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Abstract

Human modifications of the landscape along with the increase of the greenhouse gases are all assumed as
the factors involved in the climate change. These factors could be affecting the spatial and seasonal
precipitation and also could contribute to increase the water demands. These changes in the climatic
parameters have resulted in de-naturalizing over half of the world’s large river basins. The resulting
manipulated stream flows can, in turn, be the main indicators of the water availabilityand also the
regulators of the diversity of the ecosystem. Hence, this paper applies two main climate change scenarios
(A2 and B1), to optimal operationof the Zayandehroud reservoir, located in west central Iran. A newly
proposed Guided Adaptive Search based Particle Swarm Optimization (GUASPSO) algorithm is utilized to
solve the optimization problem of this paper. The results suggest the maximum potential of the mentioned
reservoir to resist the climate change effects and manage the downstream demands to be maximally met,
while the reservoir storage is held at a desirable amount in order to guarantee the sustainability of the
surface water during the planning period under the severe climate change conditions.

Keywords: Reservoir operation, Climate change, Particle Swarm Optimization (PSO), Water
resources management, Sustainability.

1. INTRODUCTION

Climate changes are part of the hydrologic cycle and cause alterations of natural streamflow regimes.
Some of human activities such as dam constructions, land cover changes and water diversions are thought to
obscure climate signals in hydrologic systems [1].

Streamflow volume and seasonal variability are of the key indicators of agricultural and urban water
availability as well as primary regulators of the distribution and diversity of taxa in fresh water ecosystems [2].
As streamflowis generated by precipitation and snowmelt that is not lost to evapotranspiration or ground water
recharge, much of the interannual variability in streamflow can be traced to concurrent variability in climate [3].
As concentrations of greenhouse gases continue to increase, spatial and seasonal precipitation patterns are
altered, the proportion of precipitation falling as snow is reduced and evaporative demand is increased [4]. In
natural watersheds these changes can directly affect the timing and volume of streamflow. Due to human
modifications of the landscape, however, many stream flow regimes throughout the world, including over one
half of the world’s large river systems, can no longer be considered natural [5]. Primary human modifications
include reservoirconstruction and irrigation projects, which, in some cases, canmask, dampen, or even change
the sign of natural streamflowtrends.

In the Fourth Annual Intergovernmental Panel Assessment Report, the four main scenarios of Al, B1,
A2, and B2 (SRES scenarios) are modeled with five subcategories for each one. The models have been
calibrated based on the climatic background and the frequency of observational trends and their performance has
been consistently proven over the past 5 years by using atmospheric coupled general climate models.In the
below each scenario has been explained:

Al: This scenario depicts a rapidly expanding world with strong interactions and convergences between
regions where the per capita income of individuals is more uniform. The world's population will peak in year 5,
and then decline, and new and more efficient technologies will be introduced. Three different subdivisions for
Group Al are assumed based on the technology used in the 5th century: A1F1 fossil fuel intensification - A1T
non-fossil fuel consumption and A1B fossil and non-fossil fuel consumption.

A2: This scenario depicts a different world in which the population of some areas is reinforced by the
emphasis on family values and family traditions, and as a result will grow more than that in the Al scenario. Per
capita economic growth and technology advances are slow.
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B1: Population status in B1 is similar to Al except that the emphasis in this scenario is more on clean
energy and the environment. In this scenario, there is a strong emphasis on global solutions for environmental,
economic and social sustainability and the pursuit of greater equality between communities.

B2: In B2 scenario, the emphasis is on continued population growth and regional solutions for economic,
social and environmental sustainability. Population growth rate in this scenario is lower than that in the scenario
A2 and technology growth rate is lower than A2 and B1.

Some past researches using a variety of metrics has demonstrated thatstreamflow trends in natural
watersheds closely follow regionalchanges in precipitation and evapotranspiration [6,7] Whilesome researches
[4]highlight the influence of climate changes onstreamflow trends, they do not investigate trends in human-
modified watersheds, which are more common throughoutthe world.In this research the effect of climate change
under two scenarios of A2 and B1 on the Zayandehroud dam management is investigated.

2. STuDY AREA

The Zayandehroudriver is the most important river in central Iran which stretches over a length of 400
km, originating from the Zardkuh mountain and ending in the Gavkhuni swamp after passing through the city of
Isfahan. During the last 60 years, the population in the catchment has grown from less than a million to more
than 4 million. Today more than one million people live from the land producing wheat, barley and others staple
food. Important steel, oil and cement industries have settled along the river which along with numerous smaller
enterprises employ more than 300,000 people. The steady growth of region, coupled with the onset of climate
change, have taken their respective tolls, leading to increasing water management challenges. While water
demand rises, the Zayandehroud’s water resources decrease and simultaneously the livelihood of people and
important ecosystem dwindle. Temperatures have been rising constantly, while annual rainfall has been
declining. Up to a few years ago, the river dominated the cityscape of Isfahan. Its historical bridges and little
canals were famous tourist attractive constructions for young and old alike. Numerous species of birds migrate
there for the winter in the region around the Gavkhuni Salt Lake and even ventured in the city center. For
flamingos the salty lake was an ideal habitat. As the gap between water availability and water demand grows,the
different water users increasingly compete for the scarce resource [8]. Then it’s important to know how climate
change will affect the Zayandehroud dam storage in future and how the scarce should be mitigated.Table 1
presents some main figures related toZayandehroud catchment.

Table 1- Properties of Zayandehroud Catchment (Statistical period: 1971-2013) [8]

Total area 26917 km?

Share of total area located in Isfahan province 92.9 %

Share of total area located in Chaharmahalvabakhtiari province 7.1%

Average Perticipation 265 mm/year
Average inflow into Zayandehroud dam (include transfers | 1402 million m®/year
tunnels)

The Zayandehroud river flow regime not only depends on climatic conditions but also relies on the water
releases through the Zayandehroud dam as well as irrigation, domestic and industrial needs.Fig 1 shows the
Zayandehroud Basin with water extraction points and irrigation areas in this basin.



5th Asia-Pacific Group - International Symposium on Water and Dams, 24-27 February 2021, New Delhi, India

“‘Ab_shar\leﬂ
b/ e

Lenlanaliup (
p>

B S
Lenjanatidown

Reservoir
i > paRudast
D4 \\
Mayhar and Yarghoyeh
Legend
~—+— River River Node
4

°
—— Link Channel © Catchment Node e o
MIKE Basin catchments v Reservoir
Irrigation areas v Reservoir (with catchment) Node
@ Water User
N S 1
@ Irrigation Scheme 0 25 50 100

Figure 1.Zayandehroud Basin’s Schematic [8]

3. METHODOLOGY

The GUASPSO algorithm [10]is a newly proposed variant of the particle swarm optimization (PSO)
algorithm. First, let us depict the formal form of an optimization problem solved by the original PSO algorithm.
For a D-dimensional optimization problem, it is taken that X; = (x;1, X2, ..., X;p) and V; = (v;, Vi, ..., Vip)are
respectively the i particle’s position vector and the velocity vector. If Pbest! = (pi, Dz, -, Pip) IS the
personal best (Pbest) position of the i" particle and Gbestt = (pgl,pgz,...,pgD)represents the global best
(Gbest) position of the swarm, the velocity and position of each particle in PSO algorithm is updated using
Egs.(1) and (2) [10].

Vi = wVf + ¢yry(Pbest! — XE) + c,ry(Gbestt — X)) (1)
Xt =4 @

where i €{1, 2, ..., N}; N is the swarm sizeand D is the number of dimensions; superscript t is the
iteration number; w is the inertia weight; r; and r, are two random vectors, and c; and ¢, are cognitive and social
scaling parameters, respectively. An efficient form of Eq. (1) is the constriction coefficient model shown below

VIt = x [V + @, (Pbest] — X{) + ¢,(Gbest* — X{)] ©
2k
X = ey P = 01t 02 g1 = A 92 = 6ot “@

wherey is the constriction factor. The parameter k € [0,1] in Eq. (4) controls the exploration and
exploitation abilities of the swarm, which can be calculated as follows:

kzkmax_MXt ®)
tmax

wherekmax and kmin are constants that must be set properly; t is the number of iterations; and tmax is the
maximum number of iterations.

In PSO, the Pbests help the exploration process be done in the search space and the Gbest leads the
particles to the high-fitness areas in the search space to accomplish exploitation. The GUASPSO algorithm
attempts to change the conventional mechanism existing in the original PSO algorithm, mainly in order to better
preserve diversity among the solutions generated in the swarm. The proposed mechanism in this algorithm can
maintain the diversity at the early stages of the optimization process where the particles need to be dispersed in
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all over the search space to facilitate the exploration phase. The algorithm, then, make a well-controlled and
well-balanced transition from the exploration to the exploitation by de-emphasizing the diversity and
emphasizing the fitness of the promising regions found in the exploration process to guide the particles in the
search space. Thus, the GUASPSO may be advantageous to solve the uni-modal functions via diversifying the
particles and preventing them from being merged at the initial iterations. The GUASPSO is also a powerful
algorithm to handle multi-modal problems by intensifying the convergence to the high-fitness areas and
avoiding local optima. Hence, GUASPSO can hold a nice balance between exploration and exploitation
capabilities of the PSO algorithm to handle any type of the optimization problems.In this algorithm, a unique
Gbest particle is assigned to each particle. In this way, the Gbest particle is neither so far from, nor so near to its
relevant particle, meaning that it is neither involved in a drift leading to lose diversity in the search space, nor is
going to be trapped in local optima. However, the drift occurrence is the more important problem the original
PSO algorithm is engaged with, especially in the early iterations in which the particles highly need the
diversification.

Here, the Self-Organizing Map (SOM) neural network is utilized to help to perform the
Gbestcomputation mechanism. The SOM consists of an input layer and an output layer called Kohonen’s layer.
The output layer can be one- or two-dimensional. Read more about SOM in [11]. The SOM algorithm is
described as follows. The input vector or input pattern presented to SOM for denoting its corresponding
class/cluster can be defined by:

X =[x, %5, .., xp]" (6)

whereD is the maximum number of features considered for each input pattern X. The weight vectors of
the neurons in the output layer can be considered as:

Vl/i = [Wli’ Wsi, ...,WDi]T: i = 1, 2, ...,M (7)

where W; is the weight vector of the neuron i in the output layer which is representing a cluster, D is the
total number of dimensions of the neurons’ weight vectors and M is the number of neurons/clusters. Similar to
any other type of neural networks, the SOM must be first trained to be prepared for clustering data sets/patterns.
In the training process, all input patterns (here, the Pbest particles determined at each iteration) are inserted into
the SOM network one-by-one. Once an input pattern is presented to the SOM, a competition is started between
all SOM’s neurons. The Euclidean distance between each neuron’s weight vector and the input vector is
calculated and the neuron that minimizes this Euclidean distance is identified to be the center of the
corresponding cluster of the input vector and wins the competition. The winning neuron, then, moves toward the
imposed input vector (Pbest particle) based on the Eq. (8):

W;(t + 1) = Wi (6) +n()(X — W;(t) ®)

whereW; (t) is the i"" neuron’s weight vector in the iteration t and W;(t + 1) is the weight vector of it"
neuron at the iteration t + 1. n(t)is the variable learning-rate parameter. One can define n(t)to monotonically
decrease when t increases, as follows:

n() = 1(0)exp(;) (9)

wheren(0) is set to 0.1 and , is set to the maximum number of SOM iterations [12]. In this paper, t; is
set to be four times the number of the input vectors (Pbest particles). Thus, the SOM divides the Pbestparticles
into a variable adaptive number of clusters calculated by the Eq. (10):

Ncluster (t) = Round(Ncluster(l) - [NCluSter(zt)_Nd_uls)ter(tmax)] X (t - 1)) (10)
max
whereN ., seer (t) is the number of clusters at the t iteration and t,,,, is the maximum number of
iterations. In this paper, N yscer (1) is Set to be the swarm size and Ny sier (tmax) 15 Set to the value of 2 as the
number of clusters at the final iteration. Then, the inverted number of the Pbests collected in each of the active
clusters (the clusters having at least one Pbest) is obtained as the local diversity. The local diversity of each
cluster can be taken as the weight of that cluster calculated as follows:

W}t = 1/|CL|; for the clusters whose |CE| = 1 (11)

where Wt is the weight of the c™ active cluster at the t" iteration and |CZ| is the number of the Pbest
particles collected in the ¢ active cluster at the t™ iteration. Then, the best Pbest particle placed in each active
cluster is designatedas the cluster best orCbest particle. Finally, the unique Gbest particle for each particle can
be calculated via a weighted averaging over all other (opposite) Cbests, i.e. all cluster centers excluding the
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cluster center to which the focused particle’sPbest is belonging. The Eq. (12) depicts the way to calculate the
Gbest for each particle.

Nctuster(®) ,,t t
> =1 Wj beestj

Gbest!f = j*C(?, (12)
tuster(®) . t
% 1-”;1‘5 e wy

jEC®)

where Gbest{ is the unique Gbest particle for the i™ particle at the t" iteration, W} is the weight
calculated for the j" cluster at the t" iteration, Cbest/ is the Cbest particle of the j™ cluster at the t™ iteration and
c(i) is the cluster to which the i"Pbest particle is belonging. Thus, the Eq. (3) is changed to Eq. (13) in
GUASPSO algorithm by replacing Gbest‘by Gbestf. Other calculations, updating relations and parameter
settings are just as the same of the original PSO algorithm.

VI = x (V! + @1 (Pbest! — X}) + @, (Gbestf — X)] -

In GUASPSO, at the first iterations, the number of clusters is large, such that nearly all single Pbests or
the Pbests located in the less-densely populated regions are gathered in separate clusters. As a result, the fitness
values of the cluster best particles (Cbests) are endowed less influence factor to guide the particles in the search
space and the diversity of the clusters is imparted more influence factor. Accordingly, in the early iterations, it is
possible to find a Cbest conducting the particles, while it is lacking a suitable fitness value. By lapse of
iterations, the number of active clusters is decreased and the low-fitness Pbests with high degree of similarity
are aggregated in the common clusters. Thus, by determining the Cbests of the clusters, it is more probable that
the designated Cbests have relatively more fitness values than those they had in the previous iterations.
Consequently, the influence factor of the diversity is less stressed and the influence factor of the fitness is more
stressed as the iterations go on. This process could assist the algorithm to hold a suitable balance between
exploration, in which the diversity of the solutions is the major problem and the exploitation, in which the
solutions attempt to converge to the optimal point of the promising regions found in the exploration process.

4, RESULTS AND DISCUSSION

The mathematical formulation of the optimization model is depicted below:

_ 2
Minimize 2 = $1_ [22=000) 4 p 4P 56=1,2,3,..,T (14)
t

St = St + Qt - Ret - Spt - LOSSt (15)

Loss, = EV, — P, (16)

Repin < Re; < De, 17)
S _ {St + Qt - Rt - LOSSt - Smax; lf St + Qt - Rt - LOSSt > Smax (18)

Pe =10; if Sy +Q, — R, — L0SS; < Spax

P51 = kl X ZZ:l[max(Sgn(Sdead - St)r 0) X (Sdead - St)/Sdead] (19)
Py, = ky X 214 [(Sope — St) /Smax]z; fort =12,24,36,48,60 (20)

where De, is the water demand in tth month of the planning period in MCM; Re, is the water released in
tth month in MCM and Sp; is the spilled water from the reservoir in the tth month in MCM. S,is the reservoir
storage in the tth month in MCM; Q, is the inflow to the reservoir in tth month in MCM; Loss, is the net water
loss from the reservoir surface in MCM; EV,and P, are the evaporation from and precipitation to the reservoir in
the tth month in MCM, respectively. S,,..is the maximum volume of water the reservoir is designed to store,
which is set to be 1470 MCM. Sg.4qis the dead water volume of the reservoir set to be 120 MCM. S,,,,is the
optimal storage volume set to be 400 MCM for the last month of each water year, to facilitate the reservoir
operators to release the water to supply the agricultural water demands in each year. Furthermore, P, and P,
are the penalty functions to mainly control the storage volume of the reservoir.

In the climate change scenarios studied in this paper, the parameters of precipitation and evaporation
from the surface of the reservoir are all obtained from the data existing in each of the scenarios. The
precipitation can be directly reached depending on which of the scenarios is focused, but the evaporation should
be calculated based and in terms of the temperature as one of the important climatic change data existing for
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each of the scenarios. In this paper, a non-linear regression relation is held between the temperature and the
evaporation to achieve the evaporation. Furthermore, the volume of the precipitation and evaporation from the
reservoir surface is assumed to be mainly dependent on the reservoir area which is dynamically varying during
the planning period, while the height of the precipitation and evaporation (volume per unit area) are all
considered to be constant disregarding the reservoir area. These heights are all already calculated via regression
as depicted before. Furthermore, the inflow of the reservoir is estimated by HEC-HMS simulation model, based
on the future climate change affected data. The water demands are all estimated regarding the correlation of the
precipitation and the inflow occurring in each scenario with those observed in a long-historical period of the
years. Finally, demands of the year the precipitation and inflow of which is the most correlated with those of
each year in the future planning period, is adopted to be the water demands of that year. The planning period is a
five-year near-future period, beginning from the water year 2018-2019 and ending to the water year 2022-2023.

In the first year of the planning period of the scenario B1, the water demands are at the least level
contributing the demand percentage met to reach 62%, annually. However, the average reservoir storage is
obtained to be 353 MCM, which might be considered to be the lowest over the five-year period, mainly due to
the fact that in this year, the optimal reservoir operation is just starting. In the next year, the annual demand is
twice of that in the first year, while the annual precipitation is half of that of the first year. Furthermore, the
inflow is less than that in the first year by 29%, all of which contribute to meeting the water demands at the
lowest level over the planning period equal to 28%. However, the average storage of the reservoir can be set to
be 413 MCM, as a desirable storage for this dry year. The third and fourth water years are deemed to be the
normal years, as regarding the climate change conditions, in which 51% and 57% of the water demands are
averagely met. Moreover, the reservoir storage has exceeded the amount of 500 MCM, as the desirable water
storage expected for a reservoir to have in an optimal reservoir operation, especially in the climate change
conditions. These figures show the maximum potential of the Zayandehroud reservoir to handle the climate
change to hold a balance between maximization of the portion of downstream water demands to be met and also
the maximization of the sustainability of the reservoir. In the final year of the planning period, the inflow is
declined by 25%, compared to the two previous years, contributing the demand percentage met to be reduced to
45% and the water to be stored in the reservoir at 440 MCM. These figures are all worse than those obtained in
the third and fourth years of the planning period.

In the scenario A2, the average amount of the precipitation and the inflow have both decreased by 17%
and 12%, as compared to those observed in the B1 scenario, illustrating the more acute climatic conditions in
this scenario. At the first year of the planning period in the scenario A2, 49% of the demands are met, while the
reservoir has stored only 249 MCM. In the second year, the reservoir is facing the same demands and the lower
precipitation and inflow, while the storage can be raised to 339 MCM, which is more than the water stored in
the first year. The main reason solving these conflict conditions is hidden in the fact that the initial year is
coming from a streak of the dry years which in turn was making the reservoir vulnerable and hard to
revive,while the second year is coming from the first year of the management period and thus, can be much
more easily managed. In the third year of the period, the water demand percentage met is declined by 28%,
mainly due to dramatic increase of the water demands by 64%. In the last two years, 67% of the demands are
met and the storage is reaching nearly 450 MCM. The results obtained for these years, represent the best
management policies applied to the reservoir by the optimization model, at least compared to three other years
of the planning period of the scenario A2. Figure 2 illustrates the demands versus water supply resulting from
the optimization.

In general, when operating the reservoir in the spring and summer, the low inflow is not only unable to
recharge the reservoir and enhance the storage volume of the reservoir, but also does not suffice to supply the
downstream demands without exploiting the reservoir storage. Thus, in a natural trend in operation, the storage
decreases and is turned into the reservoir release, while the inflow is also fully dedicated to support the proper
volume of the water released from the reservoir. Thus, the inflow along with a portion of the reservoir storage
should participate to support the release of the reservoir and supply the downstream water demands. This is why
the volume of the inflow is always less than that of the water released from the reservoir in the warm seasons of
the year. In the autumn and winter seasons, the inflow to the reservoir increases, mainly as a result of the
abundance of the precipitation turned into run-off, such that this increased inflow is both able to raise the
reservoir stored water level and also support the water release to supply the downstream demands. Therefore,
the volume of the inflow is much more than that of the water released during the reservoir operation in the cold
seasons, unlike that in the warm seasons. The variations of the storage volume, release and inflow over the
planning period are illustrated in the Figure3.
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5. CONCLUSION

Due to human modifications of the landscape, many streamflow regimes throughout the world, including
over one half of the world’s large river systems, can no longer be considered natural. Primary human
modifications include reservoirconstruction and irrigation projects, which, in some cases, canmask, dampen, or
even change the sign of natural streamflowtrends.In the Fourth Annual Intergovernmental Panel Assessment
Report, the four main scenarios of Al, B1, A2, and B2 (SRES scenarios) are modeled with five subcategories
for each one. Among these scenarios, the scenarios A2 and B1 seem to be more realistic as compared to other
ones, since the scenario A2 warns the human to face a rapidly growing population throughout the world and also
a decreasing rate of the economic growth, and the scenario B1 mainly emphasizes the equal potential of the
different communities to use the clean energies in order to mitigate the environmental effects of the climate
change in a rapidly expanding world. This paper focuses on the simulation of the scenarios A2 and B1 to
generate the hydrological data required to optimally operation of the Zayandehroud reservoir in the five near-
future years under these climatic scenarios. A robust newly-proposed Guided Adaptive Search based Particle
Swarm Optimization (GUASPSO) algorithm is utilized to solve the reservoir operation problem put forward in
this paper. The GUASPSO is a new variant of the PSO algorithm, developed to hold an enhanced exploration-
exploitation balance in the PSO algorithm. This algorithm can maintain the distances of the search particles with
their global best guide particles in a moderate and well-balanced manner, such that the particles are neither to be
trapped in local optima, nor engaged in a drift to compel the search space to lose diversity. Furthermore, an
adaptive elitism mechanism is also predictedto be in the GUASPSO algorithm to further ameliorate the
performance of the algorithm in diversification of the search space at the early iterations and intensification of
the search at the last iterations of the optimization process. The results of the reservoir operation optimization
suggest maintaining the average water storage of the reservoir over the five-year planning period at a desirable
amount and also supplying the downstream water demands as much as possible. However, the management of
the reservoir operation is more suitably carried out on the planning period under the B1 scenario, compared to
the A2 scenario, as could be predicted from the nature of these scenarios and their special characteristics
assumed for the water resources and demands, as well.
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