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FPREFACE

Water is one of the most essential constituents of the human
environment. As a part of the general concern for environment,
water guality become an important water rescources lesue due to
the increasing trend of pollution sources @.¢.rapid population
growth, rapid industrial development,increaning mhmimneg anel
petroleum operations, ard too much use of Ffertilizers arel
pesticides im agricul ture.

Water quality is usually cdescribed by set of physical,
themical , el Bimlogloal F R 1 e ee b e 1 o whleh a@rm mutally
inter-related and vary according to a complex function of natural
and man made interactions in both time and space. Both of thess
interaction mechanisms affecting water guality are to & certain
@xtont affocted by the laws of chance. This is particularly true
for the effects introduced throuwgh variation - in the matural
hydrologic cyele. To properly interpret water gual ity data, 4t Le
critical that the random nature of water guality variables be
appreciately understood. Emphasis shouwld be made on urderstanding
how water quality parameters evolve under natural and snciety
affected conditions in various bodies of water., Furthermore, the
deterministic water quality analysis 16 complicated by the fact
that mmﬂv-mﬁ the factors which influence variations im  water
suality are rnot well defined. These factors may be furthaer
obacured by the occurrence of random events, Consegquently, thoe
application of stochastic techrnigues to water quality data hos
becone necessary in order to oererate thu data for varlous water

Aual ity parameters which camn be used for water guality mecdaelling



ztudies. The present study gives a short review on stochastic
modelling with‘particular emphasis on river water quality.

This study has been carried out by Bhri Aditya Tyagi,
Scientist ‘B’, National Institute of Hydrology. Roorkee.

(BATIBH CHANDRA)
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ABSTRACT

in the past two decades, many mathematical water oauality
moadels have been developed to simulate physical. chemical., amnd
biological processes occurring in river water. Their possible
applications range from identifving  in k@ ama m e HEOE@BEe
affecting river water guality to forecasting the guality for
operational purpoBes.

It was a common practice to describe problems related to
chaemical and biological processes 1n  river Wt s thraug
deterministic differential equations. Birmce the deterministic
model provides a single response for each set of model parameters
and initial conditionms, there is always some uncertainty, both in
the evaluation of field data and in the use of mathematical modelws

to predict the outcome of natural processes. The full

rapresentation of the process responses is usually too complicated
and may be too comtly to develop. Due to inherent variability and
randomness in natural processes and thair measurements, all these
sources of uncertainty could be represented as input forcing terms
in the balance eguations. The initial conditions may be random,
@ither becaume of the imperfect real initial conditions or because
of the biased measurements. The model coefficients (rate
constants) may be random dus to vnriatianm-iﬁ (e dh A F M L .

Number of models have been proposed in recent years which
treat water quality processes as stochastic. IIn the present study
& review of the available literature on 'stochastic water quality

modeling’ have been made.




1.0 INTRODIAZTION

Water cuality management may be defined as the effort
made by the society to control the physical, chemical and
biological characteristics of water. Efforts dictate to control-
the impacts of society upon the quality of water. Water quality
in iha environment, however, is the result of two primary casual
mechanisms: first the activities of society, and second the
natural hydrologic cycle. Therefore, water quality management
should deal with both events, infact it attempts to control only
one-the activities of society. Both the mechanisms may be
described as ﬁtDChaﬁtiC processes in that each, to some degree, 1is
governed by the laws of chance. Thus, water guality, from a broad
perspective, can be considered a random variable.

Water guality conditions over a large area are the function
of complex natural and man-made causes and of the resulting
interactions in both time and space. Both of these mechanisms
controlling water quality are to a certain extent affected by the
laws of chanﬁe. This is particularly true for the effects
introduced through variation in the natural hydrologic cycle. T
properly iﬁterpret water quality data, it is critical that the
random nature of water quality variables be appreciately
understood. Emphéﬁiﬁ should be made on understanding how water
guality properties evolve under natural and society affected
conditions in various bodies of water.

Water quality is usually described by set of physical,
biological and chemical variables which are mutually interrelated.

Expressing some water gquality variables in terms of other water



quantity variables is of continuous interest to water resources
special lote, Also 4t is useful to describe water Guality
variables both in  statistical terms, such  as param@tera of

dimtrlbutions, are in t@rmn taf VL LLE rlhver

basin characteristics.

Water ouality analyeis is complicated by thae fact that many
wf the factors which influence variations in water tuality are not
weell defined. These factors may be further obseured by  the
REcurrance of rancdom svents. Consequently the application of
statistical techrmigques of water gual ity data snalysis has become
necessary.

Wanter quality variables are claswsified herein a8 random
variables, or more precisely as stochastic B 32 8 40 04 60 4B Ranconnesms
means that the outcomes of observations of water guality variables
are governed particularly by the laws of chance. Some ampects  of
outcomes are regular or predictable, such as the periodicity with
day and year in some water oguality variables, while the other
parts of outocomes moaovernegd by the laws of chance and canmot be
predicted. The tern wstochastic process implies that one s
iniurumtad in the value of the random variable as & function of
time, space, or both., The varisations in Bpace and along time are
partially or fully governed by the laws of chance.

Many variables are needed to completely describe the water
quality processes. Several hurndred variables have already bheen
identified that may be of interest to different users in e
comprehensive description of water quality processes, It im
geonomically unfeasible to regularly record, observe or wample all
these bundreds of gquallty variables. Therefore,it ie necossary to

establish & wpecial ranking svstem of these variables with



diffarent level of importance in such a way that & minimum number
of quality variables nesds to be observed. By finding the
sufficiently high relationships between the WA baervecd and
 observed water qguality variables, or between guallty and guantity
variables, the time series information cean be transferred from the
observed to the unobserved variables without addltlonal sampling

and analysis.



2.0 LITERATURE REVIEW

The analysis of water quality data has become one the
important functions that the environmental engineer must pertorm.
Expanding water quality programs  and  the advent of improved
methodology for data acquisition have increased both the volume
and the scope of the analysis to be carried out. Ana 1 ysis is
complicated by the fact that many of the underlying factors which
influence variations in water guality are not well defined.
These factors may be further obscured by the occurence of random
events. Consequently, the application of Time series analysis has
become necessary., Several signicant models were developed using
the Time series analysis in  many fields. However,only a few
number ofpapers refer to the application of this approach in  the
field of water guality. The application of various approaches of
Time series analysis in water guality modelling has been reviewed

under the headinges of approaches applied.

2.1  APPLICATION OF FREQUENCY AMALYSIS:

Frequency based approach of time series analysis has
been tradionally the one used in water resources engineering and
it has been employed by several autours in  water gquality
analysis}prubabilistic water quality analysis starts with
classical, deterministic, water guality models of fate of
pollutants and overlays probability theory in such a way that the
probability distribution of the resulting receiving water
concentration are computed. The following models are found tu o]=]
based on frequency approach.

The problem of describing the profiles of organic

4




pollution and dissolved oxygen along a stretch, generally below a
source of pollution such as a municipal sewage treatment plant was
under  the consideration of aunthors. The work of Strester and
Fhelps (192%) on the ohio River marked the beginning of the
classical theory. Since then other works had included additional
factors on the work of Streeter and Fhelps. Dobbins (1964)
combimned the results of various published works.

A1l of those results gave, for any downstream point, one
value for the pollution concentration ancd one value of the
dissolved oxygen concentration. No work had been done till 196&4,
in which one considered the actual probability distribution of
values. Having enough dissolved oxvgen present on the average to
assume a healthy fish population is not sufficient to prevent fish
kills. In contrast to previous models a stochastic model was
presented by Thayer and Erutchkof+ (1947) which gave a probability
distribution for both pollution and dissolved oxygen at any
downstream point. In that work, as with the work of Dobbins and
others, it was assumed that there were five major factors
operating in the stream. The assumed rates were the same as
assumed by Streeter & Fhelps in their study on Ohio river (19235).
Specially, these factors and rates were -

i) The pollution and dissolved oxygen decreased by the action
ofbacteria and the rate of deoxygenation was assumed to be
proportional to the amount of pollution present i.e, the first
order reaction takes place. ﬁurther, it was assumeﬁ that there was

always some oxygen present in the system.

ii) The dissolved oxygen increased due to the process of
reareation at a rate proportional to the dissolved oxygen
deficit.



iii) The pollution was decreased only by sedimentation and
adsorption on the rocks with a rate propeortional to the anount of
pallution present.

iv) The pollution increased from small souwrces along the water
couree with & rate independent of the amount of pollution
prasent .

v) The dissolved oxygen decreaned at a constant rate dus to  the
net effect of benthal demand, photosynthetic respiration, and the
ineraase in oxvgen due te the photosynthesis,.

In addition to the five assumptions just mentioned above, one
more waf assumed that the changes in both pollution and  dissolved
oxygen oceur in small units of wsirze &, A guasilinear partial
differential egauation of the first orcder was developed by Thayer
et al,.(1947) to evaluate thejoint probability of Ffinding the
system with the pollutiorn in state ‘m’ and the dissolved oxygen in

state 'n’ at time 't'deroted by Prm ﬂ(t+h) ap follows
]

m . 1 " " ; v i ke . ] DE‘ - e Yol
- E[L..m P+ Dy P HKE P+ LlaBF+ ZgP KC \RP ]

& . . .. Ma B (PR,
. m[h..&l *KE K+ ] + [I-L.xFE R ]

" H%F‘:-m K, ";g ] P8, 01 &) (1)

in which P s P(S,FjtY. A probability generating function was

dafined HiEi

=t o
P8, R1t) =™ z Zﬁ“’r’(t) g™ g" - (2

Maft MW=L
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‘he solution of the partisl differential eouw.(l) wam obtained for
threae different sets of Initial conditions as given below.

(1) It wan asmpumed that both the pollutien and the dissolved
oxygen states are known dndtially.(Lll)  Feor this case, it waw
assumed that there werea basic stream variabllity due to some

pellution already in  the stresm e that the pollution

concentration at tw0 is raised by & constant amount.

(L1ii) For this case, the initial variablility was & complex
combination of the effects of various sources of Upstraam
pollution and the pollution erntering at t=0, It.wnm aspumed that
the pollution and dissolved oxygen states had  indepandent
binomial distributions where mean and variance can be measured.

With these thres initial conditions the wsolution of the
partial differential equation (1) had heen  obtained (Thaver
..t al 1967) by the auvthours, yielding the mean  and  variance for
both of the amount of pollution and dissolved oxygen present.

It was noted that the eguations for the mean anounts of
pollution and dissolved oxygen as derived from the stochastic
modal of Thaver et al.,(1967) were identical to the sguations of
Dobbins (1964 )which had been obtaimed From a deterministic
differential eauation approach. Furthermore,that model was applied
to Bacramento River for the reglion below the city Sacramento for
the prediction of disaplved oxvgen and pollution at down stream
pointa and found that the predicted results had & good agreemnent
With the observed data.

Custer mt al.,(1969) presented & temporal and spatial probability
dismtributions eof ROD and DO resulting from & single point source

7



of pollution. They had assumed all the five assumption as given
in Thayer et al., (1967) stochastic model for BOD and DO in
streams. As reported earlier the Thayer et al., work was based on

Dobbin’'s model with the mechanisms effecting EOD and Do

concentrations modified so as to be random in nature with one
addit?onal assumption in which the pollution and dissolved oxygen
were discretized. The term was introduced to represent the
optimum size and hence all transitions'in BOD and DO were asserted
to be in units of size. In this study this additional assumption
was not taken in account. However, a single point source of
pollution was taken under concideration,which according to author
was not an added restriction, since the accumulative effect of
several sources could be obtained by the principle o f
superposition according to which if two or more loads of
pollution enter a volume of water the net effect is the sum of the
individual effects. In order to apply this principle to oxygen it
would be necessary to consider the oxygen deficit rather than the
usually considered dissolved oxygen. However, the principle could
be applied directly to REOD. In probabilistic terms the principle
implied that the net distribution was the convolution of the
individual distributions.The model was applied to an  estuary
tunsidering all the random component which had been considered by

Thayer et al.,(1967). However, in this model diffusion had been

considered as an additional random process. Further, the model
considered all factors considered by Dobbins (19&4) except: a
uniform increase of BOD by land runoff:; and a uniform decrease in
diéﬁolved oxygen due to the benthal demand. These two ftactors had
been handled seperately, and their combined effect was obtained
by the principle of superposition. The model could be used to fand

8




out the probability of the system being in any particular states
of given pollution and dissolved oxvgen by picking out the desired
coefficients of Fim,n,t) as evaluated by Thaver st al.. (194671,

Hmthand%raman et al.,(1969) presented a probabilistic
analysis of dissolved ®yuen and biochemical oxygen demarni
relationship in streams for the following objective:

i) to examine the relative importance of the wvariations ir  the
reaction rate coefficients affecting the bacterial widation of
organic matter, and the atmospheric reareation, in predicting the
dissolved oxygen responses of the receiving streams.

ii) to determine the nature of variations in reaction
ratecoefficients and formulate and test hbypotheses cmncermiﬁq
their chances of variations.

iii) to develop a procedure for predicting the dissolved oxvgen in
a river at sites ,down stream of a waste source by taking into
account the variations in the velocity coefficients.

iv) to enumerate quantitatively the chance of variations in
dissolved oxygen responses in terms of probability measures.

In order to meet the first objective, a sensitivity analvsis
was made on the Streeter - Phelps equation for stream aszimilative
capacity. Sensitivity amalysis applied to the concept in  which
all except due to the variables in a system were held constant aﬁdw
this single exception was allowed to vary through its  full
possible range and the effects on system performance were noted.
If the measured output was found to vary significantly, the system
WEaS ﬁaid_tu be sensitive to that variable for the given condition.
The sensitivity of the system to the variation in Ki and HR at
difterent temperatures had also been made. Furthermore, the

variation in Hl and K. had been studied due to the probabilistic

9



variations in velocity of the stream.They investigated the nature

of variation in Hl valugs for the Ohio river samples and found

that Hl values vary according to the normal probability law. The

probability distribution of K, was assumed to be BGaussian ,defined

1

AaAs .

k)

. by e, “
1k { = = ﬂ'; exp {__ 1 [#} } (=3
P - L4 1 ' e 1

Since Hl could not be negative., a truncated normal distribution
was used to define the probability distribution of Ki. A range of

values for K

N within the limits (pltz e ) was found adequate for

1

&ll practical purposes. Fothandaraman (1970) presented a
study to enumerate guantitatively the chance variations in the
ultimate first stage BOD after a stipulated interval of time,
knowing the initial ultimate first stage ROD. The probability
density function of ultimate first stage BOD at time 't° WaSs

obtained using egu.(3) (Kothandaramanet al., 1969) as given below:

33 for Lo=0

i {1r'|(L-} {IH(L-a) = t,u]}] (4)
:--\.!_z:? z 'Y :

140 forr Lo O

From Eg.(4) it is clear that the ultimate first stage EOD
was log normally distributed under the assumptions that the
bacterial oxidation of organic matter was a first order reaction.
and that the deoxvoenation coefficient had a normal distribution.
The expression for evaluation of most probable values of ultimate

first stage BODIL)Y was given as:
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MEV, = exp {1n (La ~ t@) — a > tz} (&)
b z -

Schofield and Erutchkoff (1972) developed a genera.
stochastic model for BOD and oxygen deficit in segmented estuary.
In this study, an estuary was defined as the tidal proportion of a
river. Az with any real world process, idealizing assumptions
were made in order to  proceed with any form of mathematical
analysis, The following were the assumptions wup on which this
work was based:

i} A one-dimensional process was assumed. The river or astuary
was aszsumed consisting ofuniform cross—sectional concentration and
velocity profiles.

ii) The fluid velocity in the estuary was approximated by the

following law:

-

Uluat)y = UF (x) + UT(x) Bin (WTL), {

in whichz

ek, t) = velocity as a function of time and positiong

UF(H) = fresh water velocity as a function of positiong

UTfH) = maximum velocity as a function of positions:

i tidal frequency (EETEF for estuaries,and O for rivers.

1iid  The Dobbins (1964) assumptions éf first orderreaction,
depositon, and reareation ratez were assumed.
ivi Farameters, conditions, etc., were assumed to be constant with
time. They were, however, made function of tidal phase
appropriately, all parameters and conditions were made functions
of position.

The probability genera%inq functions for the probabilities of
BOD  and oxvgen deficit concentrations were developed. The

‘1 ¢




probabhility of the system being in any particular state were
obtained using 2g.(7) It was found that the developed model
Suhofield et af.,l???) was muchmore general than the previous
models and vielded excel lent agreement with observed data when
photosynthesis and other effects were not present.This model
accurately represent estuary conditions, under very les limiting
restrictionsfor & dynamic (non  steady-statel)eco éystam in &
one-dimensional , eutrophic (pollution - enriched) estuary yielding
a auantitative relationship between the ceauses (pollution
discharge in to an estuary) and resulting esffects {the wholesale
degradation of the ecological environment). This cause-effect
relationship inciud@d a random component which account  for £he
stochastic nature of the n#mm@asu For the applicatiopn of this
study the following limitations were imposed:-
i) The analvsis was restricted to a one dimensional system only.
Therefore, the model could be used to describe rvivers and
estuaries which had velooity and concentration profiles
comparatively uniform over tﬁair cross sections.
iiy It was assumed that the behaviowr of each pollution particle
was independent of all other particles, i.e., the particles were
stochasztically independent.Therefore, the behaviour of a single
particle and its corresponding probability density function (FDF)
could be studied independently. The FDF for more than one
conservative pollution particle could also be developed.

Fadgett and Rao (1979 presented a t&ﬁhniqua for  estimating
joint probability distribution of BOD and DO at any point along a
stretch of stream based on n observed BOD and DO values under the
same general assumptions as stated by Thayer and FKrutchkoff
(19&7) . In this study the wuse of nonparametric bivariate

12
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probability density estimator had been described and the
application of the density estimator to the pollution problem had
also been presented. In particular, the technigues could be
utilized to control the amount of waste inpat @by the pollution
source by specifying desired probability bounds on BOD and DO at a

down stream point and finding the corresponding reguired bounds at

the upstream end of the stretoch.

Finney, Bowles, and WMindham {1 was clesw e | opes a T
dimensional steady state probabilistic river water guality model
to compute the river water guality in terms of Jjoint and  marginal
probability density functions of BOD and DO at  any point in &
river. The model could simultaneously consider randomness in the
initial conditions, inputs and coefficients of the water gquality
equations. Any empirical or dnown distribution could be ussd for
the initial conditions. Randomness in each of the water guality
equation inputs and coefficients was modelled as a Gaussian white
noise process. The joint probability density function (Pdf) or
BOD and DO was determined by numerically solving the Fokker-Flank
random differential eguation. In addition, moment eguations weres
developed which allow the mean and variance of BOD and DO to  be
calculated independently of their joint pdf. The probabilistic
river water gquality model was sxamined  through sensitivity study
and an application to a hypothetical river system.

AN analysis of the water quality responss of & strsam
receiving intermittent storm runoff was carried owb within a
probabilistic framework by Dominic M.DiToro (1984). Log  nmormally

distributed runoff.streamflows. and concentrations werse assuned

and cross co-relations were obtainad explicitly which WE e
included in the exact solution method. fArr approdimate moment

13



inethod was also suggested which was found suitable for rapid
aereéminq analysis.

Tung and Hathhorn (1988) presented an approximate
ANDpractical methodology to assess the probability distribution of
dissolved oxygen deficit based on the streeter-Fhelps eguation.
The methodology involved the wuse of first order analvsis of
uncertainty of the DO deticit equation. The statical moments
ﬂestimated were used in an appropriate probability distribution for
the DO deficit concentration.

Tumeo and Orlob(l989) presented an analvtical procedure using
probability density Functimn/mmment (FDFA/M) method as a tool for
analysis of uncertaninties in models of environmental systems. It
provided a capability for direct, efficient calculation of
oprobability density functions for state variables and their
moments. The method gave greater flexibility and lower’
computational effort than Monte Carlo simulation with eguivalent
or better estimates of moments of the distributions. Unlike
methods for the solution of stochastic differential equations. the
FDF/M method did not  reguire that Gaussian distributions .be
assumed in the solution technique. Complex random functions of
time and space could also be included.

A time series analysis approach was applied by
Javawandena and Lai (1989) to model 21 vears of mean monthly water
guality data in the Buangzhouw reach of the Fearl river in southern
China. The basic properties of the water guality data time series
were determined. Time and freqqency domain analysis were carried
out, and the dependent stochastic component was represented by
various stochastic models. Synthetic water guality data were
generated using the probability distribution of the independent

14



residuals.

Statistical methods could be useful for the verification of
mechanistic water guality simulation models. Thomann & paper
(198%2) is the best example of the application of statistical tests
to assess model  fit combined with practical guidance on the
advantages and disadvantages of reliance on  the statistical
measures of fit. Reckhow, Clements, and Dodd (1990)  extendesd
Thoman's analysis and recommendations with guidance on e
appropriate structure and application of statistical tests to
assess model i T In addition., consequences and corrective
measures assocliated with aﬁsumntiﬁn violations have bheen examined.

The t-test, che Wicoxon test, regression analysis, and the

Folmogorov=-8mirnow test have been extensively described and
applications of each were presented for the vearitication of a

mechanistic water guality model.
2.2 FOURIER AND SPECTRAL ANALYSE:

Spectral analysis, sometimes called “mpectrum
analysis’ ,is the name given to methods of estimating the spectral
density function., or spectrum, of a giverm time series. Spectral
analysis is essentially a modification of Fourier analvsis so as
to make it suitable for stochastic rather than deterministic
functions of time.Fourier analysis is basically concerned with
approximating a function by a sum of sine and cosine terms. called
the Fourier series representation. Following models have been
developed employing the Fourier analysis.

Thomann (l?b?i presented some of the technigues of
analyses of time series re;nrds using the general theory of
Fourier and spectral analyses with special reference to the
temperature and dissolved oxygenvariability for the Delaware

15



Estuary. Other variables such as sunlight intensity and sewage
treatment plant effluent had also been examined. This was
followed by an evaluation of Fourier and power spectrum
computations and how these tecﬁniques could be used as tools
towards a further understanding of the physical environment. The
results of applying these analyses to temperature and dissolved
oxyaen time series were given in table 1. and power spectrums of
dissolved oxvgen and temperature in  following figurEQ(fig.&;
tig.7, and fig.8).

Wastler et al.,(1968) presented a spectral approach to study
theestuarine behaviour eapeciélly to predict the  effects of
reduced inflow from the major tributary stream on  the guality of
walter in the Harbor. The problem involveds first the
sstablishment of the existing guality patterns:; second the
prediction of the estuary’'s hydraulic behaviour under proposed
conditions of reduced inflow., and thirdly the determination ot the
future changes in both the contaminant distribution and water
quality.For this,a time series analysis of sequential records of
river inflow and chloride concentration was selected as the most
promising approach  for characterizing the behaviowr of thes
estuary. The sampling preogram developed for providing the
necessary data involved the collection of samples from  selected
sites on & freguency less than the pericod of the predominant
snvironmental forces, the tide. A series of six intensive survevs
was conducted to provide 20 peoint records with a 4 hour  freguency
at different flow rates. These records were subjiscted to  an
analysis of variance to ensure that they represented seperate
populations. The independence of each record was established and

cross spectral analvsis were carried out on every pair of chloride

16




concentration and stream flow records.The technigue of Ccross
spectral analvsis was conceptually a harmonic covariant analysis
of twe time-series records, where one record was considered &
cauzative factor and the other a resultant. Im  this ocase, the

Fresk water indlow was considered the cause and the ochlorids

concentration was considerd as theeffect. The statistics produced

highlighted the significance of the cause-effect relationships

well as the temporal relastionship. The computational stoeps for
cross-spectral analysis  weresdl) computation  of the individﬁal
nuwer spectrum of each recordsiil) computation of the cospectrum
and guannatwre spectrum from the cross correlations of the two
recore s

iii) computation of the cobherence, the phaze lag and the response
spectrum from the four spectra computed in steps (i) and  (11)g

andiv) comnputation of the overall e

ECIM S56

Fach of these steps bhad been discou 1 in detall {(Wastler et

al..1%&68) .,
Fobert V. Thomann (19700 applied a Tine Series analysis  to

several existing municipal waste treatment plants data for the

following objectiv

(i) to gain further insight into the nature of the variability of

flow and bic

wigen demand (RODY,

{id) to develop addlt merasures of performances  of  treatment

planmts  which  might

proved  wasedul o an estimating futures

variabhilitys and

Piidd to orela the behaviows of the treatment plants to  the

reselting stream guality wvarliations.
The author applisd the Fourler and spechral  analyvsis and
determinsd guantitatively the amplitudes and phazse angles of the

17



important pericodic componsnts and the contribution to the total
variance of sach of the harponics and conclouded that the osadimum
dissolved oxvoen variability would oocowr at the location of the
critical dissolved oxvgen deticit.

Eothandaraman (1971 presented a study for the analyvsis of
water temperature variations in large rivers with the primary &im
to prepare a report for an investigation regarding the nature of
seasonal and non-seasonal variations in the daily mean river water
temperature at a given location and to develop a method for the
prediction of water temperatuwes bazed on observed meteorological
data. Such & predictive model for naturally ocowring  water
temperature variations was found dinvaluable for predicting  the
responses of water bodies to any addition or alterations imposed
by power plant operations. For this particular study a 4-yr record

of the daily maan water temperatuwes of the Illionois river were

collected at Feoria, ITllinois. FEothandaraman &t @ al., (1970,
Thomann (1967, and Ward (1963 had studied the annual

temperature vaviations in rivers and impoundments  and conmeladed

that a harmonic with & pericodicity of 1 year was suitable for

fitting the water temperature data in lakes, estuaries, and
rivers accounting for about 984 of the total variance. In order

to seperate the cyclic or seasonal varistioms  from  the observed
data, fourier analysis was carried out. At ter  removing  the
seasonal variations from tha pheerved  data, ther  matuwrs  of  non
seasonal or random variations were investigated by applying  the

Fourier Analysis.

2.7 APPLICATION OF BOX-ITERKINS METHOD
45

1 obo bime series

An innovative appros analvsis had  been
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developed by Box and Jenkins (1970). It has time az its basiz as
opposed to freguency, the basis for freguency analysis. The time
based approach to time series analysis attempts to fit a model by
pupressing the time series as the output Ffrom a linear filter

i

having a random input and consisting of several transfer functions

in series.Further,the met oo Lisses e mirdmum number of
parameters.The following stidies have beesn  done wsing the

Box—Jenkins method.

Wallace and Zollman (1971 presented an  intresting
investigation of time wvarying organic loads in a municipal
treatment system. The authors demonstrated the application of
some methods of mathematical modelling introdoced by Box  and
denkins (1972) for times series amalysis of data. The primary
tools for data amalvsis are the plots of the original time series
and the logged sutocorrslation coefficients of the original data
and their difference. Simple mgthods had been  identified and
best sstimates of parameters as well as diagnostic checks of +the
model were made. The avwthors concluded that the procedure was
found to depend heavily on  the interpretation of & graphical
picture of data and its auvto correlation function as well as  on
the auto correlation function of the model residuals. Although
there was sometimes an attempt to avoid the data plotting  amd  to
merely examine the tabulated numbers, this preactice often leads to
errors or delavs in understanding.

HMuck and Farguhar (1974) undertaken a shudy to examnine the
applicability of the Box-Jenkins method to the modelling of water
quality data. Early applicationz of the Box-Jenkinz method to thé
water resources area wers undertaken by Carlson and  Co-werkers
(19700 . They developed paramebtric models for annuwal streamflow data
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and achieved significant reductions in variance with

one or two parameters. In addition, they emploved the model for
forecaszting also. McMichael and Hunter (1972) developed models
temperature and flow in rivers. Their model incorporated both

deterministic and stochastic conponents, the later being ébtained

by the Bowx-Jenkins method. They found that this type of model to

be preferable from a numerical and a rational point of view to a

purely stochastoc or purely deterministic model. McMichael and
Vigani (20) applied Box~Jenkins approach to the municipal
treatment system organic loadings aﬁ\diécusaed earlier. In the

present study the following conclusions were drawn by the authors
i) The Box-Jenkins method Ffor time series analysis was
successful in modelling the hourly water guality data recorded in
the B5t. Clair River near Corunna. The mnodels were parsimonious
and physically reasonable. They explained 60% - 70% of the
observed variation and produced good forecast.
ii) The Hox-Jenkins method did not require that the data be
stationary, which was an essential cﬁhditiun for application of freguer
approach .
i1i) The Box-Jenkins methods was able to employ on de fective
data also, containing an oscillation.
iv) The Box-Jdenkins method provideds the water quality analyst
with a new technigue which may succeed where other methods would
rnot. It can also serve as an alternative, and perhaps superior,
approach in situations where other methods can be employved.
Box-Jenkins time Series analysis for the monthly  water
quality data in Chung-Kang River was conducted by Lohani and Wang
(1987) and developead several significant models. Early
applications of the Bou-Jdenkins ﬁethod to the water resources area
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were undertaken by other researchers but they considered one or
two paramsters onlyv. Carlsom et al (1970 developed parametric
models for annual streamflow data with one or  two paramsters.
MoMichael and Hunter (1972) developed models for daily tempsrature
and flow in rivers. Huck and Farguhar (1974)  used Bos-Jenkins
technigues in modelling the hourly data of Chloride and dissolved
oxyaen. Lohani and Wang (1987) described the application of
Box-Jenkins modelling for twelve monthly water guality parameters
e.0. temperature,turbidity, specific conductance,. tota alkarnity.
pH value, total seolids, suspended solids, chloride, sulphate,
ammonia nitrogen, dissolved oxygen, and biochemical oxyvgen demand.
They analyzed monthly samples taken at three stations for all  the
parameters mentioned above. Five vears of data (197&6-1980) wers
used for the comparision of the results forescasted using the time

seriesz models developedusing the Box-Jdenkins time series analvsis.

2.4 APPLICATION OF MULTIVARIATE TECHNI(WE:

The data from river basins usually involve a nunber  of
variables and hence the interpretation throwugh standard
statistical techniques is not satisfactory and usually reguires s
multivariate approach.For example, an n variable vector would lead
ta n means, N  standard deviations, and (n*- n)/2 correlation
coafficientsy or a total of (3In + nz)/E statistical parameters
subject to interpretation. If n were equal to 20, this would mean
230 parameters would have to be analyzed. The advantage of using
multivariace technigues lies in the fact that the number of
statistical parameters subject to interpretation is reduced
significantly with the concomitant reduction of large data bases
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to a manageable level for the purposs of analysis.Two problems
which arise in the usse of anv  statistical analysis are missing
data valueszs and satisfaction of the various assumptions conerning
the data which allow  the wss  of & specific statistical
technigue.Various techhnigues presently exist for handling missing

saful Ly o the

data vaiuss bult all of them can not bhe applied sucoco
water gualilbty data values,

Mahlooch (1974 demonstrated the application of multivariate

al b

statist]

s i i guss ho gtal ity data  and

prresen b a method  for handling missing o rvations. The

results of the study indicated that a simeltaneous, ooltiple

regrassion technigue couwld be wsed for supplying mising  data  and
-

that at any particular level the entire data matrix could be

considersd, thus reduacing  the computational sfforts. The

applications of Lhe mu variate teohminues edamined in this study

centre on @ibhmer extra

ting intormation from the data or  testing

hy pothe

which would arise concerning  the data. Frincipal

I3

components anad tactor rotation ocould B wsed to FrEdice the

abyles to

(oY s met of dats wvard

a group of factors which explain

water oualilibty states and the of  effects on owalter

guality. Canonical correlation could be uwzed to ascertain 1f a

relationship existed bDbetwesn & o conceptually  different

water oguality variables such binlogical indicators,physical,and

aralvsis could also be used to

chemicsl paramseters.  The canoniocs

show which paramsters in The da contribute most heavily  to

the interrelaticonship. Fartisl corrslation could be used to  test

whether a reduced set of variables would tom ewplain  the

variation im the water oguality data matrix. Additionally, it could

be uszed to remove the eff freom o bhe

S =

of corrterod
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=3 The FEMOVA and  discriminant

remaining water gualiby paramneter

analysis are teghnigues which test difd in  watsr gualitby

observations at the population level. Ths teochniogues cowlad also

aid inm elucidating the parameters most responsible for differences

betwesn the observations. Theredforse 14 b oono ludso that  thes

use of multivariate statistical fechhiou A OWEPY important

tonl for meaningful water quality data analvsis. Since the gquality

and guantity of reliable water guality  dats

ing, an

imvestigator shouwld avadll himseld  of teohindoues £

&
§

acilitate any interpretation of the data. Too danore these

teshnigues woulsd be denving the analvst a powerful  tool i the

interpres

Fation of water guality status for a reglion.

2.5 APPLICATION OF UNCERTALHLITY ANALYSTY

bl guality models are mathsnatical construction wWhich

integrate a  number  of comples phsnomesns &8 0 wabter transport .

Feaction Hinetics. and ssternal loadings. There 1s
ervor or uncertaintyin a  model. A mathematical  model man not

2

the

= bhes LEmoOSOE WM EIOWN

al pro

tERY

SE e

car ot b

or some part of the representabi

s, The wunocsetbainty has

b bhe complesity oF eoonom

Fributed to the rarclomr i matural

] o

following studises have been done taking the

umcertainty in stream water guality modelling in to
L A0

Feter  and Parecer (193 pres

FRe-Tu

estimate the wnoertainity of the owtput of & wmodel. | Thres
of errors in sodelling were defined by Young  and  Turney (197460,

Model error or conceptual error introduced by hhe failure of the

mathematical modsl to describe acourat o mabtures

CAEIZEE
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sampling and measurementerrors associated with the sampling and
measurament technigues {for data input to the model; and the
phenomenological error introduced by the stochastic nature of
spvironmental processes. The purpose  of thiﬁ studv. wam  to
@eramine, for a parameter that had a log normal  probability
distribution and cowld be emmrmﬁﬁed by an  edxponential or  first
order decay and the relationship between the wuncertainity of an

sstimate at a certain time or location  and the number of sanples

o which that estimate was  obtaired. A methodology  had  been

sresented to caleculate the probability that the true valusg of a
parameter that was being esstimated exceed some upper limit, even
though the value of this parameter estimated from measuremasnts
could be below this limit. This probability was of primary
importance in deciding if the results from the last ﬁvcle we e
satisfactory or if more samples should be collected and analyzed.
The effect of input parameter uncertainty on model output
uncertainty was investigated by Warwick and Cale (1984) . The
mathematical model selected for investiga tion assumad &

dimensional, steady state.and uniform flow conditions including

longitudinal dispersion. Hydraulic input para ERNT (flow rate,

velocity, antg longitudinal dispersion) were assumed to be constant
with respect to  Dobh Time  and spaoae. Unoertainty  in these

hvdraulic parameters. which results  from  dn-steeam measurensnts

error, was characterized with normnal distributions. Firat order

reaction  rate  wnos

Loyredd a mouncded wr L form

distribution to zignify = Aeral knowledoe of an expected range

for highly reasctive and wlatively  dnert prganic priority

pollutants.
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2.6 APPLICATION OF RANDOM DIFFERENTIAL EQUATIONE

The theory of random differential eguations has been
used successfully in rever water quality .modelling assuming
stochasticity in  the form  of an additive random disturbance
z(t).In the following studies the random differential eguation
have been used in the modelling of stream water quality.

Fadgett (1977) used the Streetef—Phelps equations with
initial values of BOD ands DOrepresented by random variables
defined by Gaussian distribution.Non-point souwrce loadings were
modeled as uniform deviates and all other rate parameters were
assumed constant.Tiwari (1978) used 16 first order differential
gnuations and rate constants to model an aguatic eco-system. The
initial conditions and rate constants were all defined as random
variables with Baussian distributions. Fadgett and Finney et
al.(1982) solved the Streeter Fhelps eguations by interpreting the
Fokker—-Flank equation to detarmine thes joint probability
distribution function of BOD-DO. Finney et al.tried several
different combinations of standard deviation parameters while
Fadgett uwsed a standard Gaussian distribution and bivariate
distributions with di%ferenf correlation coefficients.

A stochastic model for dissuived pDRYOEn  in & river Was
developed by Dewey (1984) to examine the effect of various
management options on the DO levels in  river. The method for
determining the dissolved oxygen (DO) level in a river was based
on modifications of a set of random differential equations to
include nitroganious oxygen demand (NOD)Y  and  the DO responses
after Streeter and Phelps. The method assumed randomly aqenerated
rate constants and input parameters which were described by

probability distributions determined from Survey data means and
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their standard deviations to ocenerate the probable dissolved
oxyaen levels in a river. The model was applied to the Thames
Fiver, London, Ontario, to determine 1 flow augmentation would
replace the number of episodes of low dissolved oxygen in  tnhe
river during the low flow seasons. In addition. the model was
used to test if improved treatment in the water pollution control
plants would alluviate the low dissolved oxygen level in  the
river.The model was also used to test the solution’'s senstivity to
the rate constants.The method of testing Ffor senstivity was
pErformed as fmllmwé.Firstly. a simulation was made with all
random variables kept to with in row distribution by specitying a
very small standard deviation on each random variable.Then, +or
wach random variable, one per run, the distribution of that
kmmrticular variable was ogiven & large deviation bamed on 2%
percent of the mean value.Now, choose a particular location in
each reach and pleot the maximum and minimum level for both the
very small deviation and the large deviation variable.

Leduc, Unny and Mc Bean (1984) presented a stochastic model
of first order BOD kinetics. Based on the mathematical theory of

stochastic differential eguations and assuming first ordet

kinetics, analytical expressions were derived for models of
the temporal mean and variance in the RBOD curve. Complex

environmental phenomena inherent to BOD progression provided a
sound basis to introduce a stochastic term in to the
detérministic, first-order EBOD {Drmﬁlatiun. The stochastic term
was then approximated by a Gaussian white noise term. The
analytical Fformulae had been derived using the stochastic
techniques to moment equation, the Fokker—Flanek equation,

stochastic integration, and the Riccati equation.
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A one dimensional steady state stochastic waterguality model
was developed hy  Zeilinski (1988) for the computation of the mean
values and atandard“dﬁyiatimnﬂ_nf CROD, DO and NBEOD concentrations
at any point in a river.  The model congidared randomness in the
initial conditions, inputs, rate constants, and other model
parameters as well as randomness in each of b e mmdalled D OO0 6 6 8
themselves. The stochashbic charactﬁwiﬁti:ﬁ waredetaernined by

analytically solving the moment equations assnciated wi b

B,
i

stochastic differential eouations. The mnlutimmﬂwam obtained  for
a diuwrnally varied photosynthetic component.The rﬁéultﬁd‘wquatimﬁﬁ
could be readily solved on micro-computers and conseguently cowld
be usecd effectively in an interactive model for river basin
planning.

2.7 APPLICATION OF STOCHASTIC MODELS TO WATER (WALLTY MAMAGEMENT

Sevaral researche . heve solved water quality management
problems in the deterministic context (L.@aa.all p@ramﬁtaww
considered are constant or known with certainty). However,to come
closer to real life situations a chance constrained . modelling
should be formulated considering both the stream flow and stream
quality as a random variable. Following stchastic water gquality
models have been developed in the field of water quality
management by various workers.

A methodology for reflecting stochastic considerations
in an optimization was ﬁresénted by Burn and McRBean (1798%5). The
technigue using chance constrained programming, was applied to a
water quality management problem considering the inter-reaction
between biochemical oxygen demand (BOD) and the dissolved oxygen
(DO) concentration in a river. The uncertainty in the problem was

considered to be embodied in transfer coefficients for which a
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lognormal distribution was derived from moment estimates provided
by first order uncertainty analvsis. .

A stochastic optimization, simulation method was presented by
Ellis, McEean and Farquhar (198%) for delifneating least cost
treatment seguences for a centralized liguid industrial waste
treatment facility. A dynamic' programming model was used to
perform the optimization. The function of the model was to
delineat least cost treatment sequences that would prodqce an
acceptable effluent stream quality given &
probabilistically—generated influent waste regime. The model was
st;uctured to permit the following user—determined options, waste
types and respective volumes in the waste inventory,. specific
contaminants with in each waste types., contaminant specific
probability density functions for waste strength: uwnit treatment
processes including performance efficiencies and related costs:
and iﬁdividual contaminant effluent standards. The stochastic
dynamic programming model was used as a screening device,
identifying unit treatment processes and sequence of processes
with favourable cost- effectiveness attributes.

Fuiiwara; Ghanendran,and Ohgaki(1986) presented a chance
constrained model dealing the river quality management under
stochastic.streamflnw. This model was concerned with the problem
of optimally allocating treatment efficiencies among several waste
water discharges along a river’, such that a prespecified dissolved
oxygen stream standard would be maintainedat at & minimum cost to
the region as a whole. The stream flow was recognized as a raﬁdum
variable with a known probability distribution. This model

overcome .a major drawback of Lohani and Thanh’'s model (1978),

namely the requirement of a prior knowledge of the initial DO
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deficit at the top of every reach. This was nrot. however, logical
to assume values for these DO deficits because they were a
conseguenge of the traafment policy inthe upstream reaches,
which was yét to be specified, thus the assumed dissolved CIAVOEn
de#icit cﬁuld not be used as data to determine the optimal policy
in the first place.

A chance constrained stochastic programming mode | Was
developed by Ellis (1987) for water quality optimisation
determining the list cost allocation of waste treatment plant
biochemical oxyoen demand removal efficiencies, subiected to
probabilistic restrictions on  maximum avalilable in strean
dissolved oxygen deficit. The model externded well  bevond the
traditiocnal approaches that assumed stream flow as the sole random
variable. In addition to stream flow. other random variables  in
the model were imitial instream BOD level and dissolved LIV EETN
deficity waste outfall flow ratey; BOD levels and BEOD levels and DO
deficits; deoxygenation , reaeration. and sedimerntation scour rate
coefficients of the Streeter Fhelps DU sag model; photosynthetic
input—benthic depletion rates and nonpoint source BOD  input rate
for the Dobbins extensions to the Streeter Fhelps model. Theses
random variabfes appeared in more highly aggregated terms which in
turn form part of the probabilistic constraints of the water
quality optimization model. Stochaatic sinwlation procedures for
estimating the probability density functions and covariances of
these aggregated terms were Fformulated. #  chance constrained
programming variant, imbedded chance constraints, was presented
along with an example application. In effect, this method imbeded
a chance constraint within a chance constraint in a manner which
was loosely associated with the distribution free method of chance

29



constrained programming. It also allowed the selection of

nonekpected value realizations of the mean and variance estimates
@mploved in the deterministic equivalents of traditional ohance
corsgtrained models, As well, it could be used as a convenient
mecMandsm for generating constraint probability response surfaces.
A Joint ;hanma constrained Sformulation was aleo preasen ted
Ll lustrating the possiblity for prescription of an overall svstem
eeliability level, rather than reach by = reach reliablility
il orment .

Camnale and Effler (1989) developed a probablilistic phosphorus
mdel that wtilizing the Monte Carlo technigue and applied o
adcdress water quallty management issues for Onondaga Lake.
Himalations with the probabilistic model bhal been used to
avaluate the siginificance of year to year changes in  rainfall,
the level and variability of point sources and uncertainty in  the
model coefficients.

Fujiwara, Fuangmaha, and Hariaki (1989 presented a study
related to river basin water ‘quality management in stochastic
gnvironment. They modified the stochastic water quality
management model of Burn and McBean (1989) which considered wvarious
river parameters as a random variables and optimizing wastewater
treatment efficiencies at source points. A monte carlo simulation
was used to calculate guantities of random variables concerning DO
concentration instead of the first order uncertainty analysis.
With an objective o©of maintaining violation of water quality
standards with in maximum allowable probability levels, an
_iterative procedure for optimization and simulation was proposed.

A simulation analysis was used to calculate the rPr‘nbability of

violating the DO deficit standard at each checking point.
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The effect of correlation among  the input parameters and
variables on the output uncertainty of the Streeter-fFhelps water
guality model was examinaed by Song  and  Brown (1990). Thres
urcertainty analyveis techriowes were used: sensitivity analysis,
firat order error analysis, and Monte Carlo simulation. ™~
modifiecd version of the Qtwa@tmrmphmlmﬁ mocdel  that includes
nitrification, net algal oxyoen production, and sediment oxygen
demand was used. Analysis were performed for a wide variety of

mimilated stream flow conditions.
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3.0 CONCLUDING REMARKS

In planning a water pollution control program in rivera. the

analysis of the wisting water gquality parameters and the:
prediction of the changes in future is an important step. _#n make‘
wise cholices in expanding the nation resources for the prevantimﬁ
and control of water pollution. it is necessary to first
understand the relationship between the discharge of pollutants irm
a body of water. Once the cause effect relationship is known the
effectiveness of & prospective pollution control investment can be
evaluated before the investment is made. In this way the best of
many alternate control scheme could be selected for & given
locality, based on the needs., resources and conditions of  the
Tocalitv. Usually this cause effect relationship is expressed in
the form of a mathematical model where sach known  step, PIrocess,
mechanism, etc. is represented by & corresponding mathematical
analaog .

[he water mu%lity variations in a river may be modelled by
the dleterministic approach, im whidch e cauvse-eftect
relationsehips are represented by differential sguations or by the
astochastic approach, in which the variation of the magnitude of

ong or more parameters  of  water guality s represented as  a

funoction of time or space.
The determinisztic approsch is found suitable for predicting
the steady state water gqualilty condition along a river and o

pradict the short term transient state of & water oguality
paramater, whareas, the stochastic approach erabl es gt
identification of trends and periodic gphenomena oresent in natural
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data series., their decomposition., and subseguent svnthesis o

data generation and %ﬁracagtinq.
A major partaon. of the complexity @ associated with @ water
qﬁality modelling and prediction is the - inhersnt rancdomnness
xhibited'thfo&qhmut the stream environment. Mot ‘Dﬁl“. the
physical and'bialagical processes arg clearly defined, but also an

imposing number of uncertainties are assocliated with the wvarious

process ocouring within the system environment. Due to  the
gena#al variability, uncertainty, andl uwnpredictability o

pollution and purification processes in streams there is & areat
need for developing the water guality models using the stochastic
or probabilistic approaches.

Based on the literature reviewad, fhe following comments are
made:
i) The host of the application of stochastic modelling in  the
field of water qﬂalitv has been made in fovreign countries. Hence,
theres an wrgent need f.or tmkinq’ wp the stuwdiss related to
modelling of water quality paramsters using stochastic aporoach
for Indian rivers.r
ii) In context of developing countries like India where thers 1s a

N

large scope of futuwre developments, it is highly obvious that the
data will pagsessing the nonstationarity which should be removed
using an appropriate methodology before procesding for the further
analysis.
1ii) The application «of stothaﬁticﬁapproach in médelling of -river
water guality.needs the availability of sufficient reliable water
quality data taken atter A regular interval

(hourly.daily;ormonthly etc.) depending up on  the purpose of

study.Hence a contineous monitoring of water guality parameter is
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highly essential. Now a days., a number of modern technigues and
tha'davelopmwnt of  automation using electronics are  available
which permit the application of more precise method for contineous
water guality monitoring.

iv) Low flow determination is very important for cesigrning the
waste treatment facilities. The waste loadings that may  be
imposed up on a stream without deleterious effecte..dis olosely
related to the low flow regime of  the stream. The stochastic
approach can be used for modelling the water ouality parametors
irn low flow situations and  in predictingthe probable Fangas of
water guality parameters and thelr consecouercoas el d e ke
wupected pollution loading and low flow conditions.,

v) For the application of stochastic approach in the modealling  of
variouws parameters of water quality, it is  highly essential o
have a suitable and adeguate data storage and retrieval system.
The system should have a uniform and feasible storage format. The
system should also be capable of storing the data in  logical
locations in o form of statistical parameters representative to
original data for easy retrieval and minimum memory reguirement .
vi) The sitochastic water gquality models can be wsed to forecast
the future probable values of various water guality parameters
which carn be wtilized in evolving the stream/efdluent standards
based on various beneficial uses of river waterfor its different
e e s bav g clifferent flow arnel Pl lution loadings .
Furthermore, the future forecasts can also be used to make the
alternate arrangements as a safely measure in situations when the

standarcs are violated.
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AFFENDTZE 11 Notatiosms

oo = Dissol

VO ¢

&0D S Bioohemical osvgen demarcd s

From.,n (Lt+rh) = Formbalki ity o svesten with the pollution,. in
state "m’ and dissolved osvgen in state N at
tame b7

() = Deowygenation rate coefficient

L i Feareation rate coefficient

0 = Rate of decrease of pollution by sedimentation
and adsarptions

La = Ultimate first stage BOD:

CN = Dissolved oxyoen in state My -

CN' = Maximum possible amount of dissolved oxygen in
state N

DE = discritized unit of D.0O.;

t = time;

fhkil = Frobability distribution function for Eljg

2 = Frobability density function for wltimate first
stage BOD;j

MPY = Most probable valueg

Utx,.t) = Velocity as a function of time & space:

UF () = Fresh water velocity as a function if position:

UT (%) = Maximum velocity as a function of time;

wt = Tidal freguency})
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