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ABSTRACT: The Muskingum model in both types of the linear and non-linear is one the most common  Review History:

models in the flood routing through the river reaches. The simplicity and being stepwise in calculating  Received: Nov. 22, 2019

the exit flood hydrographs are the advantages of this model. Because of the similarity between the shape  Revised: Jun. 14, 2021

of the flood hydrograph and pollution breakthrough curves, it is tried to examine the applicability of ~ Accepted: Jul. 05, 2021

the non-linear Muskingum model in the prediction of the contaminant concentration in downstream of ~ Available Online: Aug. 05, 2021

the river reaches. The field data series of the MONOCACY and ANTIETAM Creek Rivers which were

gathered by USGS have been used. During the tests, Rhodamine was used and the concentration pollute Keywords:

graphs were acquired in the four and eight cross-sections of the mentioned rivers, respectively. The triple River

sets of the model parameters have been extracted in each reach, then the BC curves have been simulated Polluti
ollution

in each position using them. It is observed that this model can rebuild the dimensions of the exit BC
curve properly but, it also has some limitations in the modeling of the convection term of the pollution
using average flow velocity. For its solution, the extracted BC curves have been transported along the —Flood
time axis with the magnitude of L/u in which L is the reach length and u is the average flow velocity.
Also, for a better understanding of the effects of the model parameters in the simulated concentrations,
the sensitivity analysis has been performed and it is found that the parameters of the m, k and x are the
most to less effective parameters in the concentration calculation, respectively. It was also found that
the power parameter of this model (m) for pollution transport fluctuates in the range (0.1-1.4) and has
an average value of 0.85. The value of the weighted coefficient (x) was also obtained in the range (-1 to
+1), but the frequency of values greater than zero was greater and its average value was reduced to 0.91.

Non-linear Muskingum

Breakthrough curve

1- Introduction

Flood prediction in different parts of the river reaches is
very important in terms of the design of inline and lateral
structures and utilizing river discharge. Having the capability
of flood prediction helps to reach neighbors to have technical
and economic solutions for flood events [1]. The Muskingum
method is one of the most basic hydrological methods of
flood prediction which is developed by McCarty [2] on the
Muskingum River. One of the most important challenges
of this model is to determine its parameters. It has two
parameters in the linear and three parameters in the non-linear
model. Previous researchers have proposed a wide variety
of methods for using and parameter estimation of linear
and non-linear modes [3-6]. Additionally, the provision of
qualitatively reliable water resources is also one of the main
challenges in the operation of river flows. Many chemical
parameters affect the quality of river water flow and affect
their self-purification properties [7]. Due to the similarity of
flood hydrographs and contaminant breakthrough curves,
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attempts have been made to use the Muskingum method in
pollution concentrations prediction through the river reaches.
In the current study, it was tried to examine the accuracy of
the Muskingum model in concentration prediction through
the different parts of the river reaches.

2- Materials and Methods
2- 1- Model Definition

Generally, the linear Muskingum model is represented by
continuity and storage relationships according to Egs. (1- 2)
through the natural rivers.
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Fig. 1. (a) Satellite image from Antietam Creek, (b)
Satellite image from Monocacy River

In which, water storage through the river channel at
time t, and are the inflow and outflow to the river reach,
respectively. is the storage parameter of the reach, and is the
weighted coefficient.

The linear Muskingum model is usually less accurate
in predicting floods; Therefore, the non-linear Muskingum
model (Eq. 3) is used to increase the estimation accuracy.

S, =k[xI,+(1-x)Q, |" (3)

Where, m is a power parameter that defines the degree of
nonlinearity of the river reach.

To estimate the output flow, Eq. 3 is rewritten and
presented as Eq. 4 based on the output flow.

R I

Also, by rewriting the continuity relationship (Eq. 1 and
Eq. 4), Eq. 5 is obtained for the storage rate through the river
reach.
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Where AS, is equal to the rate of change of storage, is
the flow storatge change, and At time interval which is based
on the concept of the kinematic wave, must be greater than .

In this study, to rewrite the flow parameters based on the
input and output concentration parameters, Eqs. 1-5 have
been rewritten by replacingCQ, CI, <«CQ, <CS, ,ACS,
with 7~ AS, S, «Q), ¢parameters, respectively and the
model coefficients (x, k and m) remain unchanged.

By application of logarithm operator to Eq. 3 and rewriting
its parameters, Eq. 6 is obtained.

Ln(CS,)=In(k )+mxLn (x xCI, +(1-x )XCQ,) (6)

It can be said that by knowing the weight coefficient x and
creating a linear regression between parameters Ln(CS,) and
Ln (x xCI, +(1-x)xCQ, ) , the slope of the line is equal to
m and the point of intersection with the vertical axis will be
equal to In (k ) .Also, Eq. 7 is used to calculate the weighting
factor X.

x=tio Qo ™)
2 2§5,BcAX
Where Q, is river discharge, S, is the longitudinal
slope, is average reach width, c is celerity velocity which is
calculated from ¢ = 1.67U so that U is equal to the average
velocity, and AX is assumed as reach length.

2- 2- Data Series

The concentration-time data series which is used in this
study were collected by the USGS through the Monocacy
river and Antietam creek in the United States. During the tests
to collect concentration-time data, rhodamine contaminant
was used as a mass conservative tracer, the pollution was
injected suddenly through the river. It should be noted that
in Muskingum’s linear and non-linear routing methods, the
mass conservation should be satisfied. Therefore, it can be
said that the operated model is consistent with the nature of
the transfer problem. The number of data collection locations
was 4, and (4-8) for Antietam Creek and Monocacy River,
respectively. Figure 1 shows satellite images of the studied
area from both rivers.

3- Results and discussion
Figure 2 shows an example of established fits. By
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Fig. 2. The regression line establishment between the
pollutant storage and the non-linear Muskingum stor-
age parameter

continuing the method and extracting two model parameters
of k and x, sometimes it was found that the reconstructed
curves do not have the necessary accuracy, so using the
least-squares optimization technique and based on pollutant
input and output data, Eq. 4 was used for the desired reach
length, and new coefficients were extracted. The results
show that both methods have good performance for deriving
the parameters of the Muskingum non-linear model and the
extracted triple pairs are sometimes not within the typical
limits defined for the linear model.

Figure 3 gives several acquired concentration-time curves
versus simulated curves using the non-linear Muskingum
method at four locations of the Monocacy River. It can be
seen that the non-linear Muskingum method can satisfactorily
model the concentration-time curves by applying a time shift
corresponding to the average flow velocity through the river
reach. Additionally, the accuracy of the extracted parameters
and the extent and manner of their variation can also include
valuable information. Therefore, the extracted coefficients
were statistically analyzed after classification and normal
probability curves were fitted over them.

4- Conclusion

In this study, the non-linear Muskingum hydrological
method of flood routing was used to simulate the
concentration-time curves of pollutants through the river
reaches. The results show that due to the similarity of the
shape of the pollutant breakthrough curves to the inflow and
outflow flood hydrographs, this model can reconstruct the
dimensions of the breakthrough curves by extracting its triple
coefficients. However, the simulation faced some problems
regarding the transfer phenomenon by average velocity. It
was found that the extracted curve should be transferred as
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Fig. 3. Simulation of concentration-time curves in
Monocacy River with the discharge of 5.9 m3 /s

(L / u) on the time axis to achieve an exact match between
the observed and computational concentration-time curves.
The triple sets of calculated model parameters showed that,
contrary to what exists in flood routing, the range of these
parameters is somewhat different in the pollution transport
problems.

References

[ITE.M. Wilson, Engineering hydrology, Macmillan
International Higher Education, 1990.

[2] G. McCarthy, The unit hydrograph and flood routing,
Conference of North Atlantic Division, US Army Corps
of Engineers, New London, CT. US Engineering, (1938).

[3] A. Das, Parameter estimation for Muskingum models,
Journal of Irrigation and Drainage Engineering, 130(2)
(2004) 140-147.

[4]A. Das, Chance-constrained optimization-based
parameter estimation for Muskingum models, Journal of
irrigation and drainage engineering, 133(5) (2007) 487-
494.

[STH.-J. Chu, L.-C. Chang, Applying particle swarm
optimization to parameter estimation of the non-linear
Muskingum model, Journal of Hydrologic Engineering,
14(9) (2009) 1024-1027.

[6]). Luo, J. Xie, Parameter estimation for non-linear
Muskingum model based on immune clonal selection
algorithm, Journal of Hydrologic Engineering, 15(10)
(2010) 844-851.

[71J. Chabokpour, A. Samadi, M. Merikhi, Application of
method of temporal moments to the contaminant exit
breakthrough curves from rockfill media, Iranian Journal
of Soil and Water Research, 49(3) (2018) 629-640. (In
Persian)

HOW TO CITE THIS ARTICLE

DOI: 10.22060/ceej.2021.17413.6556

J. Chabokpour, Operation of the non-linear Muskingum model in the prediction of the pollu-
tion breakthrough curves through the river reaches, Amirkabir J. Civil Eng., 54(1) (2022) 7-10.







785 500 ()] yo (o kien & i

YFUYY Obrio AF) Jlo ) ojlad OF 093 ¢pusS yuol (o cwdins 4 i
DOI: 10.22060/ceej.2021.17413.6556

P B os¥l loj-Clile (g ot (St ey 43 (bd g PRSIl (2l 9 32,

ﬁ)%&%l% S

) ] o dil o oS5  uige 5 518 oISl

1891 au )b
WAA/-/ ) wedl
VEe o[ YIVE 1,555
AERVRS AN EN-TORY

A RRIRINAN R H PG

ool 09,0 O (akigy o Jghite Jlou sy S ol (b5t g (e 55 93 0 50 pISle iy, oS
& A gy cpl sblie 5l glilBagy ojb il (95 M (00 duulxe 39y (slals yo 5 HIST Solw il o i,
059y S B 23,5 aw asdllas oyl 5 dmosi VT aid el oo g aailsng, 5l (g3 (slacd Sonn IS5 canlis L
Se cloodls 31255 (igeil bailsag, el Cundppdly o plojmlale sl e (st sskite 4 (s pISESle
9592 0ub o3l yealdgy 0a VT 5l ] )3 a8 (USGS Lawgs onis ol ) w3l 5 oS gige (sladilsg, 53 odid cuibl s

1605 Clols
sy e culps gl (ol o (sbo g ym s onlaianl cings oads Cubld yy ¢ 8 ye late Cuitd g o ;0 a4 i Clgiw )
) - . o
oyl 02 o @ )8 (il Candge b aa N aiS) (el oo g g 15 ]Sl W2y, 03l 2 0 j5Se ad d
RGN ” L e 3 ool Jsl o5 g3loil jd Jg canl oo Gollae (gilwsl as 0B o cpl (oolal bl I a8 aibl oo dliss )

o Seremeb b caolila 4 ote b ol ) sl g 2l e (placudgine b Jas il ol (ages
L s 3T 05 g3ldnd S iae )3 Jie el yzelly U o ok sskiie 4 (ysiman 394 03 G ol y> sosas

a5, — , :

owexed ) oan Wl cbae lise 31y 13U 568 B i ci g 0 X g B K el all 45 003,5 samliie g 0l

TAD Lausgio Jao (6l 5 03905 lusgs (+/V=V/F) o3g15x0 55 dmosiy¥T JUal celys (M) Jao ol o5 el 48 0 yasito

Ol Jlaie 039 yidi yheo S5 pdlie doyd Jg el Cowd ay (£ B =Y) e3ga5e 43 35 (X)) (559 oy Jade

ol Gy & +/A) (]

(w9 ol il fpete Jldged g drwgi pESwle &g, doddo -

aw s e g5 10 g yiell gd s g9 A conl )] (glayral )b s hb sl aliag, calisee gla jisy )3 O i (Ul

odlittl o) )3 1) (i sl (S YSg) (e lBixe s il
K390 @)l ol o jtally (ass 0956 5 (ot b g e slady, ]
sl dw (e sl ]y Slaye JBlas (g 5l eslital [¥] LS [¥ 5 VY]
S (Srge & ) pastie Jg d9es )] (Jad el plSiSule )
0155 pla ot o ol 3 o o s 5 3
Bl O (glodly g5y p doxie (5l (gl ST aw 0] Kb g
05005y o9y b b8 o bl obul (sl HIY (o) 5l (55 0903
dg0d leal g 3903 dunlie LS y0g, L) 265 ol sl 3905 oolaiwl Jas

O DIYT 0l o )] 6108 oy 0 1y (6530 @l il 39, &

1  Hook-Jeeves

Al pe sl LAy Gl Sl ol yesee g (Bl (slaojle
Selad o S ol glorme g ooy e 4 baileng) )3 Cubls oyl il
awsly HLadl > O zlael b ailie (glyy (oolaiBl 5 (28 (slo Jooly U
Lailiogy 0 O (o i (gl odas gy 90 SIS cdls o [V ] ail
£ op el o oS s (Sgyam claby) Jsl ated )l 3g29
Loy, pgd Alsd g Miub poliage g (Khwgn SYolke Jor o (lire 395
295399 slagb e owle dbaly ool b 45 aiib o (SS3olgan
I pBaSle gy [V] 2535 o0 J> al39) o)l )3 s 0,35

S92 Y] 5) Ko by &5 cunl (SS3ddg,0m sla g, o Sl

j.chabokpour@maragheh.ac.ir :ls5e jlsosgs oxiugs ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )



Fel)ly ¢ Sloj 03bj 3 333, s (Sloj 0l (pizr 4 O le
P95 a8l g L3 o 3,650 05 & Jlake (e Al e T a3 L
ly syt Ay W LI L e sl b s plSle
djg0 gy &5 W90 o)Ll g Wl L8 () 3y9e i sl el
loojl > Ol bisigy B> Liulsdl el i) by odlizl
Mo (obdigy dioj ;0 &S 558 mlie p 0gMe .Cuwl 0103,5 glailBsg,
o lie ang sl oad )| pBESsle a2 g s (slaidg,
oot Loy 3 ookl ol | S 5 S i ] bas
2 6L pled g owiin slajall b Bk, by
) ol 2Ybags caold g aiiun 138 50 iy, Ol by cuas
5 by cutS (ilwand gl i [V 5 VY] niad o 48 S0 cou
S wwd o)lpl loie 4 baslisg, 5 esu YT JEsl ogos i
o (5 pSolul (clmodls a8 ablis (o 1) sV cbale o i ¢l
53 513 390e8 D93 ol b o5 S o )18 odlatl 590 3,105 3939 L] 4o
by ] ol 4 slezel g o3l 1,3 W5l cow 1) b cw i L1950 die )
P S0 a8 dged (6 S Al Gl o o VA 5 V] amy ials ]
M3 s VT Jlis) (jlodnd slaJae 8> Gall 5 ot oyl
55 b andl [V ] conl oalizul 3550 Ol wlie cuiS iuljhl )3 S
059y 9 oau YT Jsl giloJie e 0 pols clidss 81 4 cul
b yiahl (0035 die) 53 oy & slahyy Ll g glul 4 plSwle
iboians winsS 1 o3lizal L [YY ] olylSom g 96 .sbly oo Logs e JUis]
@S 5 315 )18 sy 3y90 1y 0 ool b s 25 S S5
255 Shagf 50 bl ol 418 auglie 350 S)d 5515 o2 L )
48 3903 (6 pS Ao Cales )3 g 3903 o3liul "SIIST wilsg, (claodls |
b yiahl w38 lp e B9y S S iledie by
pRsSwle o9y [VV] ohlSen 5 ()8 adloe pliSule (b,
e 09y B 3903 e 3 T S (gluiane pipsSI L |y (6 e s
Slads ) Lol a8 ol )5 BBl a1 o] sl yrel )b pmess 1y
€8> (9] Cuwd 4y (sl g 03905 bl i |y e sl 2929 055

9 9500 D503 maadll 03byj cpain 4 gl 1) Alagy il SOty

3 Exponent Parameter
4 GW

5 PSO

6 Ankang

7  Bat Algorithm

Yy

b g5l adg) lapess b (ad b SuS5 S [F] el glest
lise 2 &8 33,8 &) (61,5 w5 K ol > il Nisges &l
g ) Sl eslial L [V] lage g2 gl (o pé gt (]
PSwle (sl el (135 (sl (0 3Rle gy S )] 4 pladl (S5
basgs oab @l)] (sla gyl & a1y ol yig 3,518 g 0905 Jas o
slp Soo)le (sortun w)eXl SHAL oS 905 (5155 oy (psfine
iy 4 3305 13 5 3gm5 ozl b Jsn cslaially ogm i
Sl e sl Sty i )ell Jhg) 4 Cund (Sge)la (st
o el 00 5] adgl clolys &S s p3Y cpsizmed 5 kel o
po Jols 3l edlatel b [A] by il ane glacle & Sop
) 3305 gl |y SisSle 3 S sl sV
Je adel (gilodige gy 1y de (gilwaige Alne S (9,
Oy Sagte) plo oIl & (he) (nl I 25w @l (Jg wles oo
B9y 2 e Silwdinge Jhe Su ol Ve T o [WY] g5 385
3905 plSiSasle St clps dolins (sl by 1) 4 pladl 5Ylezs]
sl pd deulone (gl g 0392 02y Yl (g9 Lawgs 0l W)l Jo
sl PSOY s bl 5 [W] SSls g 9 iy (o3 ooy 4 5L
ol odlatwl gy Cuje e (Jad e plKSle Jio ol s dslre &
aJol sla s> 4 il 4 cwwl PSO gy el (clus p oLl bawgs
o)) (gllas sblex 55 hgy cnl g ) ilwdine £908 Sl
s it 4" JigsS ] w1 4 Y] 55 5 ) oblaie
ol 350 03 yoN! Dged odliiw] pKLSwle Jad e Jao (ol o]yl
ulial Jo 51392 )38 45 59 diadgn wyoSI| S e (pl bawys
Ao ili8l ) Slolre sy poi) Cyguo 53 5 03505 (455 gl SYoleo
i TG ol o3 g sba iy 0 sl 3929 ) b
CE jeid o piizee lawgy ol ploul (L8 Gldllas 3935 b 0g ploc]
OIS 9 0395 (g lalllas )3 oY e ojluil 4 M iy
oz 516,500 slawy 1 00,8 o wlas! ogas pl o (gyde
dej ol o dges gy AT 0 e (slayia)ly &) 4 pludl
ol 3 3505 o,l8l 18] Ll 4 85l {VF] Lob) bl & e
sl yio)h clord plyie (Sajed s loyiall slue y &5 b Jas 455
3 e s sl ey 2 5 Sl o A5l ot i Lo
b 3,5 oolizl 3Lol tas (g el S5 31 doly] baugs o &) Jsa

1 Particle Swarm Optimization
2 Immune Clonal Selection



YFBYY dorio VF ) Jlo ) ojlas Y 09 (poS puol (s (awdines 4 puis

09 S BB by 9 G sladghe (lapdy) (slae oS Sidgel
5 Sigg e Sl diej l 53 lodly ugSas (giluile 4l ol
o Sl ol e pRaSole Jao 1 edlanal b [YA] 0550
O 5 ldul ol )13y 3yse |y (glo sy Kiww sladu 5l 4il8en
alold 5 glojs ) S ladw Job aailiSiw Jad aile ol el 2o
syl 5> Sy ol 515 Lol )18 (o 2090 ], o] ()15,
Gis cpl 3 c8S E GISS 5y00 o] LS5 pSle Je
S iludinte pi)sSl g plSwle gy ormle luslie (pizeon
b3 w290l & o pBSlo (39, 4 392l (e @ms § 15 pos
poredls oan ¥l Gl gl Y] ohen o (ool pas )y gy <dd
390 031 Jobo Jlil culps o |y glailsg) st Sligu) bawg
pold G ) aliulojl claodls (clise p li] Buivs 30> 3 oy
295 ool Gl Simgg cnl o g gl (s338 (g3lo e g aty
Sligusy 3929 36 9 6315 )13 s Sliguy (19 9 b s 93 Slie 2,
A 8 gy 3y50 Jobo sliil G pd 5l e 3,
2ok g o (2bSs) die) 3 0B ) D90 e > CE L
93 51y plEiSile by a5 cusly oledl lgs oo bos VT Js] die;
M b slp oY @D g Cebl o (Jad il g (Jad g
loodlitl jslate 4 Ol i b wlio el oizmed sl a8
i o5 silye aling, 53 5y Gl s 51 il 5 oy
A e olid |y 38 a8 giledud o Jae ) eolaiwl 4wl
Lo VT ais ) claizxio g Mo slad]Sgy0m JISo calus S
B ad o Gidoh cpl )0 ellodd zlsawl (glailbag, slaojly 51 oS
Gl (slacond 5 ok ¥T Clle e ey Sisy ol S
ol LT &S 098 asetio 3,8 )18 (ygejl 3590 55 (slaildg, (slaejl
lssl 55 yelaie cpl (gl S L amd ploal |y a8 (g5l Jae Llg5 o Jdo
G 9 00 03] (38 Glialie glaonie Sl Jas slajyiel)ly b
ook onl R gle 4 gd gl end (giluand la i
Jshize Jo ol atie 5o (8 (83l gl o ol 51 bl oS
g odlatwl 15 cdale slaodly gl Sl jelaie 4 M zge <S>
50 2 gloimebald oad (oySojluil glaosly 5l iaggy ol > Giomen

3,5 ookl yiegh Clanl 4wy ¢l S gige 5 @ikl a3y,

Yy

o otig, 40 A3 15 cymtlo wi sl ) o3bizl b [YF] o
Sad slagsbyy jl Job @l b1y 395 @bt Ll ge Alsg) 0jl )
T4z )se SlsS wiyeNl 5 S oS oSl ) sl (s
O il 5383 1y 5l ile (g jl Jols gulld g 3905 dulie
Wl T ol al8g, )3 o (6 pSojlul (glaodls 3l 595 clidios ,> L)
S W358 2 050 52 093Me ga3 o3listal 5 5o (slo gy Shjsel sl b (ol
Sl b Jde cpl 5o Coslad pae oy p 4 (S 55 olase | ol
pac wyp 4 GLEU 39, 5l osliel b [VF] o)) Ken g 00l (oalsl 5
o] GYolee (635 4 b liul sl oan VT JEs! Jae conlad
cnl Jlosl b g odge3 ©Wolaa Jo & plidl dayl 3905 (o g oseS
Slaye padld 1oVl Jasl Juo (oely selly 4w 55, 2 Obe)
[Y0] Lyl il 5 sy -39a5 adlizl by b wli] Jlac! (gl e
sbapl plial ols plosl Bos—pliSiule gy ) 32 Gl (s
Caleg 3 9 B3I )15 qwyp 3)90 1y hgy cnl > e slapl g Sle
Comd 9 ColygsS 200 4y (St (hoy (pl 8> & Widgel (5 S aonst
AR Ll ol g S 5 g Sl Soen 4 SlSe g Sl slaplS
il i3S porde I Lol (i 9d e 6 pike 2 Sl 4 yxie
Sloj sopls 1355 couns 4 (gl cclawle (gl ygia ,d o VT cdgo
o 4 (sl Gyas 4 [YF] (oamosS 03505 odlatwl dgs S5 4
culye Glp B ages a glia) oy (I g pliSle sl
2 enles Sl algy o Sdgy slabyy slive 2 PGSl (09,
CB)S 58 (ponn )90 38 by cnl calps (99 (oS et gl 0
@l ol gl g b Gos ambxe (lp (L0l slagby, 4
sly (hd e g (b Ggm)S) sl STV hlSen 5 S35 i
S 5 oniy W1 Jlasl (gl yokaio 4y ulogs Joo (gl ol (a5
93y a8 3y ol 3 e pbul (glas 5JUT 3905 odlatul (glawle ygiu
bt e hgy (Jg dtad yl3)55 3 (sileJse (sl (alie (LIS B,
[VAL s3lo 9 ogamsS hledie gt |) S culpd st <80 L
390 1) stV & Casdpply Sl Ban ¥l g O (2lbigy osSas g,
S goie silojl glue 2 oLl bwgs oad &l g, 5303 )18 25

o bl gy Cand b claodly sl p cundYL > Sogll a3

1 Machine Learning Methods
2 Genetic Algorithm

3 Ant Colony

4  Tiber River



abaly (¥) daly g (V) daly) (Siwg dasly aangiib b cpiomen

235 0 Jolb glailsg) ojlh 5 iy 033 255 sl (0)

| AS,
AS, wlosg;esl > clor 033 8 £5 b sy =25 Ol 88
{

033 w2 et (loj Dde AL g ailisg) 03l 13 by 0SS i
hbier Siloinw zgo ilodre panlie lul p &5 ASb e oLy
b 2kx ) 5,

bl g ol glagell gl jslate 4 adlae (ol
sl sS4 (0) B (V) kg 295 9 53909 ke slayiel )l
‘Clt dm)w‘)b W)S LY ASt ‘St ‘Qt ‘It dl> L 45 ..\)lb.\;.))f
oy (Bl psd o9k O g0 &

daly (] sl jia)l (cmngiil g (V) abuly b 5l 6 pSem, 8 L
2,5 o Jobs (F)

Ln(CS)) =ln(k)+m X
Ln (x x(Cl, +(1—x)><CQ[) #)

Cups P polee b &S O (lyie 398 by L
5 Ln(CS) syl pule (s (g)S) bml 5 X s
9 0y ml; ):.1)4 s ) ¢Ln(XXCIt+(1_X)XCQt)

0,5 ool (V) alaly 5 55 X S

1
e )
2 2S,BcAX

ok Job s Spailag, ojb wl (o O s daly &

B g, g dlgo -
ot plSSele e =) -

Sloyd 5 Stuwgn Lly, Lawgs dob plSicSols Jia o IS o 5
Ligd o dlyl (aub (slaailag) 15 (V) 9 (V) kulgy b sullae

ds

L7 _ )
o 1,-Q, (")
S, =k[xI, +(1-x)Q, | v)

Qt 9 ]t dogley o gy slme 08D St A:z»o] »
ko los o @By ol 4 (295 5 93909 b o S 4
Sldasuin & Jig cups X g &gy ol 0 b o s elils
Sy 3l (X 9 k) plRaSile (bas Jae sl yiel )b ool ailsg, 030
o oyl 48 el 05 o)L M 55 o el el LB eloMus
Card g 039 A3, ol Sl gl (23 s oles e bl Lo K
Casd &y 005 (550 (slaodls (555 1 s 5 a3l b Vgane X (539
ot Ame) ;) (£yieS B Ygere (Jod pBiSile Juo ] e
PELSle st e 5 o e 35 Ltls8l el g Azl o Mews
g o 030l ol 005 1) (VAVA) S Lo oS (¥ ala)

S, =k|[xI,+(1-x)Q, " ()

i &5 Sl yells Mg S390035 S, (3sb ]y o &5
bl 2 g 00l (pungiil Basme (V) dlaly (295 (03 (oS 1

A3



n

L

$Sharpsburg

Antietam Creek

Knott Island Antietam

(&

S ige wladg, 51 lolaple WK (0 eilil 6ladg, 51 (slo lgnle (uSe () .Y JSud
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Fig. 2. The regression line establishment between the pollutant storage and the nonlinear
Muskingum storage parameter
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Fig. 3. (Simulation of concentration-time curves in Monocacy River with the discharge of 5.9 m3 /s
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