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Abstract. The role of the flood early warning system is to provide information 

on forecasted water levels along river reaches obtained using mathematical 

models. Accordingly, it is necessary to ensure adequate initial conditions of 

mathematical models for the forecast period. Initial conditions are provided 

through the assimilation process, where corrections to input data, states, or 

model parameters are made based on the difference between observed and 

modeled values in the pre-forecast period. This paper presents the initial testing 

results of the proposed assimilation method for a hydrological-hydraulic model 

within the Kolubara Flood Early Warning System, based on solving an optimi-

zation problem using a genetic algorithm. 

Keywords: flood forecast, assimilation, hydrology, genetic algorithm. 

1 Introduction 

In the past two decades, we have witnessed large-scale flooding worldwide. Changes 

in the frequency and intensity of precipitation increasingly lead to flooding events on 

rivers, where the time available for taking defense measures from the moment of 

warning is short. Reducing risk and enhancing resilience and preparedness for an 

effective response to flood events can only be achieved if timely and reliable infor-

mation about the danger is provided. Therefore, the implementation of hydrometeoro-

logical systems for early warning and flood alerts is essential to minimize damage and 

take appropriate flood defense measures in time [1]. 

One such early warning system is being developed for the Kolubara River basin in 

central Serbia. The role of the flood early warning system for Kolubara basin (Kolu-

bara FEWS) is to provide information on forecasted water levels along river reaches 

to issue potential warnings. In fulfilling this role, the early warning system encom-

passes numerous activities, primarily the collection of meteorological and hydrologi-

cal data, as well as the use of the collected data through mathematical models that 

generate forecasted water levels along the modeled river sections [2]. 
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The mathematical model used in Kolubara FEWS is a continuous, coupled hydro-

logical-hydraulic model. This model is utilized for forecast calculations; however, to 

obtain the most accurate hydrological forecasts using the model, it is essential to en-

sure an adequate initial model state at the beginning of the forecast calculation. The 

initial model states can be obtained by updating the model state using observed input 

data (recorded precipitation and temperatures). Due to the mathematical simplifica-

tions of complex physical processes that need to be modeled, as well as insufficient 

knowledge of the spatial distribution of the basic physical quantities that serve as 

model inputs (particularly precipitation distribution), it is inevitable that, in some 

cases, the model results will differ from observed values. Since the continuity of the 

model propagates errors into the forecast, it is necessary to introduce additional model 

corrections through the process of assimilation. The assumption is that the initial state 

of the model for forecast calculation is adequate if the differences between observed 

and modeled water levels/flows in the period prior to the forecast are minimal. There-

fore, the assimilation process involves running the mathematical model for the period 

immediately before the forecast—the assimilation period—during which the neces-

sary corrections are made. 

In the Kolubara FEWS, an assimilation process has been introduced with the goal 

of spatial correction of precipitation, as it is assumed that due to point measurements 

at precipitation stations, spatial distribution of precipitation is insufficiently known. In 

addition to spatial correction of precipitation, the initial soil moisture reservoir states 

are also corrected, thereby compensating for errors arising from the mathematical 

simplifications of the model. 

Spatial precipitation correction is performed by introducing virtual stations at 

which precipitation series are assumed. The assumption is that using both recorded 

precipitation at actual precipitation stations and assumed precipitation at virtual sta-

tions will result in a more accurate spatial distribution of precipitation across the en-

tire basin. A similar approach is used for correcting the initial states, by assuming 

corrections at the virtual station points, which are then spatially distributed throughout 

the basin. 

Therefore, the task of assimilation is to determine the precipitation values at virtual 

stations and the corrections of the initial states that will result in minimal differences 

between observed and modeled water levels during the assimilation period. 

 

Fig. 1. Illustration of the assimilation process in the flood early warning systems 
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The previously described assimilation process can be reduced to an optimization 

problem where the objective is to find parameters that define precipitation at virtual 

stations and corrections of initial states in such a way as to minimize the function 

representing the difference between observed and modeled water levels. The assimila-

tion process in the Kolubara FEWS runs automatically within the hydrological fore-

casting platform. 

The following sections of the paper will present the mathematical model for the 

Tamnava pilot basin (part of the Kolubara basin), where the proposed assimilation 

method is being tested, a description of the hydrological forecasting platform in which 

assimilation and forecast calculations are executed, as well as a detailed explanation 

of the proposed assimilation method. Additionally, initial tests of the assimilation 

method will be presented, which are part of a broader testing effort currently under-

way. 

2 Methodology 

2.1 Mathematical model of Tamnava river Basin 

The mathematical model of the Tamnava pilot basin is a coupled hydrological-

hydraulic model. It consists of a hydrological model, whose role is to transform fore-

casted precipitation into runoff from sub-basins, and a 1D hydraulic model, whose 

role is to simulate wave propagation along the Tamnava and Ub rivers. The purpose 

of the model is to forecast water levels along the Tamnava and Ub rivers based on 

precipitation and temperature forecasts within the basin. 

The hydrological model was developed using the HEC-HMS (Hydrologic Engi-

neering Center – Hydrologic Modeling System) software package [3]. It comprises of 

18 sub-basins with a total area of 724 km², using a 1-hour time step to account for the 

flash-flood characteristics of the basin. The outputs of the hydrological model are 

hydrographs from the sub-basins, which serve as input data for the hydraulic model at 

profiles where boundary conditions are defined. 

The one-dimensional hydraulic model was developed using the HEC-RAS [4] 

(Hydrologic Engineering Center's River Analysis System) software package. The 

model includes the Tamnava and Ub rivers, with a total modeled river length of 93.5 

km. 

Calculations within a single sub-basin of the hydrological model can be divided in-

to two parts. The first of the calculations is the vertical water balance. The vertical 

balance calculation can be described as a sequence of reservoirs between which water 

exchange occurs. The hydrological model is designed for continuous simulations, 

where continuity is reflected through changes in the model state (i.e., water volumes 

in the reservoirs) during the simulation. 

The modules involved in the vertical balance calculation include: 

• the evapotranspiration module, 

• the snow process simulation module, 

• the vegetation reservoir module, and 
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• the soil reservoir module. 

The second part involves the calculation of direct and base runoff from the sub-basin, 

i.e., determining the shape of the output hydrograph. The modules responsible for this 

part are the effective precipitation transformation module and the baseflow module. 

The following figure shows the delineation of the Tamnava basin (outlined upper left 

part of the basin) as well as the river sections simulated using the hydraulic model. 

 

Fig. 2. Tamnava river basin (upper left part) as part of the Kolubara river basin. 

2.2 Hydrological forecasting platform 

The previously described mathematical model is an integral part of the hydrological 

forecasting platform. The aim of the platform is to automatically issue hydrological 

forecasts with each new meteorological forecast, i.e., every 12 hours. 

The first step in generating a hydrological forecast is obtaining the initial state of 

the mathematical model at the forecast start time (time "0"). Ideally, the initial model 

state is obtained by running simulations with observed data (precipitation and temper-

ature from meteorological stations) for the period immediately before the forecast, 

using an initial state derived from earlier calculations. This period (hereafter referred 

to as the assimilation period) is determined based on observed precipitation in the 

basin, such that it includes all rainfall episodes recorded in the last 21 days prior to the 

forecast issuance. Once the assimilation period is defined, the initial state for the start 

of the assimilation period (time "-N") is retrieved from the database of assimilated 

states. 

An initial calculation is then performed, during which observed precipitation from 

stations is mapped onto the sub-basins of the hydrological model using the Thiessen 
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polygon method. Based on the differences between the recorded water levels at hy-

drological stations and the results of the hydraulic model, a decision is made on 

whether additional corrections to input data are needed using the assimilation method. 

If the differences between observed and simulated water levels are significant, the 

assimilation process described in the next chapter is carried out. 

After obtaining the model’s initial state at time "0", forecast precipitation and tem-

perature time series are used to perform a 10-day forecast simulation. The final assim-

ilated state of the mathematical model is then saved in the database of assimilated 

states for use in future assimilation calculations. However, the state at time "0" is not 

saved in the database; instead, the state at time "-V" (short for verification), which is 3 

days before the forecast start is stored. This is because the state at time "0" has not yet 

been verified—i.e., it is not yet known whether this state is adequate, due to the lag 

between rainfall events and the resulting wave peaks at hydrological stations. 

All the processes are executed automatically. System users also can influence both 

the assimilation results and the forecast results through user applications [5] devel-

oped specifically for the Kolubara FEWS. 

2.3 Assimilation method 

Basics of the method. The fundamental assumption of the assimilation method being 

developed for the mathematical model of the Kolubara FEWS is that potential differ-

ences between observed and modeled water levels during the assimilation period are 

caused by insufficient knowledge of the spatial distribution of actual precipitation 

across the entire basin, as well as the lack of precise values for potential evapotranspi-

ration. 

By spatially mapping precipitation from meteorological stations in the basin onto 

the sub-basins of the hydrological model, errors can occur in estimating the total 

amount and dynamics of rainfall that fell on a given sub-basin. This results in incor-

rect states of certain hydrological model reservoirs, as well as poorly estimated effec-

tive precipitation for sub-basins.  

Therefore, it is necessary to correct precipitation over the sub-basins during the as-

similation period in such a way as to achieve better alignment between observed and 

simulated water levels (hydrographs) at hydrological station profiles. Since the num-

ber of variables that could be corrected is large (hourly precipitation series for several 

days across all sub-basins), it is necessary to introduce a limited number of global 

variables that can modify the precipitation distribution across the entire basin. 

For this reason, the concept of "virtual" stations is introduced: additional points 

within the basin used to more precisely determine the spatial distribution and dynam-

ics of precipitation during the assimilation period. Given that the basin is already well 

covered by meteorological stations due to the construction of dedicated stations for 

the system, it is assumed that precipitation values at virtual stations do not significant-

ly differ from those recorded at nearby meteorological stations. Thus, in the first step, 

precipitation at virtual stations is assumed based on data from the nearest meteorolog-

ical stations. 
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These precipitation series are then scaled in intensity and mapped to the sub-basins 

using the kriging method, which allows greater flexibility in station influence com-

pared to the Thiessen method. The next step involves creating a spatial correction 

layer for precipitation timing. At meteorological stations, precipitation timing is not 

corrected because the values are measured. However, at virtual stations, timing cor-

rections are assumed. The kriging method is then used to generate a spatial correction 

map for the entire basin, which is ultimately used to define the precipitation values for 

the hydrological model's sub-basins. 

This approach produces a corrected precipitation distribution that is spatially con-

tinuous across the entire basin and, at meteorological station points, matches the ob-

served values. 

A similar logic can be applied to corrections needed due to errors caused by un-

known values of actual evapotranspiration. These errors manifest through incorrect 

initial states of the soil moisture reservoir in the hydrological model at the start of the 

assimilation period. Since the initial soil moisture states of the hydrological model's 

sub-basins cannot be directly measured, it is necessary to assume corrections to these 

initial states at both meteorological and virtual stations, and then spatially map them 

to the sub-basins using the kriging method. 

Using the described method, the assimilation task becomes an optimization prob-

lem, where the objective is to minimize the differences between observed and mod-

eled hydrographs during the assimilation period by adjusting the following parame-

ters: 

• Correction coefficients for precipitation intensity at virtual stations 

• Kriging interpolation parameters for intensity 

• Corrections to precipitation timing at virtual stations 

• Kriging interpolation parameters for timing corrections 

• Corrections to initial soil moisture states at meteorological and virtual stations 

• Kriging interpolation parameters for initial soil moisture correction. 

Implementation on the Tamnava Basin. For the Tamnava basin, the positions of 4 

virtual stations have been selected, as shown in the Fig. 3. Accordingly, the total 

number of optimization parameters amounts to 22 (4 + 2 + 4 + 2 + 8 + 2, according to 

the previously listed set of parameters). 
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Fig. 3. Location of the virtual (red) and metheorological (green) stations in the Tamnava Basin 

The objective function of the optimization process is given by the following equation: 

𝑅𝑀𝑆𝐸А =
∑ 𝑅𝑀𝑆𝐸𝐻𝑆

𝑗𝑘
1

𝑘
  (1) 

Where RMSEHS is the error of the hydrograph at each hydrological station, and k is 

the number of hydrological stations. The hydrograph error at a hydrological station is 

calculated using an RMSE equation that has been modified in such a way as to assign 

greater weight to the hydrograph fit during the period immediately preceding the 

forecast, i.e., during the verification period: 

𝑅𝑀𝑆𝐸𝐻𝑆 = √
∑ 𝑝1(𝑍𝑜𝑏𝑠𝑖−𝑍𝑠𝑖𝑚𝑖)2 𝑣

𝑖=1

𝑣
+

∑ 𝑝2(𝑍𝑜𝑏𝑠𝑖−𝑍𝑠𝑖𝑚𝑖)2 𝑛
𝑖=𝑣

𝑛−𝑣
 (2) 

Where Zobs,i is the observed water level on the hydrological station, Zsim,i is the 

simulated water level, n is the number of hours of assimilation, v is the number of 

hours of verification, p1 is the weighting coefficient for the verification period and p2 

is the weighting coefficient for the period between the start of the assimilation and 

verification period. These coefficients are set to the values of 0.7 for p1 and 0.3 for 

p2, where the verification period is 3 days long.  

The previously described optimization problem is solved using the NSGA-II algo-

rithm, which belongs to the class of genetic algorithms [6]. The following parameter 

search boundaries have been adopted for optimization: 

• Rainfall intensity correction coefficients: from 0.7 to 1.3 

• Shift in rainfall timing: from -6 to +6 hours 

• Correction of initial soil moisture state: from -20 mm to +20 mm 

• Kriging interpolation parameters: range from 0 to 25 km, and nugget from 0 to 1. 

The adopted parameter limits are conservative in the sense that they do not allow 

for excessive changes to the state of the mathematical model. This is because the con-

tinuous model is executed automatically every 12 hours, and allowing overly large 

corrections could lead to instability and the accumulation of errors in the model states. 
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Assimilation method testing. Before adopting the previously described assimila-

tion method, extensive testing must be conducted, considering its intended purpose. 

Accordingly, the testing of the assimilation method can be divided into two groups. 

The first group involves testing with synthetically generated examples, where it is 

assumed that the spatial distribution of precipitation across the entire basin is com-

pletely known, that the initial states of the mathematical model at the beginning of 

assimilation are known, and that the model results at hydrological station profiles are 

“perfect” — meaning that the known precipitation in each sub-basin and the known 

initial states will produce exactly the water levels and flows simulated by the mathe-

matical model. The goal of this testing is to verify the configuration of the assimila-

tion method (e.g., testing the method's stability, verifying optimization algorithm 

parameters, etc.). The second group consists of tests using real data recorded within 

the basin. This paper will present two tests based on hypothetical scenarios: a sensi-

tivity test and a stability test of the assimilation method. 

The goal of the sensitivity test is to determine the maximum possible range in results 

(water levels and flows) that can be obtained from different combinations of opti-

mized parameter values. The stability test aims to verify a core assumption: to deter-

mine whether minimizing the difference between observed and modeled water levels 

during the assimilation period leads to improved initial states at the start of the fore-

cast. 

Calculations will be performed using hypothetical meteorological scenarios without 

analyzing the impact of snow (with temperatures above 0°C). Therefore, although 

temperature series are an input for the coupled model calculation, they will not be 

explicitly discussed in the following text. Additionally, the potential impact of uneven 

precipitation distribution within a single sub-basin will not be considered. 

Sensitivity testing. Sensitivity testing is conducted to determine the range of results 

that the assimilation method can produce, both during the assimilation period and the 

forecast period, using the same set of input data from the meteorological stations. The 

testing algorithm involves assuming the initial state of the mathematical model at the 

beginning of assimilation (time -N), assuming precipitation at meteorological stations 

during the assimilation period, and assuming precipitation over the sub-basins during 

the forecast period. Mass calculations are then performed by varying the parameters 

of the method for the assimilation period. The initial states obtained at the end of the 

assimilation period are then used for forecast computation. 

To conduct the test, it is necessary to determine which assimilation parameters will be 

varied and within what ranges. The total number of parameters that can be varied is 

22 — consisting of 6 kriging method parameters and 16 correction parameters. If only 

the combinations of minimum and maximum values were tested, the number of calcu-

lations would be 2²², which is 4,194,304, and this is not practically feasible. 

For this reason, several restrictions are introduced in parameter variation: 

• Parameters related to kriging interpolation are not varied: the kriging method pa-

rameters are adopted so that precipitation mapping from stations to sub-basins 

yields results similar to the Thiessen polygon method. 

• It is assumed that corrections to the initial state are identical at nearby stations 
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• For the remaining parameters, only the minimum and maximum values are varied. 

Using this approach, 4096 different calculations are obtained (2¹²). The reference 

calculation used for determining the sensitivity metric will be the one where precipita-

tion is mapped to sub-basins using the Thiessen polygon method. 

Stability testing. The fundamental assumption of assimilation is that improving the 

match between observed and modeled hydrographs during the assimilation period 

leads to better forecasts. This assumption will be tested in the following way: 

1. Using the assimilation method — i.e., by varying assimilation parameters — dif-

ferent precipitation scenarios over sub-basins are generated, all based on the same 

set of precipitation data from meteorological stations. 

2. For each of these scenarios, the mathematical model is run to produce “observed” 

water levels during the assimilation period and corresponding ideal forecasts. 

3. Based on the generated observed values and the adopted precipitation data at mete-

orological stations, the assimilation process is run for each scenario, resulting in an 

initial state for the forecast period of each scenario. 

4. If the forecasts obtained through assimilation are better than those from the refer-

ence calculation (where precipitation is mapped from stations to sub-basins using 

the Thiessen method), the assimilation is considered stable. 

The basic input data (initial states and precipitation) for the stability test will be taken 

from the sensitivity testing. The next step in preparing the input data is the selection 

of different combinations of corrections that produce the “measured” water levels at 

stations for both the assimilation and forecast periods. 

These combinations (i.e., individuals) will be selected from the completed calcula-

tions of the sensitivity test. All calculations from the sensitivity test will be sorted by 

the maximum flow value at the downstream profile of the model. From the sorted 

sequence, 11 combinations will be selected that are evenly distributed across the 

range, along with 10 randomly selected combinations, giving a total of 21 assimila-

tion processes to be tested. 

3 Results 

The previously described testing of the data assimilation method involves the creation 

of hypothetical rainfall events at meteorological stations within the catchment during 

the assimilation period, as well as the generation of rainfall data for the forecast peri-

od. For testing the method, an assimilation period of 7 days and a forecast period of 5 

days were adopted. The simulation was then performed using the generated rainfall 

event, for both the assimilation and forecast period. The results of the model are pre-

sented in the Fig. 5 
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Fig. 4. Results of the mathematical model using the generated hypothetical rainfall 

event. Black vertical line separates the assimilation and forecast period 

A boxplot of the results from 4,096 simulations performed as part of the sensitivity 

testing of the data assimilation method for the assimilation period (left) and the fore-

cast period (right). The results represent water levels at the profiles of hydrological 

stations: HS Koceljeva (Tamnava River), HS Ub (Ub River), and HS Liso Polje 

(Tamnava River downstream of the Ub confluence). For each simulation time step, 

the median of all sensitivity simulations is shown in orange, while the box at each 

time-step extends from the first to the third quartile. 

 

Fig. 5. Box-plot of the sensitivity analysis of assimilation method on the selected hydrological 

stations 

From the results displayed, it can be concluded that the range of results that can be 

obtained with relatively small corrections to the input data is large, both during the 

assimilation period and the forecast period. 

The testing of the stability of method was performed for 21 hypothetical scenarios. 

The genetic algorithm was run with 100 generations, each having 90 individuals. The 

objective function of optimization is the RMSE between the “known” solution and the 
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computed solution at the previously mentioned profiles. In the next Figure, the RMSE 

of the forecast for each calculation without using assimilation is shown on the X-axis, 

while the RMSE in the forecast using the assimilated solution is shown on the Y-axis. 

All points below the line represent scenarios where assimilation improved the fore-

cast. From the results displayed, it can be concluded that, out of 21 scenarios, 19 cases 

show an improvement in the forecast compared to the reference results, meaning that 

the assimilation improved the forecast results.  

 

Fig. 6. Comparison of RMSE in the forecast period with (Y axis) and without assimilation (X 

axis) 

In the following Figure, the results of one of the scenarios are shown in more detail. 

The black line represents the “observed” values, and the dashed black line shows the 

results without the assimilation. The red line represents the assimilated results. 
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Fig. 7. Detailed results for one of the scenarios in stability analysis.  

4 Conclusion 

This paper presents an assimilation method developed within the RNU Kolubara sys-

tem, which is currently being tested on the Tamnava River basin. The method is based 

on correcting the spatial distribution of precipitation as well as adjusting the soil 

moisture state of the hydrological model using “virtual” stations. The following are 

conclusions drawn from the initial testing results of the method. 

The range of allowable corrections in the method was chosen to prevent excessive 

adjustments that could lead to incorrect model states. Accordingly, tests were con-

ducted to verify whether these limited parameters could still influence the model’s 

results. Based on the testing outcomes, it can be concluded that the specified parame-

ter ranges of the evaluator are adequate, that is, they affect the results and can produce 

different solutions. 

The stability of the method is reflected in whether the forecast period results are 

improved compared to those without using assimilation. Test results showed that in 

most cases, the results are better, indicating that the assimilation method is stable. 

Further testing of the assimilation method will require additional experiments using 

hypothetical scenarios, primarily focusing on testing the parameters of the genetic 

algorithm used to solve the assimilation optimization problem, as well as parameters 

of the assimilation configuration itself (such as the number and placement of virtual 

stations, length of the assimilation period, length of the verification period, and simi-

lar). After conducting these tests and applying potential method corrections based on 

the results, the method can then be tested using real data recorded in the basin. 
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