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Abstract

Access to data with adequate accuracy is one of the most
important elements of optimal water resources management. In
this context, the use of more accurate methods and reducing
the error of measuring devices has always been considered. In
the meantime, discharge values in open channels such as rivers
are among the most frequently used water data. Despite
advances in discharge measurement due to operational
constraints, the use of stage-discharge relationships remains
the most widely used method for estimating discharge in rivers
and drainage channels. These relationships are always subject
to various errors and uncertainties and need to be modified and
updated regularly. In this study, the Linear Regression and
Kalman filter data assimilation technique are evaluated to
update these relationships. For this purpose, two series of
hypothetical and measured data were used to develop the
methodology and prove the efficiency of this method in
improving the performance of stage-discharge relationships.
The results obtained showed a 22% and 97% reduction in
RMSE and MAE assessment statistics respectively by
applying the Linear Regression and Kalman filter to
hypothetical data. After confirming the effectiveness of the
filter, it was also applied to the real data from the Hamidiyeh
station in Karkhe basin. The results showed a reduction in the
RMSE and MAE by 31 and 42 percent, respectively, when
using the Kalman filter. It can be deduced that the use of the
Kalman filter to modify and update the coefficients of the
relationship between stage and discharge is effective to
increase the accuracy of data estimated from these
relationships.
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Table 1- Measured discharge and Stage values at
Hamidiyeh station
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River Stage (cm) Measured Discharge(m?®/s)
116 44,79
90 31.26
111 48.45
70 20.61
48 14.83
124 48.42
94 35.31
80 27.30
57 17.82
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Fig. 1- Location of Karkheh watershed, dams and quantitative sampling site
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Fig. 2- Measuring the discharge of the Karkhe River using the cableway and Velocity Current Meter
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Table 2- Technical specifications of Cup Current
Meter
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Measuring range 0/05 - 5 m/s
Minimum Water Level 8cm
Material Brass

1- Digital counter with the ability to record 12000
pulses per minute

2- The ability to measure the discharge from the
cableway

3- Having a two-piece balance sequence

4- Certified by the Water Resources Research Center
of the Ministry of Energy of Iran with an accuracy of
0.005
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Fig. 3- Cup Current Meter
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Fig. 4- Measurement by Mean Section Method (Alizahed, 2018)
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Table 3- Information on stage-discharge values and measured values
S 503101 p3lio g Juil — 25 dlio CleMbl-Y Jgus

Discharge based on

Discharge based on

Measured values

h (cm) 5h+10 6h+8 Random values (m¥s)
(m®s) (m®s)
50 260 308 0.71 260.71
51 265 314 -2.47 262.53
52 270 320 -0.56 269.44
53 275 326 -2.57 272.43
54 280 332 -0.71 279.29
55 285 338 3.34 288.34
56 290 344 3.61 293.61
57 295 350 -5.21 289.79
58 300 356 3.13 303.13
59 305 362 -0.95 304.05
60 310 368 -8.01 301.99
61 315 374 -1.18 313.82
62 320 380 -3.69 316.31
63 325 386 -4.64 320.36
64 330 392 3.04 333.04
65 335 398 1.80 336.80
66 340 404 0.18 340.18
67 345 410 0.32 345.32
68 350 416 5.37 355.37
69 355 422 -1.75 353.25
70 360 428 -5.71 354.29
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Table 4- Calculation of steps 1 to 8 for hypothetical data series using Kalman Filter
oI 2l gy 5l 00l U (5,8 g3y g S1 ALY o8 Ol gl -F Jous

STEP ps kalmangain h ag by Xg z a, b, Xy Pu
1 50 0.833 50 6 8 308.00 260.71 5.57 -1350 26501  8.33
2 8.33 0.455 55 557 -13.50 292.86 288.34 5.54 -1491  290.03 455
3 455 0.313 59 554 -1491 312.21 304.05 5.51 -16.85 30833 3.3
4 313 0.238 63 551 -16.85 330.37 320.36 5.48 -18.78 32652  2.38
5 238 0.192 65 548 -18.78 337.48 336.8 5.48 -18.89 33726  1.92
6 1.92 0.161 70 548  -18.89 364.66 354.29 5.46 -20.33 36178 161
7 1.61 0.139 57 546  -20.33 290.82 289.79 5.46 -2045 29057  1.39
8 1.39 0.122 68 546  -20.45 350.59 355.37 5.46 -19.93 35163 1.22

* The index s represents the estimated value and the index u represents the updated value.
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Table 5- Calculation of steps 1 to 8 for hypothetical data series using Linear Regression
095 ) P9, §) B3l b (o058 (gaodld (g 1R A U)o Silwlone i -0 Jgua

STEP h ag by z a, b, Xu

1 50 6 8 308.00 260.71 6.03 3.14 304.85
2 55 6.03 3.14 335.02 288.34 6.04 0.18 332.27
3 59 6.04 0.18 356.42 304.05 6.02 -1.56 353.45
4 63 6.02 -1.56 377.52 320.36 5.97 -1.81 374.18
5 65 5.97 -1.81 386.11 336.8 5.92 -1.35 383.21
6 70 5.92 -1.35 412.80 354.29 5.83 1.09 408.85
7 57 5.83 1.09 333.12 289.79 5.83 -0.96 331.15
8 68 5.83 -0.96 395.25 355.37 5.78 0.16 393.00

*The index s represents the estimated value and the index u represents the updated value.
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Fig. 5- The trend of decreasing Kalman Gain by increasing iterations
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Table 6- Discharge results based on the coefficients of each step; ideal series, initial series
gl Gy Jlonyl (5w o 2 il pd bl (20 @ -5 Jgor

Discharge using
Stage-Discharge

Discharge using

Discharge using

Stage-Discharge Discharge usirng

h Ideal Stage- relation updated by relation updated by - initial Stage-
i i i ; . Discharge relation
Discharge relation Kalman filter at each  Linear Regression at — (6xh)+8
step each step Q=
50 260 265.01 30485 308
55 285 290.03 33297 338
59 305 308.33 353.45 362
63 325 326.52 37418 386
65 335 337.26 38321 398
70 360 361.78 408.85 128
57 295 290.57 33115 350
68 350 351.63 393.00 416
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~» Discharge using Ideal Stage-Discharge relation

= Discharge using initial Stage-Discharge relation

"« Discharge using Stage-Discharge relation updated by Kalman filter at each step

= Discharge using Stage-Discharge relation updated by Linear Regression at each step

Fig. 6- Discharge results based on the coefficients of each step, ideal series, initial series
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Table 7- MAE and RMSE coefficient values for the hypothetical series using Kalman Filter & Linear
Regression
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Discharge using ideal Stage-Discharge relationship

RMSE MAE
Discharge using the initial Stage-Discharge
relationship 59.22 58.9
Discharge using Stage-Discharge relation 3.44 31
updated by Kalman filter at each step ' '
Discharge using Stage-Discharge relation 4593 457

updated by Linear Regression at each step
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Table 7- The results of the Stage-Discharge relationship modification at Hamidiyeh station
& dwos 0] Jwil — 13 alaly Mol gl -V Jous

Step Ps kalman gain h ag by Xs z a, b, Xy Pu
1 225.00 0.90 116 077 -42.89 46.90 4479 077 -43.88 4490 22.50
2 22.50 0.47 90 077 -43.88 25.00 3126 0.79 -41.87 29.02 11.84
3 11.84 0.32 111 079 -41.87 4557 4845 079 -41.17 4697 8.04
4 8.04 0.24 70 079 -41.17 1441 2061 081 -3996 16.84 6.08
5 6.08 0.20 48 081 -3996 -101 1483 087 -37.37 417 489
6 4.89 0.16 124 087 -37.37 69.94 4842 0.84 -40.39 63.89 4.09
7 4.09 0.14 94 084 -40.39 3866 3531 0.84 -40.81 37.83 352
8 3.52 0.12 8o 0.84 -40.81 2612 2730 0.84 -40.68 26.38 3.08
9 3.08 0.11 57 084 -4068 7.10 1782 0.86 -39.62 922 274

*The index s represents the estimated value and the index u represents the updated value.
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Fig. 7- The measured discharge values, the discharge based on the equations of each step and the discharge
based on the initial relationship
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=8-Discharge using Stage-Discharge relation updated by Kalman filter at each step

== Discharge based on final stage-discharge relationship
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Fig. 8- Discharge based on the coefficients of each step and the coefficients of the final equation
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Table 8- MAE and RMSE coefficient values for real series
19 S §1 5 RMSE g MAE g o p23li0 -A Jgaa

Measured discharge

RMSE MAE
Discharge using the initial stage-discharge relationship 10.3 8.5
Discharge using stage-discharge relation updated by Kalman filter 7.1 5.1
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1- Measured values

2- Data Assimilation

3- Kalman Filter

4- Extended Kalman Filter

5- Ensemble Kalman Filter

6- Shuffled Complex Evolution (SCE-UA)
7- Particle Filter

8- Aishihik

9- Mayo

10- Yukon

11- Peruvian Tropical Andes
12- Ensemble Kalman Inversion
13- Bayesian

14- Coefficient Of Determination
15- Mean Section Method

16- Linear Regression

17- Rudolf Emil Kalman

18- Kalman Gain

19- Random Values

20- Mean Absolute Error

21- Root Mean Square Error

& 5 2o ¥
o)lsan (oMo bulpd )5 (osada; bailisg, 5 (23 e 359l
S g0 sCudgie 4 da g b .l 039y H13 )55 1 oYL Cuenl
Saidyge alafio > LS (slacspSojlul I oslil b odelcanda
Nl slles 51 b slacusked pic 3959 4 dogi b .09 oo odlatul
Olps Cpiomad g GowySy )l odelcund dblse g (g pSojlul
m U9y 2 SIS g g il B b Cod glalhay) dblie
ol 9> ) (VL ol pas Llg) ol 3lge I gyl 3 (S
SFoals 5 (s (g )Ty Slagsdyy Slhuslie (cwyp & (ingl
Qg bad adly Jal -0 bily) Sleyjera ) el il
Ol ©pSojlul I3l slad g2y e 4y (Bl Ll 5> S
B9y 99 28es (bl pslaie a2yl Cawd 4]y (HBly (03 jlde
&S @65 cpy b oolatwl bl = o p8y8 odld gy S
Lb o pasutie (spdle ply Jlon) by > adly (5 ol
b ol o Jlosl bl lwg sad (g0l (o0 polde 4
Aol Cas 4 Bly o3 polie 4 X~N(0,v/10) Jboy &9
P A 5 el il balsy 5 (s g 30zl b e
Aslro Covo ey dl);. W) C)’Lo‘ =LJ9‘ J.wl — dlxo w])..p
slaoylol 5l el ild g das gun S, sdelcwnsa ol
AF 5 VY dgi> ials 5l Sk zls b eslazwl MAE 4 RMSE
Oh9y 2 ey 4 ol 3y90 b)) (slaoylel ol (o)
o133l ok Loy (2 33513 > (IS gl 5 S 3005
s RMSE 50 .l (8lg (slaodly b dgl dlaleo 4y s
GO9Sy B9y sl HBly sleodls g ol el I oselmsa
Ay a4 ol gl 5 (s (se)S) gl MAE o)L
Aol ) 5 &¥olae Sluyieya g Mol 3 1y edlS il I,
(2 Sy I ld G I liebl Jgas Sl Gy 903
dydaon (£ yiog pdud ol 13 00 (6,505l o> glaosld gy
3 osliielyyge (ABly sy e 48 Wl3g) g9y ¢ e
sloodly Gis L) Jusl = o0 3l edls YA I jelate ot &y .c8)S
= Ay y0l cuns 4 (gl Jgl o3> Yo a8 i odlimul (cip
ozl I8 il 5l odlatl b Sluyjeyds aml Sid eold g il
o1z Mol S V¥oleo 5 ool sy o> polie a8 by LS gl
soolie )by adgl dblre &y Cnd (0 (gyine ez pBB
U gies olSiay] ;> MAE § RMSE s ;) colao el
o dolee Slwyigsd o ellS ld 5l eolatwl Ciyaw > dad e

YFo¥ bl oF 5l i Jlos ¢yl ! O qolio coliding
Volume 20, No. 2, Summer 2024 (IR-WRR)

Vay



2> -0
Alizahed A (2018) Princiles of applied hydrology. Imam
Reza International Univarsity, 946 p (In Persian)

Azadi M, Soufiyani M, Vakili G, and Ghaemi H (2016)
A case study on the impact of synoptic and upper air
data assimilation in WRF output for precipitation
over Iran. Iranian Journal of Geophysics 10(2):110—
119 (In Persian)

Cho KH, Pachepsky Y, Ligaray M, Kwon Y, and Kim
KH (2020) Data assimilation in surface water quality
modeling: A review. Water Research 186:116307

Clark MP, Rupp DE, Woods RA, Zheng X, Ibbitt RP,
Slater AG, Schmidt J, and Uddstrom MJ (2008)
Hydrological data assimilation with the ensemble
Kalman filter: Use of streamflow observations to
update states in a distributed hydrological model.
Advances in Water Resources 31(10):1309-1324

Franssen H-JH and Neuweiler | (2015) Data assimilation
for improved predictions of integrated terrestrial
systems. Advances in Water Resources 86:257-259

Ghorbanidehno H, Kokkinaki A, Lee J, and Darve E
(2020) Recent developments in fast and scalable
inverse modeling and data assimilation methods in
hydrology. Journal of Hydrology 591:125266

Goudarzi M, Lashkar-Ara B, and Seyed Kaboli H (2021)
Experimental study of the consolidation of the
cohesive sediments Case study: Karkheh dam
reservoir. Scientia lranica. Department of Civil
Engineering,  Jundi-Shapur  University  of
Technology, Dezful, Postal Code: 64616-18674, Iran
28(6):3072-3081

Kutner MH, Nachtsheim CJ, Neter J, and Li W (2005)
Applied linear statistical models. McGraw-hill

Llauca H, Arestegui M, and Lavado-Casimiro W (2023)
Constraining flood forecasting uncertainties through
streamflow data assimilation in the tropical Andes of
Peru: Case of the Vilcanota River Basin. Water
15(22):3944

Mehrparvar M, Asghari K, and Golmohammadi MH
(2019) Reducing error of rainfall-runoff simulation
using coupled hydrological SWAT model and data

assimilation technique. lran-Water Resources

Research 14(5):85-102 (In Persian)

Park K Il and Park M (2018) Fundamentals of
probability —and stochastic  processes  with
applications to communications. Springer

Pensoneault A, Krajewski WF, Velasquez N, Zhu X, and
Mantilla R (2023) Ensemble Kalman Inversion for
upstream parameter estimation and indirect
streamflow correction: A simulation study.
Advances in Water Resources 181:104545

Piazzi G, Thirel G, Perrin C, and Delaigue O (2021)
Sequential data assimilation for streamflow
forecasting: Assessing the sensitivity to uncertainties
and updated variables of a conceptual hydrological
model at basin scale. Water Resources Research.
John Wiley & Sons, Ltd 57(4)

Samuel J, Rousseau AN, Abbasnezhadi K, and Savary S
(2019) Development and evaluation of a hydrologic
data-assimilation scheme for short-range flow and
inflow forecasts in a data-sparse high-latitude region
using a distributed model and ensemble Kalman
filtering. Advances in Water Resources 130:198-220

Tajiki M, Najafinejad A, Bahremand A, Schoups G, and
Hendricks-Franssen H-J (2019) Improving river
discharge forecasting with the hymod conceptual
rainfall-runoff model using data assimilation. Iran-
Water Resources Research 15(4):137-147 (In
Persian)

Julier SJ and Uhlmann JK (2004) Unscented filtering and
nonlinear estimation. Proceedings of the IEEE
92(3):401-422

Evensen G (1994) Sequential data assimilation with a
nonlinear quasi-geostrophic model using Monte
Carlo methods to forecast error statistics. Journal of
Geophysical Research: Oceans. Wiley Online
Library 99(C5):10143-10162

Houtekamer PL and Mitchell HL (1998) Data
assimilation using an ensemble kalman filter
technique. Monthly Weather Review. Boston MA,
USA: American Meteorological Society
126(3):796-811

YFo¥ bl oF 5l i Jlos ¢yl ! O qolio coliding
Volume 20, No. 2, Summer 2024 (IR-WRR)

Vay



