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Physically based modeling of extreme flood generation and assessment of flood risk
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Abstract: The extreme floods can be resulted from such unusual combinations of hydrometeorological factors that may be unobserved in the historical data. At the same time, because of nonlinearity of hydrological processes, the physical mechanisms of extreme flood generation are often quite different from such mechanisms for usual floods. The detailed physically based models of runoff generation give opportunities to estimate the hydrographs of floods for possible combinations of meteorological and hydrological conditions, taking into account the physical mechanisms of extreme flood generation and the change of drainage basin characteristics. Coupling these models with stochastic models of meteorological inputs (the weather generators) and with the Monte Carlo procedure of simulation of meteorological series is allowed one to estimate the risk of floods through the exceedance probabilities of flood peak discharges and volumes. In our earlier publications, it has been shown that the implementation of such a dynamic-stochastic methodology provides a significant improvement of estimation of exceedance probabilities of flood peak discharges with comparison to results given by the approach which is based on frequency analysis of measured flood peak discharges and extrapolating a fitted statistical distribution to low exceedance probabilities. It is possible to assume that the accuracy of the suggested methodology can be satisfactory for the exceedance probabilities of 0.01-0.001. However, for more rare events the errors can significantly increase because of uncertainty caused by inadequacy of the models and shortness of the observed data series used for assigning model parameters. To decrease this uncertainty, an attempt has been done in this paper to combine the information given by dynamic-stochastic simulation of the peak discharges with the deterministic information containing in estimation of the probable maximum discharge (PMD); the latter has been determined by the physically based model of runoff generation. This PMD has been utilized as a parameter of Johnson statistical distribution fitted to the exceedance probabilities of flood peak discharges resulted from the dynamic-stochastic simulation. The case study area is the Vyatka River basin with the drainage area of 124000 km2 situated in the forest zone of Russia.
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1. INTRODUCTION
In many cases, the extreme floods can be resulted from such unusual combinations of hydrometeorological factors that may be unobserved in the historical data. At the same time, because of nonlinearity of hydrological processes, the physical mechanisms of extreme flood generation are often quite different from such mechanisms for usual floods. Generation of the extreme floods may be significantly influenced by human activity (e.g., deforestation, urbanization, change of land use). The detailed physically based models of runoff generation give opportunities to estimate the hydrographs of floods for possible combinations of meteorological and hydrological conditions, taking into account the specific physical mechanisms of extreme flood generation and the change of drainage basin characteristics. At the same time, coupling these models with stochastic models of meteorological inputs (weather generators) and with the Monte Carlo procedure of simulation of meteorological series allows one to estimate the risk of floods through the probabilities of flood peak discharges and volumes.
The distributed physically based models developed in the Water Problems Institute (WPI) of RAS can simulate the following specific events which are important for prediction of extreme floods: unsteady overland flow and river channel flow at the flow depths which had not been reached during the floods for the period of runoff measurements; formation of impermeable soil layer at different depths or ice crust as results of thermophysical processes during winter and spring periods; runoff generation at the rainfall on the snow cover; interaction of subsurface and overland flow;change of the contributed area and surface water detention; change of the land use of the drainage area (urbanization, forest cutting, land treatment).

At the International Workshop on Non-structural Measures for Water Management Problems carried out in London, Ontario, Canada in October 2001, we presented our results in developing a methodology of estimation of risk and characteristics of extreme floods based on coupling the WPI models of runoff generation and the Monte Carlo simulation of meteorological input (Kuchment and Gelfan, 2002a). In that presentation the Seim River basin with the drainage area of 7460 km2 situated in the forest-steppe zone of Russia (in the Dnieper River basin) was chosen as the case study area. In following investigations we continue to advance this methodology using several other case study areas. In this paper we present our results obtained for the Vyatka River basin situated in the forest zone of Russia.
2. The model of runoff generation and its validation 

The Vyatka River starts in the foothills of the central Urals and continues into the East European Plain. The drainage area of the Vyatka River basin is 124000 km2. Over 70% of the upper part of the basin area is occupied by coniferous and mixed forests. The lower part the basin area is used dominantly as agricultural land. Soils are mainly podzol and allied types. At most part of the basin area the groundwater occurs at the depths of 10-20 m. In the Vyatka River basin 477 areal and 84 channel finite elements have been singled out taking into account the differences in topography, soil and vegetation as well as the river channel structure and gage allocation (Fig1).

To simulate the runoff generation and calculate the hydrographs, the system of physically based models of hydrological processes developed in the Water Problems Institute of RAS has been used (Kuchment et al., 1983, Kuchment et al., 1990, Kuchment et al., 2000). The model of runoff generation is based on a finite-element schematization of the catchment area and includes simulation of the following processes: snow cover formation and snowmelt, freezing and thawing of soil, vertical moisture transfer and evaporation, surface water detention, overland, subsurface and channel flow. 
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Figure 1: Finite-element schematization of the Vyatka River basin

The used equations describing these processes are contained in the papers (Kuchment et al.,1986, Kuchment et al., 2000, Kuchment and Gelfan, 2002b). To take into account the subgrid effects, it was supposed that the snow water equivalent and the saturated hydraulic conductivity are gamma-distributed inside the finite element areas. Most of the model parameters have been determined using the available measurements of the basin constants (relief and river channel characteristics; soil and snow constants, vegetation measurements) and from empirical relationships that were derived and tested using mainly Russian laboratory and field data (Kuchment et al.,1983, Kuchment et al.,1990).  Six parameters have been calibrated against the 17 snowmelt flood hydrographs. Two parameters associated with snowmelt have calibrated against snow measurements. Validation was carried out by comparison of the observed and simulated hydrographs of 20 snowmelt flood hydrographs which had not been used for calibration. The standard deviation of the observed flood volumes from the simulated ones is 1.1 km3; the efficiency criterion of Nash and Sutcliffe for the flood volume simulations is 0.94. The standard deviation of the observed peak discharges from the simulated ones is 486 m3s-1; the efficiency criterion for the peak discharge simulations is 0.84. Fig. 2 illustrates the simulated and the observed hydrographs for a part the validation period. 
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Figure 2: Observed (solid line) and calculated (dashed line) hydrographs of the Vyatka River

3. The weather generators and estimating the exceedance probabilities of flood peak discharges  
The meteorological inputs have been spatially averaged for the whole basin for every time interval. The stochastic model of daily precipitation was based on presumption that the daily precipitation occurrence is a first order Markov chain and daily precipitation amount is gamma-distributed random variable. For simulation of the daily temperature series, the observed series for each season was divided by its mean value to obtain the normalized series (“fragments”) and the normalized series are separated into several groups taking into account the magnitude of mean temperature for each season. It is assumed that the mean season temperature is normal distributed. It is also assumed that the daily humidity deficit in dry days is lognormal distributed and this deficit in wet days is negligibly small. The time series of snow water equivalent, soil moisture content and depth of frozen soil before snowmelt period were considered as gamma distributed variables. The weather generators have been constructed for the period from March1 to June 30 on the basis of the daily meteorological measurements during 107 years (from 1881 to 1995) 

The Monte Carlo procedure was applied to choice the random combinations of the meteorological inputs and fragments to construct time series of precipitation, air temperature and air humidity deficit as well as for random assigning the initial values of snow water equivalent, soil moisture content and depth of frozen soil before the snowmelt. The Monte Carlo simulated meteorological time-series and initial conditions were used to calculate the snowmelt hydrographs by the physically based model. More information on constructing the weather generators and the Monte Carlo simulation of runoff hydrographs contains in (Kuchment and Gelfan, 1991, 1993, 2002b). 

The simulation of floods began from March 1. The statistical distribution of snow water equivalent is constructed using the area-averaged snow measurements before this date. The soil moisture content before snowmelt is calculated using the meteorological data beginning from May 1 of the previous year.

Comparison of exceedance probabilities estimated by the use of the measured flood peak discharges for 59 years of runoff observations with the exceedance probabilities of flood peak discharges from 1000 simulated hydrographs is presented in Fig.3. As one can see from this Fig. 3, the accuracy of simulation of peak discharges to the maximum value from observed series is quite satisfactory. It is possible to assume that the fitted curve of exceedance probability can provide the acceptable accuracy to the exceedance probability of 0.01-0.001. However, for more rare events the errors can significantly increase because of uncertainty caused by inadequacy of the models for events and shortness of the observed data series used for assigning the weather generators parameters. To decrease this uncertainty, we made an attempt to combine the information given by dynamic-stochastic simulation of the peak discharges with the deterministic information containing in estimation of the probable maximum discharge (PMD) determined on the basis of analysis of extreme meteorological inputs and extreme mechanisms of runoff generation.
4. Estimation of the probable maximum discharge of snowmelt flood 

The largest floods in the Vyatka River basin are of snowmelt origin. Thus, the main problem in determination of the probable maximum flood is estimation of the probable maximum snowmelt (PMS) for the period which is close to the time of concentration for this basin. To estimate PMS, the following assumptions have been done:1) the cloudiness during snowmelt period is absent, 2) net long wave radiation and the evaporation from snow cover can be neglected during snowmelt period.
[image: image3.wmf]0

2000

4000

6000

8000

10000

12000

14000

16000

0.001

0.01

0.1

1

Exceedance probability

Peak discharge, m

3

/s

 


Figure 3: Exceedance probabilities of the snowmelt flood peak discharges of the Vyatka River: white points – observed peak discharges; black points – calculated peak discharges
At these assumptions, the snowmelt rate depends only on the short wave radiation and the turbulence exchange. The maximum value of the short wave radiation was determined taking into account Julian day, latitude and minimum value of snow albedo (was assigned as 0.5 for melting snow). To calculate the maximum value of the turbulence exchange, Kuzmin’s (1961) empirical dependence of this value on the maximum air daily temperature and the wind speed was used. The maximum temperature was found for every date using multiyear observations. The wind speed was determined by the historical series. The snowmelt rate was calculated separately for open and forest areas. For the period from April 20 to April 30 the estimated maximum snowmelt rate varies from 79mm day-1 to 96mm day-1 for open areas and from 45mm day-1 to 55mm day-1 for forest.  

The time of concentration of the part of in the Vyatka River basin under consideration is about 10 days and it is necessary to estimate how long snowpack melts with the maximum melt rate. To calculate the probable maximum snow water equivalent before snowmelt (PMSWE), we used the estimation of the maximum 5 months precipitation based on the WMO recommendations (Manual, 1973). The PMSWE value was estimated for the Vyatka river basin as 310mm. Maximum snowmelt rates calculated for open and forest areas of the Vyatka basin are shown in Fig. 4.

To calculate the probable maximum snowmelt flood, it was assumed that the runoff losses depend only on the retention storage (the infiltration losses was considered as negligibly small). The simulated peak discharge of the probable maximum snowmelt flood (PMD) turns out to be 19100m3 s-1 and it is more than twice larger than the largest observed snowmelt flood peak discharge (8200 m3 s-1 in 1979). Modeled probable maximum flood hydrograph and hydrograph of the largest flood observed at the Vyatka river are shown in Fig. 4.
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Figure 4: Maximum snowmelt rates calculated for open and forest areas of the Vyatka River basin, simulated probable maximum flood hydrograph (dashed line) and hydrograph of the largest observed flood in 1979 (solid line).

To approximate the simulated exceedance probabilities of the peak flood discharges (see Fig. 3), the 4 -parametric Johnson distribution was applied. This distribution can be written as:
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 is the standard deviation. 

If ( =0, then PMD can be utilized as the upper boundary. It is clear that the absolute mistakes in determination of PMD  are large, however, it is reasonable to suggest that the influence of these mistakes on the fitted exceedance probabilities distribution of flood peak discharges can be not too much, especially  for the exceedance probabilities more than 0.0001. We have analyzed sensitivity of the approximated Johnson distribution based on the 1000 simulated peak discharges to the errors in determination of PMD. Fig. 5 shows the Johnson distribution at the PMD values of 14000 m3 s-1, 19100 m3 s-1 and 24000 m3 s-1. As it can be seen from this Fig. 5, the exceedance probabilities of 0.0001-0.00001 are weakly depended on the value of PMD. For example, at the assigned significant changes of PMD, the magnitude of the peak discharge of 0.0001 exceedance probability varied from 10600 m3 s-1 to 12100 m3 s-1 only. It is obvious that this analysis is not sufficient to make any general conclusions, however it can be useful to choose the way of investigation of confidence intervals in estimating the peak discharges of small exceedance probabilities.
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Figure 5. Comparison of the exceedance probabilities of simulated peak discharges of the Vyatka River (black points) fitted by the 4 -parametric Johnson distributions at different PMD values: dashed line: PMD=14000 m3 s-1; bold line: PMD=19100 m3 s-1; thin line: PMD=24000 m3 s-1
5. References
Kuchment, L.S. and Gelfan, A.N. 2002a. Estimation of risk and characteristics of extreme floods using physically based models of runoff generation and stochastic meteorological inputs. Proc. of UNESCO Workshop “Non-structural measures for Water Management Problems”. London, Canada, Oct. 2001, UNESCO IHP-5 No. 56:181-197.

Kuchment, L.S.and Gelfan, A.N. 2002b.Estimation of extreme flood characteristics using physically based models of runoff generation and stochastic meteorological inputs. Water International, 27: 77-87
Kuchment, L.S. and Gelfan, A.N. 1993. Dynamic-stochastic models of river runoff generation. Nauka, Moscow. (In Russian).
Kuchment, L.S. and Gelfan, A.N. 1991. Dynamic- stochastic models of rainfall and snowmelt runoff. J. Hydrol. Sciences, 36: 153-169.
Kuchment, L.S, Demidov V.N and Motovilov, Yu.G. 1986. A physically-based model of the formation of snowmelt and rainfall-runoff. In Symposium on the Modeling Snowmelt-Induced Processes. International Association of Hydrological Sciences: IAHS Publications 155; Budapest; 27-36 

Kuchment, L.S., Demidov, V.N. and Motovilov, Yu.G. 1983. River runoff  formation (physically-based models). Nauka, Moscow. (In Russian).
Kuchment, L.S, Gelfan, A.N and Demidov V.N. 2000. A distributed model of runoff generation in the permafrost regions. J. Hydrol. 240: 1-22

Kuchment, L.S., Motovilov, Yu.G. and Nazarov, N.A. 1990. Sensitivity of the hydrological systems. Nauka, Moscow. (In Russian). 

Kuz’min, P.P. 1961. Process of snow melting. Hydrometeoizdat. (In Russian).
Manual for estimation of probable maximum precipitation. 1973. WMO. N332. Operational Hydrology. Report N1. Geneva. 190p.
1
PAGE  
2

[image: image17.png]_1258385669.unknown

_1263984026.unknown

_1263984223.unknown

_1265041716.unknown

_1263984336.unknown

_1263984071.unknown

_1258386379.unknown

_1258385614.unknown

_1258385652.unknown

_1258385593.unknown

