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Abstract: The multi-dimensionality of the flood phenomenon causes us to not be able to get an accurate
estimation of flood characteristics with one-variable analysis. Moreover, multi-dimensional analysis
usually includes the variables of peak flow, volume, and duration of flood. Meanwhile, other variables,
such as sediment, can affect the occurrence of floods. This research examined the effect of sediment on
the occurrence of floods using copula functions of two variables of volume and flood sediment in the
Qarasu River catchment in a statistical period of 41 years. The results revealed that the Weibull
distribution is the most suitable marginal distribution, and the Frank copula function can well create the
bivariate distribution of volume and flood sediment. Furthermore, the estimated return period of the
bivariate showed that the sediment parameter has a significant effect on the return period. However, it
is decreased in the case of {or} and increased in the case of {and}.

Keywords: Flood Variables, Bivariate Frequency Analysis, Family of elliptic and Archimedean
copulas, Joint return periods.

Introduction: Flood frequency analysis is necessary for properly designing hydraulic structures related to flooding
and reducing damages caused by it (Nashwan et al., 2018). In the past, only a single variable analysis of flood
peak discharge was used to investigate the probable flood hazard. While the hydrological processes, including the
flood phenomenon, are usually multi-dimensional and by studying them individually, due to the dependence of
these variables together, correct results will not be obtained (Cunnane,1988; Laio et al., 2011; Dawdy et al., 2012).
For this multivariate analysis, it is recommended to use the copula functions presented by Sklar in 1959
(Afsharypour et al., 2018; Favre et al., 2004; Papaioannou et al., 2016; Salvadori, and De Michele, 2004; Sraj et
al., 2015). These functions were first used in 2003 by De-Michele and Salvadori (2003) to analyze rainfall (with
two variables, intensity, and duration of rainfall) in hydrology. After that, they were also used to analyze drought
and flood phenomena (Shiau, 2006; Omidi et al., 2010; da Rocha et al., 2020; Poonia et al., 2021).

Zhang and Singh (2006) used copula functions and three variables of peak discharge, flood volume, and duration
in order to analyze the frequency of two flood variables. Chen and Lin (2016), Using Archimedean copula
functions and the data of two variables, peak flow and flood volume, investigated the frequency of bivariate
discontinuous floods in Dadu River, China. In order to investigate the risk of flooding in Arizona, Zhong et al.
(2020) used the data of peak discharge, duration, rainfall indicators, the family of Archimedean and elliptic joint
functions, and the Apriori Algorithm.

An overview of the conducted research indicates that 1) the use of copula functions to analyze the frequency of
flood phenomenon is very efficient, and 2) so far, the frequency analysis of two flood variables has not been done
by using two variables of flood, volume and sediment, and copula functions. Sediment reduces the river transfer
capacity and the efficiency of flood control structures (Hooke, 2019; Yuntian et al., 2019).
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In this research, elliptic and Archimedean copula functions are used to analyze the flood frequency caused by the
two variables of flood volume and sediment in the Qarasu River catchment.

Methodology: The catchment area of the Qarasu River is in the west of Iran (Fig. 2). For the bivariate analysis of
floods in this basin, we first drew a schematic hydrograph like Fig. 2 using Excel software. Then, we determined
the most appropriate marginal distribution for both variables with the help of Easyfit software. After that, we

obtained the correlation between the variables through Kendall tau (Eq. Y))) and Spearman (Eq. Y))) correlation

coefficients. Then, we fitted all elliptic and Archimedean copula functions on this pair of variables, and by using
the Cramer von Mises test and the criteria of the logarithm of the likelihood function, the Root Mean Square Error

and Akaike and Bayesian information (Egs. \ ¥))-14))) we determined the most suitable copula function. Finally,
using the selected copula function, we obtained the bivariate return period in two states {or} and {and} (Egs. Y¥))

and Yo))) and compared it with the single variable return period (Egs. Y-)) and Y1))). All these steps are done
using coding in R software.

Results and Discussion: To determine the values of flood volume and sediment variables, the daily flow data
from 1974 to 2004 belonging to Doab-Merg station were used, and the statistical characteristics of these variables
are summarized in Table 3. Table 4 illustates that the Weibull distribution the best marginal distributions for both
flood volume and sediment variables. The positive and strong correlation between the two variables of volume
and flood sediment (Table 5) showed that the method of copula functions can be used to model these two variables.
The magnitudes of Cramer von Mises test and the logarithm of the likelihood function, the Root Mean Square
Error, and Akaike and Bayesian information, show the Frank copula function is a more appropriate function in
displaying the dependence structure between the two variables of volume and flood sediment (Table 6). Then,
using the Frank copula function, the common return period was calculated in {or} and {and} modes. It was found
that the common return period in the {and} state is greater than the {or} state and the single variable return period

and vice versa (Y Jsa=). This is a sign of the variable impact of sediment on the flood return period.

Finally, by analyzing the results obtained from the return period in univariate and bivariate mode, it can be said
that the use of bivariate analysis of the flood phenomenon is much more efficient than the univariate mode and
reduces possible flood risks. Therefore, it is suggested that more variables be used in future research to analyze
the flood phenomenon.

Conclusion: Overall, the results show that 1) Flood bivariate analysis is very efficient because it well describes
the dependence between the volume and sediment variables of the flood, and the more the number of these
variables increases, the more detailed the analysis. 2) In addition, the sediment variable has an effect on the
occurrence of floods in the Qarasu catchment area. Because it has a positive and strong correlation with the flood
volume variable, by considering it, the common return period in the {and} state became larger than the common
return period in the {or} state and the single variable return period. 3) it is also more suitable for designing aspects
to use the results of the return period in {and} mode.
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sedimentation in a basin (Wang Qi et al., 2021).
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(Karmakar and Simonovic, 2009) <l Y, ¢ X, n(n2 —1) 3)
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Table 1 Commonly used distributions in hydrology (Chen and Guo, 2019).

Distributions PDF Variation Range
Normal f(x)= - 12” exp[—(xz_;:) J X & (=00, +20)
| RN
Log normal f(x):(x_;/)lo- = exp[_( n(X 2;/2) tu) J XG(;/,+00)
Exponential f(x)= ieXp[—(X;y)] x e[y, +»)
Gamma f(x)= 7 ;(a) x“exp[—;] x &[0, +0)
Gumbel f(x)= 1exp[—x_ﬂ— exp[—x_”D X € (—o0,+o0)
o O (o2
Weibull f(X)=;(X’/j exn[—[x/j J x e[y, +o0)
o%c(u,v io ol 5 umo =0-Y
c(uv)= au(av) 5) Jaso @l 5y

ool 1308 e oy Sl ansgs a5 e glagls 4y,
S Jise 1) (Bolas gla psie o (Siaen LSl
Slasl> lags 5 oSaie bap] lanil> sloajs
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S Fu R (Y) 9 By (X) STaski cpl @lkae (1959

Iz b ey ply Jliml S 20U cizes

foy (X.Y)=c(f, (%), f, (¥)) fx (%) f, (¥)

xyeR ©) &b g Y g X Solad sloxie gladl> 595 slagl
S¢>g C J.a.cu é’l-’ u_i’ oK1 u.\...:l.: FX'Y LQ:UT P‘?" é))y
S sloab e f,(y) 5 f(x) ol & S glassSay o)l

(J0g, 2014) wis Y o X solas (gl ite (lapisl>

Fyy (X ZCFXX,FYY, , R @«
) C(KY) opeitags Jrke gl S sl oS shon (x¥)=C(F(X).F(Y)). xyeR @
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9 Y 9 X (Bolal paie g0 (o dwgn 28 Loy

C(x0)=C(0.y)=0 (7 bl 5l Jaie JBz &6 v =F, ()219 . z((xa))
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C(uv,po)=t,, (t(u).t, (v))

12
, pe[-1+1] (12)

0 yiingd 8 lailinl 5 aiei &l t, s v>0 4l pas
oosae £ g sl Az, U g P (Shen jalb b
Chen) cool 0 oljl az,0 b o jlaslinl &5 aseh &

«@nd Guo, 2019

Sl gla e Joli wdied ) sla_laie solyls
(308, 2014) e 0 811 Y Jgaz ;5 b ] o el

bl cwdiads ) sl Jaie solgls el a5 obulyl
~Slasil g (I sie o (e b oo (S 51 £))
Se5slsrten Sl (sl sl b 5 o] sy
b Sran sbofaie @b odlpls 5l Sowlie
sl faie cwded )l gl Jaie 0olgls (o 5l uizeen
S Shy 5 Sobe dda JeslS 5 pnds (Sl
b josie G (Sly (3l oo (sl a5l i oSl
Zhang and Singh, ) cwl ai3,5 1,8 colazwl g 4> 950,90

.(2006, Nelsen, 2006

N (8)

C(x.1)

C (1, y) )

Il
<

WST Y S Yy o X SX, S

(10)
C(xz,yz)—C(xz,yl)—C(xl,y2)+C(x1,y1)20

oy Gilitee slafaie oolgls eSL a5 Jb o
oo &l ) Kty Jawgs o paiie (e (Sily LSl
&b oolgls i iy Blaw o Ll el
255 (o0 )18 oolituls ge (owdad )| g Span la Jai

.(Chen and Guo, 2019)

alyl)) Jb g slofads : Jolis sgin slbo fato oolgl>
5 ovsSe b, 5l ookl b ((VY) akal)) 55 (V)
Chen and GuO,) wiloasl g5 ssan slog)ss

(2019

C*(uv.p)=¢,(¢"(u).g7(v)) an

, pe[-1+1]

Gy b o yritiags o bl Jlog 38 b g, of o a5
sl Jloy gigh @b osSxe ¢ 5 P (Siaron

(Jog, 2014) cwiros)l slo Jate Byee ¥ Jgu
Table 2 Introduction of Archimedean Copulas (Joe, 2014).

Copula Generator Parameter Space 0 Co(u,v)
R [ R S
Gumbel (~logt)’ [1,+0) exp{_[(—ln u)’ +(In V)g};}

Joe ~log(1-(1-t)’) [L+0) 1—[(1—u)9+(1—v)9—(1—u)9(1—v)q%

\ .
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(Afsharypour, z., et al., 2018) 544 o

50 o) byl (oS 5l Ol e lagn] 2 ogdle
(BIC) T3 (AIC) TaSilST wledbl slaLne ,ulis
&U i )& 5 RMSE) Plas Sluje (Sl adia
&b op i ol cua 5 doglik) 7 o leica yo
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50 () Ceond g0 5l s g aSSIT Sl sla \Lxe
b bl pi 5,5 0 1 5 il oo 555

ailoads LSas ¢ Jaw sl il by slaws ;)
AIC = N log (MSE)+2(P) (16)

BIC = N log(MSE)~+(P)xlog(N) (17)

Slas o 5 Sileo MSE clasline slows N laalal, cpl 5o
SR J.....ula‘so o;.\..i}ob‘\b&)“}.g LSLD).».A‘)Lv slows P 9 U
ST el (gl Las lado oy e a5 Lo ab

Cawsdy (VA) abasly 5l T a5 Uas Slas e (puS5be

RMSE = +/MSE
1 Q ) 2
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i=1

(18)

5 e polie i %, (1) 5 x () of 5 S
359l 5o sadoslatul slo el b slows K pli soosnlive
A axgi Lo Olslis slawi N g Slaslxe polis
Slaspo u5le di ) Jlaie a5 Lade b 12 ¢jlxe ol
sloools (555 e Ghily il S T sllas
Akaike, 1974; Daneshfaraz, et) ol atils 1o 50

.al. 2022; Salari, m., et al. 2015
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4 Bayesian Information Criterion
® Root Mean Square Error
6 Logarithm Likelihood function

.

! Maximum Pseudo-Likelihood
2 Cramér—Von Mises Criterion
3 Akaike Information Criterion
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.(Requena, Mediero et al., 2013)
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Data Collection

Volume Sediment
| I
v v
Marginal Marginal
Distribution Distribution
¥ v
Finding the best probability using EasyFit software and Finding the best probability using FasyFit software and
Kolmogorov Smimnov. Anderson Darling and Chi-Squared tests. Kolmogerov Smirnov, Anderson Darling and Chi-Squared tests.
Examining the correlation
between variables
The variables are < ] The variables are
independent of each other. interdependent.
Y v
It is not possible to use the
copula fuonction.

|
v

Finding the best bivariate copula function by using
Cramer-von Mises test, loglik, AIC, BIC and RMSE.

Calculation of univariate and bivariate ({or} and {and}
meode) return period using the best copula function.

Flood risk analysis

Fig. 4 flow chart of this study.
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Table 4 Correlation coefficient values. Table 3 of statistical characteristics of the data
- Statistical Number of Volume Sediment
Correlation Volume- 3
coefficient Sediment p-value features data (m3/s *day) (m?)
Kendalls Tau 0.5170 5.927e-07 Average 4 1035.96 3053.01
spearman 0.6926 1.296e-06 Minimum 41 59.46 4.95
Maximum 41 3124.12 11776.03
Sl @se slagl G35l 95w el 5l ol mls & Jgu
Table 5 The results of the goodness of fit test of marginal distribution functions.
Variable Probability Parameters Kolmogorov- Chi- Anderson- value
distribution Smirnov Squared Darling P
Vol ibull o =1.2594 0.1118 2.1213 0.3829 0.8736
olume weibu B =1111.6493 . . . )
. i o = 0.5049
Sediment weibull 0.1011 1.0866 0.5799 0.7577

B =2061.6




1P 3wl ¥ o)l Y 090

Ol O (waie slaigs

Table 6 Cramer von Mises test results and logarithm criteria of the likelihood function, Akaike and Bayesian information,
Root Mean Square Error.

Copula  Parameter Cramer-von Mises test loglik AlC BIC RMSE
Test statistics p-value
Clayton 1.2319 0.0833 0.0005  9.0200 -9.8455 -8.1319 0.0450
Gumbel 1.8998 0.0310 0.0504 11.7007  -21.4014 -19.6878 0.0275
Normal 0.7175 0.0229 0.1274 12.7432  -23.4865 -21.773 0.0236
Joe 2.1931 0.0637 0.0015  9.5669 -17.1339 -15.4203 0.0394
Frank 5.8872 0.0219 0.1464 12.8802  -23.7604 -22.0468 0.0231
t 0.5986 0.0563 0.0105 12.7433  -21.4866 -18.0594 0.0251
=] L)
o L E. e [} .
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(2014, Afsharypour, et al. 2018

Fig. 5 The closeness of the frank copula function to the
experimental copula function.
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Table 7 values of different return periods and their corresponding volume and sediment.

Tv=Ts V (m¥s *day) Sediment (m?) TV TA
SV SV
848.4297 1191.3066 1.6419 2.5576
1652.8771 4960.9791 3.4678 9.0302
10 1649.2360 9098.4640 42144 15.9441
20 2692.6930 14207.1475 11.2933 87.3159
100 3780.3597 29426.93 51.4341 1793.153
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