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Impact of climate change on the future quality of surface

waters: case study of the Ardak River, northeast of Iran

Morteza Nikakhtar, Seyedeh Hoda Rahmati and Ali Reza Massah Bavani
ABSTRACT
In recent decades, climate change has influenced the quantity and quality of water resources,

affecting water supply for various demands. In this case study, the effects of climate change on the

quality of the Ardak River in the northeast of Iran are discussed. The Qual2kW model was used to

simulate water quality parameters, by sampling dissolved oxygen (DO), pH, chemical oxygen demand

(COD), and NO3. The rainfall-streamflowmodel IHACRES was used for simulating monthly streamflow.

Monthly general circulation model (GCM) temperature and rainfall data from representative

concentration pathways (RCP) RCP2.6 and RCP8.5 were downloaded for 1986 to 2005 and 2020 to

2039. The previously verified model LARS-WG was used to predict future temperatures and rainfall.

By importing this data into IHACRES, stream flows were simulated, enabling Qual2kW to predict

future effects on water quality. Although changes in temperature of 0.5 to 1.2 �C were predicted,

maximum changes in temperature and rainfall will occur in winter and summer in series. Therefore,

water quality was predicted to decrease only on the Abghad branch, due to increased temperature

and lower flow rates. The highest percentage variations in DO and NO3 are �12.19 and 31.25 in

RCP8.5 and in COD and PH, �35.4 and 0.29 in RCP2.6.
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INTRODUCTION
Climate change, which is the changes in weather patterns

due to increases in gas concentrations that absorb heat in

the atmosphere, is changing and disrupting ecosystems

and daily life. One of the consequences of this phenomenon

is the catastrophic effects on water resources, which have

become important in recent years due to water scarcity in

many parts of the world. The effect of climate change on

temperature and precipitation may influence runoff

volume (Luo et al. ) and change the transport and

dilution of contaminants (Barrow et al. ). Increases in

temperature have a direct impact on the rate of chemical

reactions, which in many cases are accompanied by reduced

water quality and changes to water ecology. Increasing flow

rates may affect sedimentation rates, changing the shape and

structure of rivers and potentially adversely affecting
drinking water resources. Climate change scenarios suggest

more extreme drought and devastating floods in the

summer, causing uncontrolled water flow from urban

areas towards receiving waters and river estuaries (Rehana

& Mujumdar ; Whitehead et al. ). Low flow rates

also increase the chance of toxic algal bloom by reducing

water velocity and increasing water detention time in

rivers and lakes, as well as reducing the amount of dissolved

oxygen. As a result, waters from upstream areas, which con-

tain increased soluble organic matter and color, may affect

the quality of water resources, including rivers. These factors

affect the quality and quantity of water and may harm eco-

systems and water bodies (Bagherian Marzouni et al.

). Despite significant attention to the impacts of climate

change on water supplies, little information is available
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about the consequences of water quality changes caused by

climate change, and current predictions are often too low. A

common approach to estimate climate impacts on hydrolo-

gic behavior is the implementation of general circulation

models (GCM) via downscaling methods (Rehana &

Mujumdar ).

In this study focusing on the Ardak River (northeast of

Iran), GCM and RCP scenarios are used to obtain tempera-

ture and precipitation parameters for the future; river flows

are then simulated using a rainfall-runoff model, allowing

assessment of the effects of climate change on various

water quality parameters from the QUAL2KW one-dimen-

sional model (Pelletier & Chapra a). One of the main

weaknesses of previous similar studies is the lack of accurate

and reliable statistics, especially for river water quality tests

(Fereidoon & Khorasani ). To overcoming this problem,

qualitative water samples and tests were conducted to vali-

date the QUAL2KW model, in addition to using statistics.

The main objective of this study is simulation of future sur-

face water quality, in addition to river water quality

monitoring in the main river branches, simulation of

future runoff, and study of the effects of climate change on

river quality based on changes in rainfall and runoff temp-

erature. On the other hand, in this study changes in land

use, population and sewage discharges are considered to

be constant. This made it possible to monitor only climate

change effects on water quality of the river.
MATERIALS AND METHODS

Study region

The Ardak Chenaran Basin is located approximately 45 km

northwest of Mashhad (northeast of Iran) and has an area of

479.24 km2. It is in the Kashafrud watershed and is within

Mashhad and Chenaran in the central part of the region.

The Ardak River consists of two main branches, the Mian-

margh branch, in the northwest, and the Abghad, in the

northeast, as shown in Figure 1. These branches are nearly

connected at the southeastern part of the basin, and they

enter the plain after about 3 km. The Ardak dam was estab-

lished in recent years to supply water for drinking and

agriculture. The main branch of the Ardak River (the
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Mianmargh) has a number of other tributaries, including

Amrudak, Andishsh, and Gash, whose water finally flows

into the reservoir of the Ardak dam after joining the Mian-

margh River. The Abghad branch also ends at the dam

and has less water due to its shorter length, high river-bed

infiltration rates, and water diversion from traditional

dikes to surrounding gardens. The Mianmargh and

Abghad, which are the main drainage routes for surface

water in this region, were the focus of this study.

In the Ardak study area, more than 90 percent of the

water resources are allocated to the agricultural and horticul-

tural sectors. However, drinking water and sanitation utilize

just over 9 percent of the whole volume of available water

supplies. For drinking demand, water should be clear, color-

less, odorless and not contaminated with germs and

pathogens. Furthermore, organic and mineral substances in

water should not be harmful to the human body. Water for

agricultural demand should be quite healthy with low

volumes of elements and suspended materials. Given the

population growth rate in this region (0.6 percent), there

is expected to be a 15 percent increase in the current

consumption of water at the end of the study period (2039).

As shown in Figure 2, the main uses of land are range-

lands, agriculture, horticulture and woodlands. Currently,

the project area has no centered and developed tourism,

industrial and mining units.

Additionally, the major types of soils in the region are

limestone and shale.

Sampling stations

Information from the Abghad-Darzab and Mianmargh

hydrometric stations was used to simulate the existing flow

in the Abghad and Mianmargh branches (Figure 1). To

simulate climate change, temperature and precipitation

information from the Ardak-Saroog dike and Ghadirabad

meteorological stations (Khorasan Razavi Regional Water

Authority) were used (Figure 1). For calibrating the

Qual2kw model, data from sampling stations indicated in

Figure 1 were used. Information from the regional water

company of Khorasan Razavi (Jooyab Consultant Company,

November 2014) was used for calibration and for verifica-

tion of the model in April 2016, with qualitative sampling

and flow measurements done by a flow vane instrument.



Figure 1 | Geographic location of Ardak River (northeast of Iran) and its tributaries.
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Samples were transferred to the water laboratory of the

Khorasan Razavi Regional Water Authority under standard

conditions (Standard Methods ), and chemical oxygen

demand (COD), dissolved oxygen (DO), NO3, and pH

were analyzed for verification of the qualitative model.

The Sanders method was used to design sampling stations,

whose features are explained in Table 1.
Qual2kw model

One common and practical method of water quality model-

ing is using reciprocal exchanges between materials and

quantities (Pelletier & Chapra a). Qual2kw version

5.1, which was used in this study, uses this method and is

a modern version of the famous stream water quality pro-

gram QUAL2E, which was presented by Tao, Chapra and

Pelletier in 2006 (Turner et al. ). This program simulates
://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
abatement and transfer of common pollution (non-toxic) in

a river. Assuming steady state, non-uniform flow, Qual2kw

simulates rivers in one dimension, including the effects of

contaminant charge and sources (Pelletier & Chapra

b). Qual2kw is also capable of simulating daily changes

and time steps of less than one hour (Pelletier & Chapra

a). The statistical evaluator root mean square error

(RMSE) is used for measuring the accuracy of model predic-

tions (Pelletier & Chapra a). This model uses three

forms of balance equations: hydraulic balance equation for

flow rate, heat balance equation, and mass balance equation

for qualitative material concentrations.
Flow balance and river segmentation

Simplification of the system of inputs and outputs is the first

step to formulate a model controlling parameter amounts.



Figure 2 | Land use map of Ardak catchment (northeast of Iran).

Table 1 | Sampling station details

Station name

Specifications

River Description UTM (X) UTM (Y) Flow average (L/s) Length of reach (km)

M1 Mianmargh Upstream 698730 4081960 10 24

M2 Boghmech village upward 700519 4080243 45 20

M3 Angeshesh tributary downward 703953 4078955 150 16

M4 Amroodak tributary downward 710248 4077739 500 8

M5 Downstream (lake entrance) 715256 4073447 800 0

A1 Abghad Upstream 721265 4075593 85 9

A2 Abghad village upward 721909 4072874 95 6

A3 Abghad village downward 719620 4071372 100 3

A4 Downstream (lake entrance) 716687 4070800 150 0

UTM, Universal Transverse Mercator coordinates.
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Figure 4 | Distribution of nonpoint sources streams in a reach.
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For this purpose, Qual2kw considers the river to consist of a

number of reaches (Pelletier & Chapra a). This division

can take place at points where hydraulic characteristics of

flow are changed, such as points of inflow or abstraction.

Therefore, the model considers the river as a set of intercon-

nected reaches numbered from upstream to downstream

(Pelletier & Chapra a; Akramul Alam et al. ;

Giraldo-B et al. ). Then, the model simulates various

water quality parameters along the river by solving dis-

persion and advection equations, and by considering

available sources and sinks at each reach. The model can

also divide each reach into the desired number of elements

or control volumes (the basic computing unit of the model)

(Shokri et al. ). The flow balance is adjusted along each

reach through computational units as shown in Figure 3

using Equations (1)–(3) (Pelletier & Chapra a).

Qi ¼ Qi�1 þQin,i �Qab,i (1)

Qin,i ¼
Xpsi
j¼1

Qps,i,j þ
Xnpsi
j¼1

Qnps,i,j (2)

Qab,i ¼
Xpai
j¼1

Qpa,i,j þ
Xnpai
j¼1

Qnpa,i,j (3)

where:

Qin,i is the total inflow into the reach from the point and

nonpoint sources [m3/d]

Qab,i is the total outflow from the reach due to point and

nonpoint abstractions [m3/d]

Qi–1 is the inflow from the upstream reach i� 1 [m3/d]

Qi is the outflow from reach i into the downstream reach

iþ 1 [m3/d].

Qual2 k simulates diffuse inputs or outputs linearly. It

considers the start and end of these resources as shown in

Figure 4, and weights each element according to input
Figure 3 | Reach flow balance.
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load. Therefore, the length of diffuse inflowing or outflowing

sources must be known (Pelletier & Chapra a).

Mass balance equations

The main equation solved by this model is the one-dimen-

sional dispersion/advection equation that contains the

terms: dispersion, advection, internal source/sink, and

external source/sink. This equation for each constituent C

is given in Equation (4) (Pelletier & Chapra a; Pelletier

et al. ).

@c
@t

¼
@ ADL

@c
@x

� �

A@x
� @(AUC)

A@x
þ dc

dt
þ S
V

(4)

where: C is concentration of a constituent, t is time (s), A is

the level of element cross section perpendicular to the flow

(m2), DL is dispersion coefficient (m2/s), x is the river

length (m), U is the average speed of flow (m/s), S is an exter-

nal source/sink (mg/l), and V is the element volume (m3). The

right-hand terms of the equation are a dispersion, advection,

internal source/sink, and external source/sink, respectively.

The term dc/dt represents changes in constituent concen-

tration due to environmental processes, and it may vary for

each material depending on its process of consumption or

generation, and should not be confused with term ∂c/∂t on
the left-hand side of the equation, which is concentration gra-

dient. Advection is a transferred process that occurs during

flow and does not change the nature of transferred material

(Pelletier & Chapra a). Transmission of particles due to

a gradient in spatial velocity is called dispersion (Pelletier &

Chapra a). This process is important in reservoirs,

firths, estuaries, and river mouths; however, in rivers where

the process of advection is dominant, it is less important.
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Temperature modeling

As shown in Figure 5, a heat balance was ensured by

temperature transfer from adjacent reaches, impurities,

abstractions, air, and sediment. The heat balance is

given in Equation (5) for a reach (Pelletier & Chapra

a).

dTi

dt
¼ Qi�1

Vi
Ti�1 �Qi

Vi
Ti �Qab,i

Vi
Ti þ E0

i�1

Vi
(Ti�1 � Ti)

þ E0
i

Vi
(Tiþ1 � Ti)þ Wh,i

ρwCpwVi

m3

106cm3

� �

þ Jh,i
ρwCpwHi

m
100 cm

� �
þ Js,i
ρwCpwHi

m
100 cm

� �
(5)

where Ti is the temperature in reach i (�C), t is the

time (d), E’i is the bulk dispersion coefficient between

reaches i and iþ 1 (m3/d), Wh,i is the net heat load

from point and non-point sources into reach i (cal/d),

ρw is the density of water (g/cm3), Cpw is the specific

heat of water (cal/(g �C)), Jh,i is the air-water heat flux

(cal/(cm2 d)), and Js,i is the sediment-water heat flux

(cal/(cm2 d))
Figure 5 | Heat balance.

Figure 6 | IHACRES working structure.
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IHACRES precipitation-runoff model

The second edition of IHACRES was used, which was

improved by Croke et al. (). This model is lumped,

which means that it considers the whole catchment area

as a single entity and uses only one station and its observed

data. The model takes action to simulate present streamflow

in the river using observed data (temperature, precipitation,

and runoff) from the station. This action consists of non-

linear (loss) and linear (hydrograph) modules, which are

used for making an accurate calculation of loss and transfer-

ring effective rainfall to stream discharge, respectively, as

shown in Figure 6 (Croke et al. ).
The nonlinear module (loss)

In this unit, effective rainfall Uk is the product of total rain-

fall and catchment wetness index in each time interval as

shown in Equation (6).

Uk ¼ [C(∅k � l)]prk (6)

where C is the balance coefficient of the rainfall volume, l is

the threshold of catchment wetness index, and p and rk are

observed rainfall. Catchment wetness index ∅k is given by

Equation (7).

∅k ¼ rk þ 1� 1
τk

� �
∅k�1 (7)

In Equation (7), the catchment drying sensitivity τk,

which is a function of temperature, is given by Equation (8).

τk ¼ τw exp ( f(Tref � Tk) × 0:062) (8)
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In Equation (8), f is the temperature modulation factor

(effect of changing a unit of temperature on the mount of

loss), τk is the soil dryness intensity, Tref is the reference

temperature, and Tk is the temperature at a desired time

interval. After calculation of effective rainfall, a unit hydro-

graph is calculated using the linear module of the model

(Croke et al. ).
Table 2 | GCMs used in this study

Model name Country
Spatial resolution
(longitude*latitude) RCP

1 CSIRO-
MK3� 6� 0

Australia 192*96 rcp26 rcp45
rcp60 rcp85

2 EC-EARTH Netherlands/
Ireland

320*160 rcp26 rcp45
rcp85

3 GISS-E2-H USA 144*90 rcp26 rcp45
rcp60 rcp85
The linear module (unit hydrograph)

In this unit the effective rainfall is converted to stream flow,

using the parameters Vs, Ts, and Tq. Combination of two

components of fast flow xqk and slow flow xsk gives stream

flow xk which comes from Equations (9)–(11).

xk ¼ x(q)k þ x(s)k (9)

xqk ¼ �αqx
q
k�1 þ βqUk (10)

x(s)k ¼ �αsx
(s)
k�1 þ βsUk (11)

In which, αq and βq are time constants of fast flow and αs

and βs are time constants of slow flow, respectively, which

come from Equations (12) and (13).

τq ¼ �Δ

ln (�∝q)
(12)

τs ¼ �Δ

ln (�∝s)
(13)

The mentioned model requires five to seven variables

for calibration. In the calibration process, values of τw (the

catchment drying time constant) and f (the temperature

modulation factor), which comes from the nonlinear

module, are manually selected by the user. In this pro-

cedure, the best model is chosen by the coefficient of

determination R2 (Croke et al. ).

4 GISS-E2-R USA 144*90 rcp26 rcp45

rcp60 rcp85

5 MIROC-ESM Japan 128*64 rcp26 rcp45
rcp60 rcp85

6 MIROC-ESM-
CHEM

Japan 128*64 rcp26 rcp45
rcp60 rcp85

7 MPI- ESM-LR Germany 192*96 rcp26 rcp45
rcp85
Constructing climate change scenarios

The atmospheric circulation models, in fact, solve the govern-

ing equations of the atmosphere based on Newton and

thermodynamics laws. In other words, they are 3D models

that have been widely used in recent years to simulate
://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
future climate change (Kockum et al. ). There are many

GCMs that represent the effects of various factors, such as

reflection and absorption of atmospheric water vapor, green-

house gas concentrations, clouds, annual and daily solar

heat, ocean temperatures, and ice boundaries (Wilby et al.

). In this study, we have used the GCMs listed in

Table 2 (Yin et al. ) for future projection of temperature

and precipitation. These parameters have direct impacts on

the flow of rivers and thus affect the quality of water.

Each GCM requires initial condition data to run. In

some of these models, which predict the climate patterns

over long-term periods, Intergovernmental Panel on Climate

Change (IPCC) emission scenarios act as boundary con-

ditions (Wilby et al. ).

These scenarios estimate future greenhouse gas emis-

sions into the atmosphere. Such estimates are based on

possible projection of economic and population growth

and technological development, as well as physical pro-

cesses within the climate system (Trzaska & Emilie ).

The IPCC, which is responsible for recognizing all aspects

of the climate change phenomenon, has published various

versions of the emission scenarios. The latest version,

called RCP scenarios, was released with the Fifth Assess-

ment Report (AR5) in 2014. It has four pathways called

RCP2.6, RCP4.5, RCP6 and RCP8.5, which are named

after a possible range of radiative forcing values in the

year 2100. Among them, RCP2.6 and RCP8.5 with the
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lowest and highest emission levels (Hosseini et al. ) are

more beneficial to reflect the changes (Wilby et al. ).

Therefore, the study of consequences on water quality is

made more tangible and possible by using them. Thus,

those two scenarios were employed in this research.

In the next step, a downscaling method is applied for cli-

mate projection at local scales. To explain more clearly, the

spatial resolutions of GCMs are generally quite coarse, with

a grid size of about 100–500 km (Trzaska & Emilie ). So,

in order to apply their results to much finer features, an

effective method should bridge the gaps between mis-

matched scales of GCM outputs and the scale of interest

for regional impacts. The statistical downscaling method

used in this study is called the Delta method or change

factor applied by the LARS-WG model. In this way, the

change factor for precipitation is multiplicative and temp-

erature is obtained from the following formulas:

Prcp ¼ ΔP × Phistorical (14)

Trcp ¼ Thistorical þ ΔT (15)

Here, Prcp and Trcp are long-term monthly average of

rainfall and temperature under RCP2.6 and RCP8.5

scenarios, Phistorical and Thistorical are long-term monthly

average of rainfall and temperature obtained from historical

data, and ΔP and ΔT are change factors of precipitation and

temperature. Entering Δ values into the LARS-WG model

enables it to downscale GCM outputs and generate weather

data for future periods.
Model LARS-WG

General atmosphere circulation models, due to the large

scale of their computational grid, are not able to forecast cli-

mate parameters at small scales. Therefore, scientists have

invented an intermediary tool called Weather Generator

that in addition to the output of GCMs allows climate

change to be studied and evaluated at a point scale and at

meteorological stations (Semenov & Barrow ). LARS-

WG is one of the most popular stochastic weather data gen-

erating models and is used to produce rainfall, radiation, and

daily maximum and minimum temperature, based on future

and base weather conditions. The primary edition of LARS-

WG was invented in Budapest, Hungary in 1990 for
om http://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
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agricultural risk assessment. The model was revised by

Semonov et al. (1998). In this model, the Markov chain

method is used for precipitation modeling. However, a

Markov chain is not always able to simulate dry spell

length, so the model uses sophisticated statistical distri-

butions to model other meteorological variables. The base

of this model utilizes semi-empirical distributions for the

length of wet and dry periods, daily precipitation, and daily

solar radiation (Semenov & Barrow ). In a semi-empiri-

cal distribution, which is defined as a cumulative probability

distribution function, distances are equally divided between

maximum and minimum values of monthly time series.

EMP ¼ {a0,ai,hi, . . . , i ¼ 0, 1, 2, . . . , 10} (16)

[ai-1, ai] ai�1 < ai

Here, EMP is a histogram with ten intervals between

varying intensities of rainfall, [ai-1, ai] where ai-1< ai, and hi
denotes the number of precipitation events from observed

data in the i-th interval. Distances are incremental for the

duration of wet and dry days and precipitation. In this

model, the rainfall amount of a wet day is obtained from a

semi-empirical distribution of considered monthly precipi-

tation, independent from wet series or amount of

precipitation in the previous day (Semenov & Barrow

). In this program, Fourier series are used to estimate

temperature. Minimum and maximum daily temperature

are modeled as random processes with daily average and

deviations that are dependent on the wet or dry condition

of the day (Semenov & Barrow ; Semenov & Stratono-

vitch ). A third-order Fourier series is used to simulate

the average and standard deviation of seasonal temperature.

The production of data by the model LARS-WG includes

calibration, evaluation, and creation of meteorological data

(Semenov & Barrow ).
RESULTS AND DISCUSSION

Calibration and verification of the qualitative model

QUAL2 K

Data collected by the Khorasan Regional Water Company in

November 2014 was used to calibrate the model. Sampling
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was conducted on 20 April 2016 to verify the model.

Samples were analyzed in the accredited laboratory of the

Khorasan Razavi Regional Water Company after transferring

them under standard conditions. The parameters DO, pH,

COD, and NO3 were measured for verification. In the cali-

bration step, reaction rates were determined based on the

determination coefficient RMSE. During verification, the

difference between modeled information and observed data

was determined (Nuzhat & Singh ; Kalburgi et al. ).

Mianmargh branch

Figure 7 shows changes in various water quality parameters

along the Mianmargh branch. The low DO values observed

at some points (Figures 7(a) and 7(b)) indicate a sharp decline

in dissolved oxygen in some parts of the river and were mainly

due to the discharge of wastewater and solid waste from

villages on the river’s edge. Analysis of COD (Figures 7(g)

and 7(h)) confirms the location of the contamination leading

to low dissolved oxygen in some parts of the river. Nitrate

(Figures 7(e) and 7(f)) decreases from upstream to down-

stream. The high amount of nitrate in the upper part of the

river was caused by rural wastewater pollution. Changes in

nitrate in other parts of the river follow a slope due to diffuse

sources of pollution such as agriculture and horticulture,

which are located along the river. Although pH fluctuates, it

is generally slightly alkaline in the Mianmargh branch

(Figure 7(c) and 7(d)). This is due to dissolution of carbonates

and bicarbonates from the soil and river bed (Masamba &

Mazvimavi ). At 20 km upstream, as shown in Figures 1

and 2, the river passes through the village of Boghmech, the

largest and most populated village in the region. In this village,

household and agricultural wastewater is discharged directly

into the river, affecting pH and acidity of the river more

than at other measured points of the river. However, it

should be noted that fluctuations in pH of about 0.1 occur

along the river, and this is negligible. Also the difference in

pH between a point 20 km upstream and other places is

only 0.3, which is not a big difference.

Abghad branch

Figure 8 shows changes of various water quality parameters

in the Abghad branch, from upstream (10 km) to the point
://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
where it flows into the Ardak Dam Lake (0 km). As shown

in Figures 8(a) and 8(b), DO was high because few sources

of pollution such as villages exist along this branch. At

some points, the concentration of dissolved oxygen is

higher than saturated, which may be due to benthic plants.

COD (Figures 8(g) and 8(h)) increases from upstream to

downstream, which may be due to pollutants, including

organic matter, from the village near the middle of this

river branch. Organic matter decomposition is completely

anaerobic, and as a result, there is a decrease in DO in

areas where organic matter concentration is high. Nitrate

(Figures 8(e) and (f)) is highest in the upstream part of the

river because the main sources of nitrate production are

agricultural and horticultural activities in the upstream

regions of this branch of the river. Figures 8(c) and 8(d)

show pH in the Abghad branch during calibration and ver-

ification periods. Here, like in the Mianmargh branch, a

wide rural area is located 6 km upstream, which directly dis-

charges untreated agricultural wastewater into the river and

causes the quality indices to differ at this point more than at

other points along the river. However, this difference is not

great.

Calibration of IHACRES model

After selecting several periods for calibration and reviewing

results, the remaining courses were selected for model veri-

fication in the Mianmargh and Abghad branches. During

calibration, some values such as the catchment drying

time constant τw and the temperature modulation factor f

in the nonlinear section of the model are manually selected

by the user. The best model is selected based on the Nash

coefficient value, with a value closer to one indicating a

better fit (Croke et al. ).

Mianmargh branch

To simulate monthly runoff of the Mianmargh branch,

IHACRES was initially calibrated for the period of 1991–

2013 and then verified for 1979–1991. For 1991–2013 the

model had a Nash coefficient of 0.67 (Figure 9(a)), indicat-

ing that the calibrated model simulates the flow well.

Furthermore, Figure 9(b) shows runoff time series used in

the model validation process, resulting in a Nash coefficient



Figure 7 | Changes in water quality parameters in Mianmargh River (a) DO (calibration), (b) DO (verification), (c) pH (calibration), (d) pH (verification), (e) NO3 (calibration), (f) NO3

(verification), (g) COD (calibration), (h) COD (verification).
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Figure 8 | Calibration and verification of water quality parameters in Abghad River: (a) DO (calibration), (b) DO (verification), (c) pH (calibration), (d) pH (verification), (e) NO3 (calibration), (f)

NO3 (verification), (g) COD (calibration), (h) COD (verification).
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Figure 9 | Observed and modeled stream flow of Mianmargh River during (a) calibration and (b) verification.
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of 0.68, showing that the model simulates flows in the basin,

including low and maximum flows, well.

Abghad branch

To simulate monthly runoff in the Abghad Branch, the

IHACRES model was calibrated for 1977–2002 and then

verified for 2002–2013. Figure 10(a), which shows the

observed and simulated flow data of the Abghad Branch,

indicates that the model was successfully calibrated

(Nash¼ 0.68). The value of Nash¼ 0.66 in Figure 10(b)

indicates that the model simulated water flow well for

verification of the Abghad branch.
Figure 10 | Observed and modeled stream flow of Abghad River during (a) calibration and (b)

om http://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
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Simulating future climate change

Water flow in the Ardak River in both the Mianmargh and

Abghad branches was inspected and simulated for the

future assuming climate change (2020–2039). A 26 year

(1989–2014) statistical period of atmospheric data and the

LARS-WG climate change model were used to simulate cli-

matic conditions in the coming decades. Therefore, daily

climate variables, including rainfall and minimum and maxi-

mum temperature from the synoptic stations of Ghadirabad

and Band Sarooj (Figure 1), were obtained from the regional

water company of Khorasan Razavi province and used for

calibration and verification of Lars-WG. In the next step,
verification.
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with the help of the IPCC website, and using GCMs of the

RCP2.6 and RCP8.5 scenarios (Fifth Report), future temp-

erature and precipitation information were calculated.

Then, using data obtained from the GCMs and a downscal-

ing method, future temperature and precipitation change

values were calculated for RCP2.6 and RCP8.5 scenarios.

By implementing the LARS-WG model and applying

changes to observational data, temperature and precipi-

tation values for 2020–2039 were generated.
Figure 11 | Comparison of observed and modeled temperature and rainfall (a) Mianmargh bra

://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
Rainfall and temperature simulated by the climate

model fit well with observational data, as shown in

Figure 11.

As seen in Figures 11(a) and 11(b), both branches have

the highest rainfall in the spring and the least rainfall in the

summer. Besides that, both branches have the highest temp-

erature in July and minimum temperature in January.

Modeled future climate parameters (2020–2039) are com-

pared with observational data in Figure 12.
nch and (b) Abghad branch.



Figure 12 | Percentage difference between observed and modeled rainfall (a) Mianmargh branch, (c) Abghad branch and temperature (b) Mianmargh branch, (d) Abghad branch.
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Future runoff production

By entering monthly temperature and rainfall time series

which are scaled down from GCM into the IHACRES

model, monthly runoff time series of each hydrometric

station were produced for 2020–2039 (Figure 13).

The biggest increases in runoff in the Abghad and Mian-

margh are in May (RCP8.5) and June (RCP8.5), respectively

(Figures 14(a) and 14(b)). The highest losses of runoff are in

January (RCP2.6) for both branches of the river.

Future QUAL2 K model outputs

To identify qualitative changes in surface water, average

runoff and long-term seasonal temperature of both

branches were entered into Qual2kW, which was calibrated
om http://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf

4

and verified using existing pollutant sources. Although

several factors influence the quality of surface water

resources, the effects of runoff and temperature are

indisputable. In the following, output results of the

QUAL2 K model are given for the qualitative parameters

dissolved oxygen, nitrate, pH, and COD for each branch

of the Ardak River.

As shown in Figure 15, DO, NO3, COD, and pH

(Figures 15(a), 15(c), 15(e) and 15(g)) in the Mianmargh

branch will not change significantly in the future in the

RCP2.6 and RCP8.5 scenarios. This small change poses no

concerns for water quality in the future. However, the

Abghad branch (Figures 15(b), 15(d), 15(f) and 15(h))

shows noticeable changes in DO, NO3, COD, and pH. In

this branch, increasing amounts of NO3 and COD, and

decreasing DO and pH values are seen in both scenarios.



Figure 13 | Observed and modeled stream data (a) Mianmargh branch, (b) Abghad branch.

Figure 14 | Percentage difference between observed and modeled stream data (a) Mianmargh branch, (b) Abghad branch.
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CONCLUSIONS

In this paper, the effects of climate change on quality of sur-

face water resources in the Ardak River were studied. To do

this, we first calibrated the Qual2kw model using available

information from the Khorasan Razavi Regional Water

Company. For validation, in April 2016 water quality par-

ameters and flow were measured. Insignificant difference

in the RMSE results (Kannel et al. ) for nitrate, dis-

solved oxygen, pH, and COD in calibration and

verification phases showed that the model is able to simulate

water quality parameters along both main branches of the

Ardak River. Using flow data, the current flow in both
://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
river branches was modeled by the IHACRES rainfall-

runoff model. Nash coefficients for the calibration and veri-

fication phases showed that the model simulated the current

river flow well. Daily temperature and precipitation data

were input to the LARS-WGmodel, and this model was cali-

brated and verified. Then, using information from the IPCC

website and its fifth report, information about various GCMs

was collected for the RCP2.6 and RCP8.5 scenarios. Using

this data, ΔP and ΔT for each model were calculated and

extracted data were scaled down for the study area using

change factors and the LARS-WG model. Using GCM sets

which were down-scaled and applied to daily temperature

and precipitation values, the LARS-WG model simulated



Figure 15 | Changes in water quality parameters under RCP2.6 and RCP8.5: DO (a) Mianmargh branch, (b) Abghad branch; pH (c) Mianmargh branch, (d) Abghad branch; NO3 (e) Mianmargh

branch, (f) Abghad branch; COD (g) Mianmargh branch, (h) Abghad branch;.
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future temperature and precipitation values. Rainfall vari-

ations in the two branches of the river are similar to each

other due to their close proximity. The highest rainfall

based on RCP8.5 will occur in the spring with maximum

seasonal average of 42.94 mm in Abghad branch and

32.56 mm in Mianmargh branch. Besides that, the lowest

rainfall values are related to RCP2.6, with average seasonal

value equal to 4.24 mm in the Abghad branch and 3.84 mm

in Mianmargh branch that occurs in the summer. Tempera-

ture changes in the river branches increase in almost all

months of the year. While the highest mean seasonal temp-

erature reaches up to 24.29 �C in Abghad branch and

24.03 �C in Mianmargh branch based on RCP8.5 in

summer, the lowest temperature is 3.41 �C in Abghad

branch and 3.17 �C in Mianmargh branch based on

RCP2.6 in winter. Future stream flows were simulated

given future temperatures and precipitation values. Simu-

lated seasonal mean runoff maximum was 114.616 litres

per second in Abghad branch and 1,306 litres per second

in Mianmargh branch based on RCP8.5 which will occur

in summer. However, the lowest runoff based on RCP 2.6

was 48.68 and 571.1 litres per second in the branches of

Abghad and Mianmargh, respectively, in winter. Using

future seasonal temperature and flow data allowed water

quality parameters to be simulated. No significant change

is predicted for water quality in the Mianmargh branch.

However, due to the lower flow (Wu & Xia ) in the

Abghad branch, water quality will change significantly in

both scenarios, including amounts of nitrate, COD, and

DO. This is likely due to increased temperature which acti-

vates bacteria that are responsible for nitrification. These

issues make the Abghad branch highly vulnerable to

changes and decline in water quality in the coming years.

In this part of the river, the highest percentage variations

in DO and COD are �12.19 and �35.4 in RCP8.5 and

RCP2.6, respectively, while NO3 and pH have a maximum

variation of 31.25 and 0.29 percent in RCP8.5 and

RCP2.6, respectively, compared with their annual average.

In general, the results showed that in both greenhouse

gas emission scenarios (optimistic (RCP2.6) or pessimistic

(RCP8.5)) meteorological, hydrological and water quality

variables have changed and the situation would be worse

for the region. Of course, it should be noted that for the

time series considered for this research to 2039, the
://iwa.silverchair.com/jwcc/article-pdf/11/3/685/717006/jwc0110685.pdf
difference between the optimistic and pessimistic scenarios

in terms of the amount of greenhouse gas emissions is not

significant (about 100 ppm of difference), and in the case

of a longer time series (for instance, by the year 2100), a

large discrepancy in greenhouse gas emissions between

these two scenarios (about 800 ppm) can make a clear con-

trast in the changes of meteorological, hydrological and

water quality variables of this region.

On the other hand, it should be understood that the

results of this research are presented regardless of various

uncertainties, such as the uncertainty of GCMs, the uncer-

tainty of downscaling methods, the uncertainty of rainfall-

runoff simulation models and the uncertainty of the river

water quality simulator models. Therefore, to provide more

logical results, these uncertainties should also be taken

into account in the analysis.

Finally, in this research, the lumped conceptual model

of IHACRES was implemented to simulate streamflow in

the main branches of Ardak River. This model covers the

entire basin as an integrated entity; therefore, changes in

soil, vegetation and land use of the watershed are considered

the same. Hence in regions where such variations are con-

siderable, more complex models such as SWAT (Getachew

et al. ) perform better in the simulation process. More-

over, many qualitative models such as Qual2kw are

mechanistic models (Liangliang & Daoliang ) that are

not capable of controlling the extraordinarily complicated

rules governing the nature of the aquatic environment that

lead to less accurate results. Thus, using different algorithms

and methods such as artificial neural networks (ANN),

which can combine different model outputs, could be

suggested for future studies in order to reduce the errors

and better simulate water quality.
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