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Abstract: Since 1981, a cascade of dams consisting of the Saguling, Cirata, and Jatiluhur reservoirs has been
constructed along the Citarum River in order to fulfill demands for flood control, water supply, and electrical
power generation, and this requires the implementation of an appropriate hydrological approach. The efficient
operation of a water resource system requires an accurate water flow analysis that approximates the actual fact as
closely as possible to minimize risks in decision-making. Discharge is a random and stochastic component in
hydrology, influenced by rainfall variations with a maximum in the tropical wet season and a minimum in the dry
season. Thus, discharge analysis requires a statistical approach especially minimum residuals. Values for average
annual inflows has constructed through four different calculation techniques for the moving average method to
rationalize the fluctuations in discharge data Citarum cascade reservoirs by reducing randomness in the data, with
the eventual aim of obtaining more rational trend lines. An analysis of minimum residuals between the results of
the calculation and those of model regressions has demonstrated that the cumulative moving average calculation
technique provides the best fit among all the models with the smallest residual value, as shown in its lowest mean
squared error values of 0.83, 2.04, and 1.77 for the three reservoirs.
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1. INTRODUCTION maximum in the tropical wet season and water
supply crises during its minimum in the dry season
The Citarum is one of the most important rivers [2]. These fluctuations lead to phenomena such as
in West Java with a watershed covering discharge extremes, the occurrence of which is
approximately 6,600 km?, extending for 270 km influenced by topography, morphology, and climate
from its source on Mt. Wayang in the Bandung [2], an analysis thereof requires an empirical method
Regency to its mouth on the Java Sea in the Bekasi that suits the actual hydrological characteristics
Regency and carrying an average annual flow of 5.5 [2,3,6]. An accurate analysis of discharge would
billion m® [1]. A number of reservoirs have been help minimize risks in decision-making [4]. One of
built on this river, namely the Saguling, Cirata, and the methodological approaches is mathematically
Jatiluhur reservoirs, each reservoir at a lower based, namely statistics [2,5,7], which has been
elevation receives water that has passed through empirically found to be an accurate and powerful
another at a higher elevation, an arrangement known tool in analyzing hydrological time series data in
as a serial or cascade of reservoirs [1]. The principal order to detect and quantitatively describe every
function of these three reservoirs is to provide flood process that underlies a particular set of observations
control, electrical power, and water supply to their [71.
surroundings, with the Jatiluhur reservoir carrying Hydrology utilizes time series analysis to build a
the specific additional function of supplying water mathematical model in order to produce a
to the Jakarta Capital Region [1]. The fulfillment of hydrological ~ synthesis, predict hydrological
these water demands requires the appropriate occurrences, detect trends and movements in
hydrological approach in the management of water hydrological data, fill in missing data, ignore data
resources [2-5]. that interfere with frequency stability, and
Rain and discharge are hydrological components rationalize hydrological data [7]. Mathematical
which are random variables with stochastic models can be expressed in either linear or nonlinear
characteristics [2]. Discharge is influenced by manners, but linear models are far more common in
rainfall variations [5], with resulting fluctuations hydrology [7] due to the ability to extend the dataset
that lead to issues such as flooding during its up to the limitations of expansion time by the first-
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order stability of Taylor series according to the
perturbation theory [8].

Rationalizing the fluctuations in discharge data
for the Citarum cascade reservoirs using the moving
average method to identify a pattern in rising or
falling level by smoothing of the data has the
advantage that is can be adjusted as needed to cope
with noise in the data. Moving averages is a highly
important statistical method in modeling, analyzing,
and predicting time series data, whether graphically
or numerically, by transforming and set up the
characterization of the data. The performance of the
model can be monitored by comparing the
calculation results with historic time series data, the
difference is known as the residual [9,10].

This study’s aim is to identify the appropriate
moving average model for the calculation of
discharges for the Citarum cascade reservoirs. Some
of the calculation techniques for the moving average
method, are simple moving average (SMA),
cumulative moving average (CMA), weighted
moving average (WMA) [11], and exponential
moving average (EMA) [12,13], so it is necessary to
find out which one provides the best-fitting model
with the smallest residual value. The time series data
utilized for this purpose consists of historic
discharges for 1994-2019 from the Water Resources
Research and Development Centre in the Ministry of
Public Works and Housing, taken from monitoring
posts at the Saguling, Cirata, and Jatiluhur
reservoirs.

2. METHOD
2.1. Moving Average Calculation Techniques

The moving average method is a process for
calculating averages that move through the time
series at each observation by taking averages across
a specific time period, thus producing a time series
of the averages from another set of time series data
[13]. This method is also known as the rolling mean
[11], running means or rolling averages [13], and
moving median or middle smooth [14]. The
averaging removes randomness in the data and
produces trends with a minimum of residuals [13].

The most basic calculation technique in the
moving average method is the SMA model [11,15],
where the average x; that moves at time t to the
previous time period over a time span of N. The
output in this model is a series of equally weighted
averages with no influence from values outside the
specified span of time, as expressed in the Eq. (1):

t=N-1
Yize X

SMA =

: (1)

In the CMA model, the average x; that moves
from time t+1 into the next period over a span of N
by accumulating the average over the time period t
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over the same time span [11]. The most recent output
in this model is influenced by earlier outputs as
expressed in the following Egs. (2) and (3):

N x.
cmA, = 2=k @)
t=N Xe41—CMA
CMApyy = ZM CMA, + Tt 3)

On the other hand, the WMA and EMA models
implement a weighting factor o with greater weight
for more recent data [11,16]. The EMA model in
particular accumulating of earlier averages over the
time period for the same time span [12] as expressed
in the Egs. (4) and (5):

WMA = Zj’=i—w+1 wj- Xj 4)
EMA =
Zi; (Xi (ﬁ)) + EMA,_, (1 - (ﬁ)) 5)

The longer the time span N is, the smoother the
resulting trend will become. However, even though
the data series can be extended, there is a
boundedness to the acceptable expansion of the time
span, determined by the first-order stability of the
Taylor series that constitutes the polynomial
approach in the perturbation theory introduced by
Rayleigh and Schrodinger to provide a solution for
the approximation of eigen values in a linear model
[8,9]. Perturbation theory comprises mathematical
methods for finding an approximate solution to a
problem, by starting from the exact solution of a
related, simpler problem. A critical feature of the
technique is a middle step that breaks the problem
into  “"solvable" and "perturbation"  parts.
Perturbation theory is applicable if the problem at
hand cannot be solved exactly, but can be
formulated by adding a "small" term to the
mathematical description of the exactly solvable
problem [8].

2.2. Calculation of Residuals

An evaluation of model performance requires the
calculation of the resulting residual [17]. Residual
testing is particularly crucial in regression
diagnostics, whose graphical presentation is one of
the most informative methods in statistics [10].

The geometric residual r; is the vertical distance
on the y axis between observed data yi and the
observational data’s regression line y; as expressed
in the following Egs. (6) and (7):

ri =Yi- i (6)
Yi=ao +aiXi (7
where ao is the intercept and a the slope, while its
implementation in the model is expressed in the
following Eq. (8):
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®)

where ¢ represents random error, while ap and a;
are estimations of the actual values aq and a1, from
which is obtained the sum square of the minimum
residual as expressed in the Eq. (9) [10]:

Yi=ao0ta1.Xitej

Onin = [X riz]min 9)
Therefore, the residual is the difference between
the observed data and the output value of the
model’s equation, which displays as the observed
error in an accurate model by showing the existing
asymmetry in the response function and the
independent variable in regressions [10].

The calculation of residuals is shown as (yi - 5i)?,
being the Sum Squared Error (SSE), becoming the
Mean Squared Error (MSE) once divided by the
number of data points, and then turning into the Root
Mean Squared Error (RMSE) by way of extracting
its root. The smaller the residual, the closer the
model is to the actual condition [18].

3. RESULTS

3.1. Concept  for
Fluctuations

Rationalizing  Discharge

The components of hydrology are influenced by
global warming [19] and land use changes [5,6,20].
Successive land use changes in upstream regions,
from forests into agriculture lands, then into rural
and eventually urban settlements, have led to the
degradation of hydrological functions. This causes
phenomena such as extreme changes in discharge
due to increased surface runoff and decreased base
flow, thus increasing the risk of flooding in the wet
season and drought in the dry season [5]. Land use
changes can also affect the local microclimate by
increasing local temperatures and reducing the
incidence of rain [5]. This hydrological uncertainty
stems from climate change [4,6,21,22,23], consists
of the main components of temperature and rainfall,
which hits especially hard in the tropics where there
is little variation in temperature but large variations
in rainfall [24].

Rainfall and discharge are random components
with stochastic characteristics in a statistical
hydrology watershed model [5]. Flow rate is
influenced by variations in rainfall [8], which
fluctuates greatly with a maximum in the wet season
and a minimum in the dry season [5], thus giving
discharge a periodic character in hydrological time
series. This periodicity must be visible within a
temporal span shorter than a year, such as monthly
or biannual. If the periodicity occurs over a span
longer than a year, it would be impractical to use
monthly or biannual time series data to analyze it

[9].
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The explanation above shows that it is very
important to accurately rationalize discharge data
fluctuations for the Citarum cascade reservoirs in
order to inform the efficient operation of water
resource systems, the management and control of
extreme events such as floods and water supply
crises, effective design for hydraulic structures such
as dams and bridges, and the optimization of water
supply for domestic, industrial, irrigation, and power
generation purposes [25,26,27], all of which would
benefit from the minimization of risk in decision-
making [7].

3.2. Model Performance

Discharge time series data for 1994-2019
produced average annual values for inflow into the
Saguling, Cirata, and Jatiluhur reservoirs as shown
in Fig. 1.

400 | —e— Saguling
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300 Jatiluhur
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Fig. 1 Average annual inflows into the Saguling,
Cirata, and Jatiluhur reservoirs in 1994 -2019

The fluctuations in these average annual inflows
has rationalized with four moving average
calculation techniques over 5-year time periods, as
specified in Government Regulation No. 37 of 2010
on Dams, Article 44, which mandated that the
operation of a reservoir should be evaluated every 5
years. This produces SMA, CMA, WMA, and EMA
models for the Saguling, Cirata, and Jatiluhur
Reservoirs as shown in Figs. 2-4 below.
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Fig. 2 SMA, CMA, WMA, and EMA models
compared to actual average annual inflows to the
Saguling reservoir in 1994 — 2019
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Fig. 3 SMA, CMA, WMA, and EMA models
compared to actual average annual inflows to the
Cirata reservoir in 1994 — 2019
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Fig. 4 SMA, CMA, WMA, and EMA models
compared to actual average annual inflows to the
Jatiluhur reservoir in 1994 — 2019

Figure 1 shows that the average annual inflows
into the Saguling, Cirata, and Jatiluhur reservoirs
exhibit a high level of fluctuation, and this can be
attributed to the swings in rainfall, which lead to
phenomena as discharge extremes from a maximum
in the wet season to a minimum in the dry season as
an effect of climate change as a result of global
warming. Meanwhile, Figs. 2-4 show that the
technique of constructing a time series of averages
out of the historic time series data — with four
different moving average calculation techniques —
has successfully rationalized fluctuations in average
annual inflow by reducing the randomness of the
data, thus producing more rational trend lines.

3.3. Analysis of Residuals

The analysis of residuals between the calculation
and regression results of the SMA, CMA, WMA and
EMA models for the Saguling, Cirata, and Jatiluhur
reservoirs is presented in Figs. 5-7, while the SSE,
MSE and RMSE values are presented in Table 1.
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Fig. 5 Residuals from SMA, CMA, WMA and EMA
relative to the regression model for the Saguling
reservoir in 1994 — 2019
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Fig. 6 Residuals from SMA, CMA, WMA and EMA
relative to the regression model for the Cirata
reservoir in 1994 — 2019
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Fig. 7 Residuals from SMA, CMA, WMA and EMA
relative to the regression model for the Jatiluhur
reservoir in 1994 — 2019

Table 1 SSE, MSE, and RMSE values
for CMA, EMA, SMA, and WMA models
of the Saguling, Cirata, and Jatiluhur reservoirs

Reservoir | Model SSE MSE RMSE
CMA 21.46 0.83 0.91

Saguling EMA 26.42 1.02 1.01
SMA 30.48 1.17 1.08

WMA | 33.62 1.29 1.14

Cirata CMA 52.94 2.04 1.43
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EMA | 66.71 2.57 1.60
SMA | 78.37 3.01 1.74
WMA | 89.93 3.46 1.86
CMA | 45.94 1.77 1.33
Jatiluhur EMA | 59.86 2.30 1.52
SMA | 74.99 2.88 1.70
WMA | 89.74 3.45 1.86

Figures 5-7 show that the residuals from the
CMA model deviate the least from the regression
trend line compared to the other models, so the CMA
model can be seen as the best-fit model for the
Saguling, Cirata, and Jatiluhur reservoirs with the
lowest residual values, which can be seen in the
MSE values of 0.83, 2.04, and 1.77 respectively for
the three reservoirs as shown in Table 1.

4. DISCUSSION AND CONCLUSION
4.1. Discussion

The analysis of time series data for discharge of
Citarum cascade reservoirs shows that the CMA
model displays the most rational performace due to
its ability to accumulate of earlier averages over the
time period in assessing the most recent average
value. The EMA model similarly techniques for
earlier averages over the time period in calculating
the present average, although it assigns greater
weighting to more recent periods. By comparison,
the SMA model by calculating averages without
weighting or influence from earlier averages over
the time period. The WMA model, which only
assigns greater weight to more recent data, exhibits
the poorest performance.

The largest residual value produced by the WMA
model indicates that this model suffers from severe
limitations when it is applied to discharge data as a
hydrological component due to the variable’s
random and stochastic nature. These discharge
fluctuations are influenced by rainfall variations
between the wet and the dry season, which takes
place within a span of less than 1 year, such that it
exhibits periodicity that allows to infer future
discharge patterns and characteristics from data on
past discharge patterns and characteristics.

4.2. Conclution

Average annual inflows into the Saguling,
Cirata, and Jatiluhur reservoirs fluctuate greatly due
rainfall variations lead to phenomena as discharge
extremes, which in turn can be attributed to climate
change as a result of global warming. Discharge
analysis requires an empirical method that suits
actual hydrological characteristics in order to
rationalize the fluctuations by reducing the
randomness of the data, thus producing more
rational trend lines and minimizing residuals. An
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accurate analysis of discharge that closely
approximates the facts is crucial to the efficient
operation of water resource systems in fulfilling
water use demands.

Moving averages is a highly important statistical
method in the modeling, analysis, and prediction of
hydrological time series data. By analyzing the
residual between calculation results and model
regression results, can conclude that the CMA model
is the best-fitted model for the Saguling, Cirata, and
Jatiluhur reservoirs with the smallest residual
values. The performance of the other models can be
presented in descending order as EMA, SMA, and
finally WMA in the last place.
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