3.95  23.20 3  33.35 7  16.91  6.61  4.28  0.48 
2005 2014 3  69.34 9  3.82  22.97 3  35.03 9  16.53  6.48  4.33  0.51  

4 1975 1984 3  74.70 8  6.35  26.35 3  61.17 7  9.78  19.11  1.54  0.82 
1985 1994 3  72.45 8  7.11  24.69 3  43.40 7  21.87  8.06  3.07  0.60 
1995 2004 2  75.10 8  5.76  26.71 3  44.77 7  22.96  8.07  3.99  0.60 
2005 2014 2  76.02 8  5.57  26.63 2  44.91 7  23.91  7.71  4.29  0.59  

5 1975 1984 2  80.93 8  9.86  28.50 2  71.90 7  13.54  21.15  1.37  0.89 
1985 1994 2  78.14 8  11.97  26.49 2  54.13 6  29.25  8.98  2.44  0.69 
1995 2004 2  79.98 8  9.28  28.80 2  54.54 6  29.26  9.01  3.15  0.68 
2005 2014 1  80.57 7  9.92  28.76 1  54.12 7  31.18  8.42  3.14  0.67  

6 1975 1984 1  85.46 10  14.54  29.22 1  79.56 7  20.44  21.84  1.41  0.93 
1985 1994 1  82.41 10  17.59  27.08 1  62.78 6  37.22  9.28  2.12  0.76 
1995 2004 12  85.84 9  14.16  29.51 12  63.54 6  36.46  9.33  2.57  0.74 
2005 2014 12  85.14 9  14.86  29.47 12  61.86 6  38.14  8.65  2.57  0.73 

*Dur.: Duration and NoM: Number of months. 
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The meteorological-hydrological drought ratio (MHD), is another 
index developed in this study that can help address how the cause of 
flow regime change is anthropogenic or due to climate variability. In 
addition to standardized precipitation index (SPI), as a well-known 
measure for analyzing the meteorological droughts (e.g. Irannezhad 
et al., 2015; Zaki et al., 2020), the streamflow drought index (SDI) is a 
robust tool for examining changes in flow magnitude at different points 
in a river basin (Nalbantis and Tsakiris, 2009; Kim et al., 2021). If the 
variation in SDI follows that of standardized precipitation index (SPI), 
precipitation is the leading influencer of flow regime characteristics. 
Conflicting patterns of variation in SPI and SDI indicate a stronger in-
fluence of anthropogenic activities than climate on river flow magnitude 
(Torabi Haghighi et al., 2020c; Zaki et al., 2020). To quantify this, we 
developed the MHD ratio, which compares the number of drought 
events (negative phases of SPI and SDI). Decreasing the ratio from more 
than 1 to below 1 in two consecutive periods in the Ceyhan basin (e.g., 
H1 and H2 in Fig. 4e) can demonstrate the impact of dam construction 
(Fig. 1 c) and irrigation development (Fig. 7) in the Ceyhan basin after 
1984. Therefore, The MHD can be introduced as a quantitative measure 
to recognize the driving factor of droughts. 

The land use map for the Ceyhan basin (Fig. 7) confirmed that, 
during the study period, a significant land use change occurred in the 

Hanköy basin, while the irrigation in this area has not been supported by 
major dams (see Fig. 1 and Fig. 5). The lowest value of the MHD ratio 
was observed at Hanköy station in the last decade of the study period, 
reflecting the intensive land use change in this area. The combined in-
fluence of land use and climate change is considered highly important in 
altering natural flow regimes, especially in streams and rivers in 
Southern Europe (Liuzzo et al., 2015; Sellami et al., 2016). Agriculture 
may be responsible for almost 95% of annual water use in a basin 
(Panagopoulos et al., 2014), with intensive water abstraction governing 
the pattern of hydrological variability (Stefanidis et al., 2016). It must be 
pointed that the analysis of annual flow volume alone is insufficient to 
characterize human intervention on rivers, because many ecosystem 
services (e.g. physical habitat and flood plain) are a function of other 
flow regimes attitude (Poff, 1997; Bunn, 2002; Lytle, 2004). Therefore, 
the presented matrices (MHD, DUL, and DUH) can be used in this regard. 

The overall impact on river regime in the Ceyhan basin based on RI 
method indicated an incipient or moderate impact at upstream and 
downstream stations, but a severe impact in the middle of the basin after 
the construction of the main storage dams (Aslantaş, Sir, Menzelet) on 
the main channel of the Ceyhan river. The RI for headwater showed 
incipient impact, as there was no change in TIF and VIF (since RI =

MIF× (TIF+VIF)), due to the absence of storage dams in the headwater 

Fig. 4. Percentage contribution of one to six 
months high and low flow durations to annual 
flow in different periods (P1: 1975–1984, P2: 
1985–1994, P3: 1995–2004, P4: 2005–2014) at 
downstream (Misis) station. Letters on each bar 
indicate the start and end months in high or low 
flow durations, e.g., A-M: April-May, M− M: 
March-May, M− J: March-June, F-M: February- 
May, J-O: July-October, J-A: July- August, N-J: 
November-January and O-D: October-December. 
The Dash line and box on each panel show the 
mean percentage contribution to the annual flow. 
DH and DL (1–6) are Downstream High and Low 
flow (for one to six months duration).   
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area. Although the impact just below the Aslantaş dam was severe, the 
RI at the Misis station was 0.45–0.57, indicating a moderate impact at 
that river outlet station. The apparent recovery from severe at Aslantaş 
to moderate at Misis was due to two main factors. First, there is no 
significant reservoir on the river below the Aslantaş dam, so the runoff 
generated in the mid-basin area between Aslantaş and Misis (an area of 
around 5787 km2) will add to river flow in natural conditions. Second, 
the return flow from irrigated areas becomes secondary extra flow 
returned to the river flow, diminishing the initial impact on river regime. 
The moderate river impact status estimated for the end of the Ceyhan 
river is reasonable, as the total constructed reservoir capacity is less than 
annual flow in the basin. For comparison, the RI value at the end of the 
highly regulated Euphrates river to the immediate east of the Ceyhan 
basin is below 0.20, and the impact has been classified as ’drastic’ 
(Torabi Haghighi et al., 2020b). Compared with the RI index, the new 
metrics provide supplementary information on the flow regime alter-
ation in the basin. The RI indices only deal with the annual flow in terms 

of magnitude, while the DUL and DUH focus on the extreme flow (low 
and high flow) and MHD deals with the frequency of drought occur-
rences in the study period. 

5. Conclusions 

Anthropogenic changes in land and water resources unfavorably 
affect hydrological regimes. Understanding the hydrological change of 
rivers is crucial for effective water resources management, particularly 
when there are various water interests in the headwater and lowland 
areas. Here, we have demonstrated the application of three novel ratios: 
downstream-upstream low flow contribution ratio (DUL), downstream- 
upstream high flow contribution ratio (DUH), and meteorological- 
hydrological drought ratio (MHD), for an integrated evaluation of 
flow regime alteration across the basin. This study examined changes in 
flow regime characteristics from upstream to downstream of the Ceyhan 
river, flowing into the Eastern Mediterranean Sea. We applied different 

Fig. 5. Percentage of meteorological and hydrological droughts at (a) Hanköy, (b) Karaahtmet and (c) Kadirli gauging stations upstream and (d) at Misis gauging 
station downstream in the Ceyhan basin and (e) Meteorological-Hydrological drought (MDH) ratio in different periods. WP = whole period (1976–2015), H1 = first 
half (1976–1995), H2 = second half (1996–2015), and P1-P4 = decades 1975–1984, 1985–1994, 1995–2004, and 2005–2014, respectively. 
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methods of assessment and found that the results were consistent be-
tween these methods and with land use change findings for the basin. A 
severe impact on river flow regime was identified below the Aslantaş 
dam after 1984, reflecting a cumulative impact of that dam (constructed 
in 1984) and other upstream dams (e.g. Sir and Menzelet, constructed in 
1989, 1991) in comparison with the pre-impact period 1975–1984. An 
incipient impact was observed at headwater stations. A considerable 
change in land use in the last decade of the study period (2005–2015) in 

the headwater area led to changes in the magnitude of flow only, while 
the variability and timing of flow regime were practically unaffected, as 
there are no storage dams in the headwater area. In heavily river- 
regulated downstream areas, however, there were marked changes in 
the variability and timing of flow regime in the last decade. These 
findings were confirmed with results obtained using the novel indices 
for analyzing the downstream-upstream (DU) contributions of low (L) 
and high (H) flow to annual flow (DUL and DUH). In the analysis using 

Fig. 6. Monthly flow at (a) Karaahmet, b) Hanköy, (c) Kardiliri, (d) Aslantaş, and (e) Misis gauging stations in the pre-impact period (1975–1984) and in three 
different time periods post-impact: (1) 1985–1994, (2) 1995–2004, and (3) 2005–2014 [*for Aslantaş (d2) 1995–2000 and (d3) 2001–2006 as data available 
after 2006]. 

A. Torabi Haghighi et al.                                                                                                                                                                                                                      



Journal of Hydrology 600 (2021) 126697

12

the novel meteorological-hydrological drought (MHD) ratio to compare 
the number of drought events (negative phase of SPI and SDI), the lowest 
value was found for the headwater area in the last decade (2005–2015), 
confirming the impact of recent intensive land use change for irrigation 

and the change in magnitude of flow in this area. The results of the three 
new ratios were complied with historical land use change and river 
modification over the Ceyhan basin and can be recommended for similar 
analysis in other regions. 

Fig. 7. River regime impact (RI) for the stations and periods has been shown in Fig. 6 at (a) Karaahmet, b) Hanköy, (c) Kardiliri, (d) Aslantaş, and (e) Misis gauging 
stations in the pre-impact period (1975–1984) and in three different time periods post-impact: (1) 1985–1994, (2) 1995–2004, and (3) 2005–2014 [*for Aslantaş (d2) 
1995–2000 and (d3) 2001–2006 as data available after 2006]. 

Fig. 8. Land use change in the Ceyhan river basin between 1985 and 2018.  
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Bejarano, María Dolores, Sordo-Ward, Álvaro, Alonso, Carlos, Nilsson, Christer, 2017. 
Characterizing effects of hydropower plants on sub-daily flow regimes. J. Hydrol. 
550, 186–200. 

Bunn, Stuart E., 2002. Basic Principles and Ecological Consequences of Altered Flow 
Regimes for Aquatic Deflation Basin Lakes. Environ. Manage. 30 (4), 492–507. 
https://doi.org/10.1007/s00267-002-2737-0. 

Cui, Tong, Yang, Tao, Xu, Chong-Yu, Shao, Quanxi, Wang, Xiaoyan, Li, Zhenya, 2018. 
Assessment of the impact of climate change on flow regime at multiple temporal 
scales and potential ecological implications in an alpine river. Stoch. Environ. Res. 
Risk Assess. 32 (6), 1849–1866. 

Diani, K., Kacimi, I., Zemzami, M., Torabi Haghighi, A., 2019. Evaluation of 
meteorological drought using the Standardized Precipitation Index (SPI) in the High 
Ziz River basin, Morocco. Limnological Review. 19, 125-135. 

El-Khoury, A., Seidou, O., Lapen, D.R., Que, Z., Mohammadian, M., Sunohara, M., 
Bahram, D., 2015. Combined impacts of future climate and land use changes on 
discharge, nitrogen and phosphorus loads for a Canadian river basin. J. Environ. 
Manage. 151, 76–86. 

Fazel, Nasim, Torabi Haghighi, Ali, Kløve, Bjørn, 2017. Analysis of land use and climate 
change impacts by comparing river flow records for headwaters and lowland 
reaches. Global Planet. Change 158, 47–56. 

Gilbert, R.O., 1987Statistical Methods for Environmental Pollution Monitoring. 
Gumus, Veysel, Algin, Halil Murat, 2017. Meteorological and hydrological drought 

analysis of the Seyhan− Ceyhan River Basins. Turkey. Meteorol. Appl. 24 (1), 62–73. 
Haghighi, A.T., Zaki, N.A., Rossi, P.M., Noori, R., Hekmatzadeh, A.A., Saremi, H., 2020d. 

Unsustainability syndrome-from meteorological to agricultural drought in arid and 
semi-arid regions. Water 12 (3), 838. https://doi.org/10.3390/w12030838. 

Hammond, John C., Fleming, Brandon J., 2021. Evaluating low flow patterns, drivers 
and trends in the Delaware River Basin. J. Hydrol. 598, 126246. https://doi.org/ 
10.1016/j.jhydrol.2021.126246. 

Hekmatzadeh, Ali Akbar, Torabi Haghighi, Ali, Hosseini Guyomi, Kianoosh, Amiri, Seyed 
Mehrab, Kløve, Bjørn, 2020. The effects of extremes and temporal scale on 
multifractal properties of river flow time series. River Res. Appl. 36 (1), 171–182. 

Hsin-Fu Yeh, H., Chang, C., 2019. Using Standardized Groundwater Index and 
Standardized Precipitation Index to Assess Drought Characteristics of the Kaoping 
River Basin, Taiwan. Water Resour. 46, 670–678. 

Irannezhad, M., Torabi Haghighi, A., Chen, D., Kløve, B., 2015. Variability in dryness and 
wetness in central Finland and the role of teleconnection patterns. Theor. Appl. 
Climatol. 122 (3-4), 471–486. 

Isola, Ilaria, Bini, Monica, Ribolini, Adriano, Zanchetta, Giovanni, D’Agata, Anna Lucia, 
2017. Geomorphology of the ceyhan river lower plain (Adana Region, Turkey). 
J. Maps. 13 (2), 133–141. 

Kendall, M.G., 1975. Rank correlation methods, 4th ed., 2d impression ed. London, 
Griffin. 

Kim, J.H., Sung, J.H., Chung, E.S., Kim, S.U., Son, M., Shiru, M.S., 2021. Comparison of 
Projection in Meteorological and Hydrological Droughts in the Cheongmicheon 
Watershed for RCP4. 5 and SSP2-4.5. Sustainability 13 (4), 2066. 

Kuenzer, Claudia, et al., 2013. Understanding the impact of hydropower developments in 
the context of upstream–downstream relations in the Mekong river basin. 
Sustainability Sci. 565–584. https://doi.org/10.1007/s11625-012-0195-z. 

Leigh, Catherine, Stewart-Koster, Ben, Sheldon, Fran, Burford, Michele A., 2012. 
Understanding multiple ecological responses to anthropogenic disturbance: rivers 
and potential flow regime change. Ecol. Appl. 22 (1), 250–263. 

Liuzzo, Lorena, Noto, Leonardo V., Arnone, Elisa, Caracciolo, Domenico, La 
Loggia, Goffredo, 2015. Modifications in water resources availability under climate 
changes: a case study in a sicilian basin. Water Resour. Manage. 29 (4), 1117–1135. 

Ludwig, Wolfgang, Dumont, Egon, Meybeck, Michel, Heussner, Serge, 2009. River 
discharges of water and nutrients to the Mediterranean and Black Sea: Major drivers 
for ecosystem changes during past and future decades? Prog. Oceanogr. 80 (3-4), 
199–217. 

Lytle, 2004. Adaptation to Natural Flow Regimes. Trends Ecol. Evol. https://doi.org/ 
10.1016/j.tree.2003.10.002. 

Mann, Henry B., 1945. Nonparametric tests against trend. Economet. J. Econ. Soc. 13 (3), 
245. https://doi.org/10.2307/1907187. 
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