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Abstract: There are two main schools of estimation of extreme flood characteristics in the world
hydrological practice. The first approach is based on fitting a statistical distribution to available
measurements of flood peak discharges and extrapolating this distribution to estimate the floods of
needed low exceedance probabilities. The second one uses the concept of probable maximum flood.
Neither approach practically utilizes available meteorological observations (that contain important
information on possible variations of runoff generation) and both are based on implicit assumptions
that the physical mechanisms of runoff generation do not depend on the magnitudes of the water inputs
and land use changes. To overcome these shortcomings, a new technique based on coupling the Monte
Carlo simulation of meteorological inputs with application of the detailed physically-based model of
runoff generation processes is suggested. The paper illustrates the implementation of this technique for
estimation of the extreme flood characteristics for the Seim River basin (the catchment area is 7,460
km?). The model of runoff generation is based on the finite-element schematization of river basins and
includes the description of snow cover formation and snowmelt, freezing and thawing of soil, vertical
soil moisture transfer and infiltration, overland, as well as and channel flow. The Monte-Carlo simula-
tion is based on stochastic models of daily precipitation series, daily air temperature and daily air
humidity deficit (for continuous simulation during autumn-winter-spring seasons) or distributions of
snow water equivalent, depth of frozen soil, and soil moisture content before snowmelt (for simulation
during only spring period). The calculated exceedance probabilities of the flood peak discharge have
been compared with ones calculated using long-term runoff data. As an example of the application of the
developed technique, changes of the Seim River flood runoff characteristics resulting from changes of
basin land use are given.

Keywords: Snowmelt flood, rainfall flood; physically based modelling; stochastic modelling; Monte
Carlo simulation.

Introduction

Estimation of extreme flood characteristics is a clas-
sic hydrological task associated with flood risk assessments,
design of flow control constructions, and dam safety evalu-
ation. Increasing demands for the acceptable potential
economic and environmental risk in water resources man-
agement have necessitated improving reliability of the ex-
isting methods of estimation of extreme flood characteristics
and developing such methods for flood events of very low
probabilities. At the same time, the solution of this task has
been made more complicated because of intensification of
human activity on the river watersheds and climate change.

In present-day hydrologic practice, there are two main
approaches to estimation of extreme flood characteristics.
The first approach is based on frequency analysis of mea-
sured flood peak discharges, fitting a chosen statistical dis-
tribution to these values, and extrapolating this distribution
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for determination of the peak discharges of needed low
exceedance probabilities. The methods using this approach
are well-developed and widely tested; however, as it has
been shown in many papers (for example, Swain et al.,
1998), this approach yields reliable estimates of flood peak
discharges if the recurrence intervals of these discharges
do not significantly exceed the lengths of measured peak
discharge series. Additionally, for the solution of many
hydrological and environmental problems it is important to
know not only the maximum flood peak discharges but
also the maximum flood hydrographs.

The second approach is based on an assumption that
there are some maximum values of precipitation for each
region and for each season, and these values can be uti-
lized for calculation of the hydrographs of the probable
maximum floods (PMF) with the aid of the unit hydrograph
method or conceptual runoff generation models. The tech-
niques for estimating the probable maximum precipitation
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values have inadequate scientific foundation and usually
give maximum floods that have never reached up. Bowles
et al. (1994) have found a significant difference between
the PMF estimates based on the different assumptions on
centering, orientation, storm area, and position of the peak
interval of the probable maximum storm. At the same time,
the absence in the PMF-approach the estimation of the
probabilities of the possible maximum discharges creates
the difficulties for decision-makers who prefer to have
probabilistic estimates of the possible flood characteris-
tics together with assessment of available uncertainty.

It is worth noting that neither of the aforementioned
approaches fully utilizes the available meteorological ob-
servations that contain important information on possible
variations of runoff generation processes. Another com-
mon shortcoming of these approaches is implicit assump-
tions that the physical mechanisms of runoff generation
do not depend on the magnitudes of the water inputs and
the drainage basin characteristics are not change in time
in spite of possible human activities and climate change.
However, many hydrological processes are essentially non-
linear, and the physical mechanisms of extreme flood gen-
eration are often quite different from such mechanisms
for usual floods. In many cases, the extreme floods can
be a result of such unusual combinations of hydrometeo-
rological factors and runoff generation mechanisms that
may be unobserved in the historical data. In a number of
regions, the extreme floods may be of snowmelt or mixed
snowmelt-rainfall origin. Human activity (for example,
deforestation, urbanization, change of land use) may have
a significant influence on the generation of extreme floods
may have.

Achievements in development of the physically-based
models of runoff generation and stochastic analysis of
meteorological time series as well as an immense increase
of the computer facilities enable implementation of new
methods for estimating the extreme flood characteristics
and that provides possibility to overcome, to significant
extent, the shortcomings of both approaches mentioned
above. This new technique may be constructed on simula-
tion of possible runoff hydrographs by means of coupling
stochastic models of meteorological inputs and runoff gen-
eration models (the dynamic-stochastic models of runoff
generation).

Eagleson (1972) was probably the first who employed
a dynamic-stochastic model of runoff generation for cal-
culation of statistical characteristics of maximum runoff
from the statistical characteristics of rainfall but trying to
apply only analytical solutions of the underlying differen-
tial equations he implemented oversimplified process de-
scription. The development of Eagleson’s method and its
application to practical tasks of calculating maximum dis-
charges due to rainfall and snow melting are described by
Wood and Harley (1975); Carlson and Fox (1976); Chan
and Bras (1979); Hebson and Wood (1982); Diaz-Granados
et al. (1984).

Kuchment and Gelfan (1991) first combined the simu-
lation of meteorological inputs by the Monte-Carlo method
with the numerical solution of the differential equations
describing runoff generation processes. It essentially wid-
ens the opportunities of application of the complicated
nonlinear models of runoff generation and the complex
stochastic models of meteorological inputs. However, in
(Kuchment and Gelfan, 1991), because of the limitations
of the computer facilities, a relatively simple dynamic-sto-
chastic model of rainfall and snowmelt runoff generation
was applied. Calver and Lamb (1995) estimated flood fre-
quencies with the aid of the Monte Carlo simulation of
meteorological inputs using two conceptual semi-distrib-
uted models of runoff generation. Salmon et al. (1997)
and Cattanach et al. (1997) applied the Monte Carlo simu-
lation of meteorological inputs for estimating frequencies
of extreme floods on the basis a conceptual model of run-
off generation, probability distributions of rainfall and snow
melt, and antecedent soil moisture content. Cameron et
al. (1999) used Monte Carlo simulation to estimate uncer-
tainty of flood frequencies derived from rainfall stochastic
model coupled with the TOPMODEL.

Opportunities of development of the dynamic-stochastic
models of runoff generation for estimating extreme flood
characteristics are associated, first of all, with choice of
the relevant model structure. Conceptual models of run-
off generation that are commonly used in hydrological prac-
tice (SSARR, HEC1, Sacramento, NWSREFS, HSPF, etc.)
contain aggregated empirical parameters that may have
unclear physical meaning and exhibit a large range of varia-
tion. As aresult, these models after calibration may give a
satisfactory accuracy for conditions that are close to ob-
served events and used for construction and calibration of
the models. However, the reliability of these models in
unusual hydrometeorological conditions or at changing basin
characteristics can be very low. In contrast, physically-
based models include parameters with clear physical mean-
ing and values of these parameters can, in principle, be
determined from direct measurements in a given water-
shed or from a priori information gained from laboratory
or field investigations in similar physiographic conditions.
These models use more information available on drainage
basin characteristics and simplify the prediction of runoff
change caused by human activity on the drainage basin
area. Thus, coupling the detailed physically based models
of runoff generation with the Monte—Carlo procedure of
simulation of meteorological inputs permits estimating
exceedance probabilities of peak discharges and volumes
of floods for the most severe combinations of meteoro-
logical and hydrological conditions, taking into account the
nonlinearity of hydrological processes and the change of
drainage basin characteristics.

The input data for flood generation models include the
time series of precipitation, air temperature, air humidity,
as well as solar radiation and wind speed for the snowmelt
period. Consequently, for continuous Monte-Carlo simula-
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tion of these values during the whole year it is necessary
to have their stochastic temporal models. Because of the
strong and seasonally-changed autocorrelation and
crosscorrelations commonly existing in the meteorological
time series, construction of such models is a complicated
task and many such models may be too sophisticated and
unreliable for application in the estimation of flood charac-
teristics of small exceedance probabilities, especially ex-
treme values. Each run of runoff simulation with the aid
of the distributed physically based model requires a sig-
nificant computer time and it is necessary to choose the
models as simple as possible. The optimum structure of
the dynamic-stochastic model depends on climatic condi-
tions, main hydrological processes, and available hydrom-
eteorological information. As an example, illustrating the
proposed approach, we shall consider constructing the
dynamic-stochastic model of extreme flood generation for
the Seim River basin.

Choosing and Construction of the Physically
Based Model of Flood Generation

The Seim River basin (the catchment area to Kursk is
7,460 km?) is a part of the Dnieper River basin. The relief
of the basin is a rugged plain with many river valleys, ra-
vines, and gullies. The soils are mainly chernozem, grey
forest soil, and meadow soil. The groundwater level fluc-
tuates at 15 to 20 m below the land surface. The largest
part of the basin (about 70 percent) is ploughed, the forest
occupies about 10 percent, the pastures and urbanized land
take up about 20 percent. The mean annual precipitation
is 600 to 650 mm, the mean snow water equivalent before
melt is 85 mm. The mean snowmelt runoff is 55 mm; the
mean peak discharge is 592 m?/s, and their coefficients of
variation are, respectively, 0.43 and 0.81. The mean snow-
melt peak discharge is almost 20 times higher than the
rainfall one.

To choose an optimum structure of the extreme flood
generation in a chosen river basin, the system of the physi-
cally-based models of hydrological processes developed
in the Water Problems Institute (WPI) of the Russian
Academy of Sciences was applied (Kuchment et al., 1983;
1986; 1990). The WPI system provides simulation of a
wide diversity of runoff generation mechanisms for ex-
ploring different assumptions about runoff generation
mechanisms for a given basin and choosing the optimum
structure of the whole model of runoff generation for this
basin. The WPI model system can simulate the following
processes which can results in extreme floods and which
are poorly described by the commonly used conceptual
models:

* 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 (overbank flow,
flow at sharply changed hydraulic characteristics);

+ formation of impermeable soil layer at different depths
as results of thermophysical processes during winter
and spring periods;

« formation of ice crust;

* runoff generation at the rainfall on the snow cover;

* interaction of subsurface and overland flow;

+ change of the contributed area depending on the rain-
fall characteristics.

* change of the land use of the drainage area (urbaniza-
tion, forest cutting, land treatment).

Most of the model constants can be determined from
usually available measurements of the drainage basin char-
acteristics (relief and river channel characteristics; soil
constants, snow measurements) and from empirical ratios
that were derived and tested using mainly the Russian labo-
ratory and field data. Part of the parameters can be cali-
brated using the available measurements of hydrological
variables: runoff, snow cover, soil moisture, and evapora-
tion.

As a result of an analysis of data of hydrometeoro-
logical measurements and numerical experiments, the fol-
lowing structure of the runoff generation model the Seim
River basin was chosen.

Snow Cover Formation and Snowmelt

To calculate the characteristics of snowpack, the sys-
tem of vertically averaged equations of snow processes in
a point has been applied (Kuchment and Gelfan, 1996;
Kuchment et al., 2000). The system includes the descrip-
tion of temporal change of the snow depth, content of ice
and liquid water, snow density, snowmelt, sublimation, re-
freezing melt water, snow metamorphism.

Soil Freezing

The soil freezing is described by the following equa-
tions (Kuchment, 1980; Kuchment and Gelfan, 1993):
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where H(t) = depth of frozen soil at time #; T (z,¢) = soil
temperature at the depth z and time i; A ¢, andA,; =
thermal conductivities of frozen and unfrozen layers of
soil, respectively; C f and C,r = heat capacities of fro-
zen and unfrozen layers of soil, respectively; X = latent
heat of ice fusion; 8(z,¢) = volumetric liquid water con-
tent of unfrozen soil; 6_ = liquid water content just above
the freezing front; 8, =liquid water content at a tempera-
ture near 0°C (assumed to be equal to the wilting point);
D, = diffusivity of soil moisture; K =hydraulic conduc-
tivity; and L = depth of the ground where the ground tem-
perature and the volumetric moisture content can be
considered as constants equated T, and 8, , respectively
(L was taken to be equal to 2 m). The temperature T, of
the soil surface is calculated from

Ta_TO aT (5)

s = _Afi
H 0z|__,

A
where H_and A are snow depth and thermal conductivi-
ties of snow, respectively; and T, is temperature of air.

The Equation 3 describes soil moisture transfer from
the unfrozen layer of soil to the freezing front. According
to experimental data (see Kuchment and Gelfan, 1993;
and references therein), this process plays an important
role in the vertical redistribution of soil moisture during the
cold period for soils which are typical for forested-steppe
zone.

The diffusivity, the hydraulic conductivity of unfrozen
soil, the heat capacities and the thermal conductivities of
frozen and unfrozen soil were calculated by the formulas
from (Kuchment et al., 1983; Kuchment et al., 2000).

An implicit four-point finite difference scheme was
used for the numerical integration of the equations of heat
and moisture transfer; the corresponding system of differ-
ence equations were solved by the double-sweep proce-
dure.

Soil-thawing

Soil-thawing was calculated for snow-free areas of
the catchment area from the end of snowmelt. The move-
ment of the soil-thawing front was described by the equa-
tions similar to ones used for soil freezing description
excluding Equation 3. The description of soil thawing model
has been presented in (Kuchment, et al., 2000).

Meltwater Infiltration into Frozen Soil

It was assumed that melting water saturates the up-
per layers of soil just after the beginning of snow melting;
so the intensity of infiltration into the frozen soil was as-

signed equal to the saturated hydraulic conductivity of the
frozen soil K /.calculated as (Kuchment and Gelfan, 1993):

4
Kf:KufFP_'_HO 1 . (6)
Hpr-6, H@a+8l)

where K . = saturated hydraulic conductivity of unfrozen
soil; P = volumetric porosity; and / = volumetric ice con-
tent of the upper layer of soil.

Detention of Melt Water by Basin Storage

It was assumed that the spatial distribution of the free
storage capacity D before snow melting can be described
by exponential probability function. In this case, the sum
detention of water D, by the basin storage up to time ¢
after the beginning of melting was determined as
(Kuchment and Gelfan, 1993):

r 0
D, :_([[1 - F(D)|dD = D, g —exp%li% (7)

where

F(D)=1—exp%5%

D, = expected value of the free storage capacity (or
the maximum possible detention); and

R = sum melt and rainfall water yield on the basin
area up to time ¢

The Vertical Movement of Water in the Unfrozen Soil
The changes of the unfrozen soil moisture content and
infiltration into the soil during the warm period were cal-
culated by the Equation 3.
The evaporation rate £ calculated as (Kuchment and
Gelfan, 1993):

E =k,d, ()8(0,7) (8)

where d_ = air humidity deficit; and k, = empirical con-
stant.

Overland and Channel Flow

Overland flow is the main mechanism of snowmelt
runoff generation for the Seim River basin. Subsurface
contribution into the total runoff during spring flood period
is negligible. To model overland and channel flow, the one-
dimensional kinematic wave equations were applied
(Kuchment et al., 1986). For numerical integration of these
equations, the finite element method was used. The finite
element schematization of the drainage area and the struc-
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Figure 1. Finite element schematization of the Seim River basin: 1-
subcatchment boundaries; 2-channel network; 3-runoff gauge stations;
4-agrometerological stations.

ture of the river network (Figure 1) was carried out taking
into account the river basin topography, soils, land use,
and vegetation.

Calibration and Verification of the Model

To calibrate and verify the model of runoff generation
of the Seim River basin, daily meteorological data mea-
surements during 20 years (1969 to 1988) were used. A
set of numerical experiments had been carried out to esti-
mate the sensitivity of the runoff hydrographs to change
of different parameters of the model before calibration.
The sensitivities of flood peak discharges to five main pa-
rameters are shown in Figure 2. It has been revealed that
the saturated hydraulic conductivity and the degree-day
factor are the most important. The first parameter con-
trols runoff losses and the second one determines melt-
water outflow from snowpack. The influence of routing
parameters (Manning’s coefficients of roughness for the
slope surface and the river channels) on flood peaks is not
too strong. The parameter of the maximum possible water
detention D essentially influences on flood generation only
during a short time at the beginning of melting. All these
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the calibrated parameters of the model (1 — the maximum possible
water detention; 2 — Manning roughness coefficient for overland flow;
3 - Manning roughness coefficient for river channel flow; 4 saturated
hydraulic conductivity; 5 — degree-day factor).

five parameters were calibrated against measured runoff
hydrographs for the period 1969 to 1978.

The rest of the parameters were assigned on the ba-
sis of the available data measurements at four
agrometeorological sites located within the watershed area.
The list of the parameters utilized by the model is shown
in Table 1.

Table 1. Parameters of the Model of
Runoff Generation in the Seim River Basin

Physical Meaning of the Paramete Numerical Value

Measured Constants

Density of soil 1,100 kg m?
Density of the soil matrix 2,500 kg m
Volumetric porosity of soil 0.5
Wilting point of soil 0.14
Maximum hydroscopicity of soil 0.07
The field capacity of the soil 0.32

Constants Assigned Using Experimental Data

Specific heat capacity of soil matrix 1,100 j kg
Matrix potential of soil at maximum hydroscopicity -550 m
Snow refreezing rate 6x10*ms™°C!

3x10"m*s kg
2x10°m mb's™

Snow compression parameter
Evaporation rate parameter

Parameters Calibrated Using Measured Hydrographs

Free storage capacity before snowmelt 0.0l m
Saturated hydraulic conductivity of soil 0.001 m s
Manning’s coefficient of roughness for

the slope surface 0.15sm'?
Manning’s coefficient of roughness for

the river channels 0.07 s m'?

Degree-Day factor 2.5x10-10 ™°C'kg's™!
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The verification of the model was performed by com-
parison of the measured and calculated hydrographs for
the period of 1979 to 1988. Comparison of these
hydrographs is given in Figure 3. The measured and cal-
culated flood peak discharges during the whole data set
(20 years) are compared in Figure 4. As can be seen from
these figures, the developed model of runoff generation
gives a satisfactory simulation of the Seim River
hydrographs.
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Stochastic Input Models and Estimating the
Exceedance Probabilities of Flood Peak Discharge

To simulate the meteorological inputs, models of pre-
cipitation, daily air temperature for cold season (from
November 1 to April 30), and air humidity deficit for warm
season (from May 1 to October 31) were applied. To
choose the structure and to determine the parameters of
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Figure 3. Observed (bold line) and calculated (dashed line) hydrographs of the Seim River (verification phase).
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Figure 4. Observed vs. calculated snowmelt flood peaks: circles —
calibration period (1969 to 1978); squares — verification period (1979
to 1988).

these models, the meteorological measurements at a sta-
tion, located in the center of the Seim River basin for 101
years (1891, 1892, 1896—-1941, 1943-1995) were used.

The precipitation model consists of a model of daily
precipitation occurrence (a first-order Markov chain is
applied) and a gamma distribution of daily precipitation
amounts. Parameters of the distribution were determined
separately for the warm and cold seasons.

Because of the strong auto-correlation in the air daily
temperature series, the following approach was applied
for modeling the daily temperature. At first, the observed
sequences of daily air temperature for cold seasons were
divided by their average values to obtain the normalized
series “fragment” for each season. Then these series were
separated into several groups taking into account a range
of change of the average temperature. The distribution of
the average seasonal temperature was fitted by the nor-
mal probability distribution. For generation of synthetic
temperature series, a random value of the average sea-
sonal temperature was generated and multiplied by the
“fragment” randomly chosen from the corresponding
group.

The histogram of daily air humidity deficit values was
fitted by lognormal distribution. It was assumed that in the
wet days the humidity deficit is negligible. The list of the
parameters utilized by the stochastic models is shown in
Table 2.

We tested two procedures of simulation of possible
flood events. In the first procedure, we used the Monte
Carlo simulations to construct the continuous series of
meteorological inputs (a wet-dry day sequence is gener-
ated each year, daily precipitation for each wet day, daily
air humidity deficit for each dry day, and daily air tem-
perature for each period from November 1 to April 30)
and then to calculate possible spring-summer floods.

In the second procedure, we tried to avoid long-period
stochastic modeling of meteorological inputs before snow-

Table 2. Parameters of the Stochastic Models of
Meteorological Inputs

Meaning of the Parameter Numerical Value

Precipitation Model
Tranisition probability matrix* P =0.7 P,=0.3
P,=04 P,=0.6
Mean of daily precipitation amount for
warm period 4.7 mm/day
Mean of daily precipitation amount for
cold period 2.5 mm/day
Standard of daily precipitation amount
for warm period 6.6 mm/day
Standard of daily precipitation amount
for cold period 3.8 mm/day
Air Temperature Model
Averaged mean of seasonal temperature 4.0°C
Standard of mean of seasonal temperature 2.0°C

Air Humidity Deficit Model

Mean of daily air humidity deficit 7.5mb for wet days
0.0 mb for dry days
1.7 mb for wet days

0.0 mb for dry days

Standard of daily air humidity deficit

P,, means probability of dry day after dry day; P, means probabilty
of dry day after wet day P =1-P, P =1-P

melt. To do so, we at first used the available series of
measured daily air temperature, air humidity deficit, and
precipitation for the period from May 1 to March 1 for 34
years in order to calculate the soil moisture content, the
depth of frozen soil, and the snow water equivalent before
the beginning of snowmelt for each year. Then the empiri-
cal probability distributions of these values are constructed
and fitted by gamma-distributions. These distributions were
used for the Monte Carlo simulation of different combina-
tions of the initial conditions in the river basin before snow-
melt. At last, the combinations of the initial conditions
together with the Monte Carlo simulation of meteorologi-
cal inputs during spring-summer period were applied for
flood simulation.

Both procedures were applied and used to calculate
the runoff hydrographs and the peak discharges with the
aid the model runoff generation.

Figure 5 shows the comparison of the exceedance
probabilities of snowmelt flood peaks calculated from 61-
year measurement data and the exceedance probabilities
determined from the 20,000 snowmelt hydrographs ob-
tained on the basis of Monte-Carlo modelling of input data
by the both procedures considered above.

Table 3 gives the comparison of the statistical charac-
teristics of the flood peak discharges, calculated from avail-
able 61 years (1928 to 1940; 1943 to 1990) series of
hydrological measurements, from the 20 years series of
hydrological measurements (data used for calibration and
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Figure 5. Exceedence probabilities of the snowmelt peak discharges
of the Seim River: circles - 61-year series of the obseved peaks; fine
line - calculations by the dynamic-stochastic model with random me-
teorological inputs; bold line - calculations by the dynamic-stochastic
model with random initial conditions.

verification of runoff generation model), and from the
20,000 snowmelt hydrographs obtained on the basis of
synthetic input data. As can be seen from Table 3 and
from Figure 5, the correspondence between the observed
statistical characteristics and calculated on basin of the
Monte-Carlo simulation is quite satisfied.

The mean value of snowmelt peak discharge calcu-
lated by the first procedure appears to be closer to the
observed mean than one calculated by the second proce-
dure. However, the coefficient of variation of flood peaks
and the quantilies of low exceedance probabilities calcu-
lated by the second procedure are closer to the corre-
sponding values obtained by the 61-year observation series.
It is possible to assume, that the first procedure allows us
to reproduce better the averaged conditions of snowmelt
runoff generation, but not conditions of the extreme floods
generation. Perhaps, using the second procedure, we can

determine more reliable low exceedance probabilities.

It is seen from the Table 3 and Figure 5 that both
procedures give flood peak statistical characteristics, which
are closed to ones treated from the longest observations
series. This result is obtained despite the fact that the cal-
culations were made applying the runoff data series three
time shorter than the longest one.

Changes of Exceedance Probabilities of Flood
Characteristics at Changing Basin Land Use

The model is applied for estimating exceedance prob-
abilities of flood characteristics at three scenarios of land
use in the Seim river basin (for the beginning of the twen-
tieth century, for the present time, for future). The main
difference in these land use scenarios associated with
change of area of agriculture land and agriculture land
treatment. At the beginning of the last century, the all ag-
riculture land used after harvesting as a pasture. At the
present time, only about 20 percent of agricultural land
(about 70 percent of the basin area) is used for grazing
after harvesting. The forest and virgin land areas did not
change during last century. However, it is supposed that in
future the present virgin land area will be used for agricul-
ture and deep ploughing will be used for all agricultural
area. The main change of the soil characteristics is re-
vealed in change of the saturated hydraulic conductivity
K  and the free storage capacity D, As can be seen
from Table 4, the decrease of mean value of flood peaks
during XX centure is about 12 percent; the coefficient of
variation of peak increased from 0.77 to 0.84. The plough-
ing of the present-day virgin lands can decrease the
present-day mean flood peak from 644 m*/s to 554 m?¥/s.
The coefficient of variation of flood peak will increase
from 0.84 to 0.91. The flood peak discharges of low
exceedance probabilities will change relatively less than
peaks of small and moderate floods.

Table 3. Statistical Characteristics of the Measured and Calculated Flood Peak Discharges of the Seim River

Mean Standard Coefficient of Quantilies of Different Exceedance, Variation Probabilities, m’s
m’/8 Deviation, Variation
m’/s 0.001 0.005 0.02 0.05 0.1
Measurement Data
61 years 592 483 0.81 - - 2,230 1,790 1,240
20 years 458 409 0.89 - - - 1,790 1,080
Calculated Data
First
Procedure 619 472 0.76 2,789 2,260 1,758 1,411 1,136
Second
Procedure 644 541 0.84 3,460 2,726 2,043 1,625 1,328
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Table 4. Statistical Characteristics of the Flood Peak Discharge at Different Land Use in the Seim River Basin

Parameter Mean Coefficient Quantities of Different Exceedance
Land Use Values m’s of Variation Probabilities, m’s
0.002 0.005 0.010

Ploughing after K =50 cm/day 735 0.77 3,270 2,820 2,494

grazing - 70% ‘
Virgin land - 20% D,=8 mm
Forest - 10%

(beginning of

XX century)
Ploughing after K =90 cm/day 644 0.84 3,187 2,726 2,395

grazing - 20%

D,=12 mm

Autumn deep

ploughing - 50%
Virgin land - 20%
Forest - 10%

(present)
Autumn deep Kuf: 130 cm/day 554 0.92 2,980 2,505 2,155
Ploughing - 90%
Forest - 10% D =18 mm

Conclusions modeling of hydrological processes and application of these

The Monte-Carlo simulation of runoff hydrograph
based on the physically based models of runoff generation
and the stochastic models of meteorological inputs can
ensure a more reliable determination of the statistical dis-
tributions of runoff characteristics than the statistical analy-
sis of short observed runoff series. This technique can be
applied to estimate change of flood characteristics resulted
from change of land use. However, there are significant
difficulties in assigning parameters of the models of run-
off generation and in constructing the stochastic models
of meteorological models. For further improvement of this
technology, it is necessary to develop the methods of esti-
mation of uncertainty in constructing models and input data.

Acknowledgements

The present work was carried out as part of a re-
search project supported by the Russian Foundation of
Basic Researches.

About the Authors
. Lev S. Kuchment has held the
- position of Head of the Laboratory
J - ‘:}w of the Hydrological Cycle at the
3 Water Problems Institute of the Rus-

sian (formerly USSR) Academy of
Sciences, Moscow, since 1977. Pro-
fessor Kuchment is the author of 170
scientific publications, including
seven books. He is an expert in the

models in hydrological forecasting and design. His research
interests have included: snow cover formation; heat and
moisture transfer in soil; evapotranspiration; overland, sub-
surface and groundwater flow; interaction of surface wa-
ter and groundwater; unsteady flow in river channel
systems; water quality formation; the hydrological cycle
as a whole. He has also dealt with estimation of human-
induced changes of the hydrological cycle and possible
hydrological impacts of global climate change. In recent
years, his main research fields are risk assessment of cata-
strophic floods. He can be contacted at the Water Prob-
lems Institute of Russian Academy of Sciences, Gubkina
3,119991, Moscow, Russia. Email: kuchment@mail.ru.
Dr. Alexander N. Gelfan has
been working in the Laboratory of
the Hydrological Cycle at the Wa-
ter Problems Institute, Russian
3. Academy of Sciences in Moscow,
since 1986. He has published 28
papers and one book in hydrology.
His research interests include physi-
cally-based modelling processes of
runoff generation, extreme flood modelling, flood-frequency
prediction using dynamic-stochastic models, predicting the
effects of land use and climate changes on floods. He has
also dealt with modelling hydrological processes in perma-
frost regions. He can be contacted at the Water Problems
Institute of Russian Academy of Sciences, Gubkina 3,
119991, Moscow, Russia. Email: a_gelfan@hotmail.com.

Discussions open until September 1, 2002.

IWRA, Water International, Volume 27, Number 1, March 2002



86 L.S. Kuchment and A.N. Gelfan

References

Bowles, D. S., K.M. Ozment, and R.K. Frithiof. 1994. “PMF De-
termination: Finding the Critical Combination of Meteoro-
logic and Hydrologic Conditions for a Large Texas Basin.”
Proceedings Annual Meeting of the Association of the State
Dam Safety Official, Boston, September, 1994.

Calver, A. and R. Lamb 1995. “Flood Frequency Estimation us-
ing Continuous Rainfall-runoff Modelling. Phys. Chem. Earth
20:479-483.

Cameron, D.S., K.J. Beven, J. Tawn, S. Blazkova, and P. Naden.
1999. “Flood Frequency Estimation by Continuous Simula-
tion for a Gauged Upland Catchment (with uncertainty).” J.
Hydrol. 219: 169-187.

Carlson, R.F. and P. Fox. 1976. “A Northern Snowmelt-flood
Frequency Model.” Water Resources Research 12: 786—794.

Cattanach, J.D., W.Q. Chin, and G.M. Salmon. 1997. “Estimating
the Magnitude and Probability of Extreme Events.” Hydro-
power97, Trodheim, Norway, July 1997.

Chan, S. and R.L. Bras 1979. “Urban Stormwater Management
Distribution of Flood Volumes.” Water Resources Research
15:371-382.

Diaz-Granados, M.A., J.B. Valdes, R.L. Bras. 1984. “A Physi-
cally Based Flood Frequency Distribution.” Water Resources
Research 20: 995-1002.

Eagleson, P. S. 1972. “Dynamics of Flood Frequency.” Water
Resources Research 6: 878—898.

Hebson, C. and E.F. Wood. 1982. “A Derived Flood Frequency
Distribution.” Water Resources Research 18: 1509—1518.
Kuchment, L.S. 1980. Models of the River Runoff Generation

Processes. Hydrometeoizdat, Leningrad. (in Russian).

Kuchment, L.S. and A.N. Gelfan. 1991. “Dynamic-stochastic
Models of Rainfall and Snowmelt Runoff. Journal Hydrol.
Science 36: 153—-169.

Kuchment, L.S.and A.N. Gelfan. 1993. Dynamic-stochastic Mod-
els of River Runoff Generation. Nauka, Moscow (in Rus-
sian).

Kuchment, L.S. and A.N. Gelfan. 1996. “The Determination of
the Snowmelt Rate and Meltwater Outflow from a Snowpack
for Modelling River Runoff Generation. ”” Journal. Hydrol.
179:23-36.

Kuchment, L.S., V.N. Demidov, and Y.G. Motovilov. 1983. River
Runoff Formation (Physically-Based Models). Nauka, Mos-
cow (in Russian).

Kuchment, L.S, V.N. Demidov, and Y.G. Motovilov. 1986. “A
Physically-based Model of the Formation of Snowmelt and
Rainfall-runoff.” In Symposium on the Modeling Snowmelt-
Induced Processes. International Association of Hydrologi-
cal Sciences: IAHS Publications 155, Budapest: 27-36.

Kuchment, L.S, A,N. Gelfan, and V.N. Demidov. 2000. “A Dis-
tributed Model of Runoff Generation in the Permafrost Re-
gions. Journal Hydrol. 240: 1-22

Kuchment, L.S., Y.G. Motovilov, and N.A. Nazarov. 1990. Sensi-
tivity of the Hydrological Systems. Nauka, Moscow (in Rus-
sian).

Salmon, G.M., W.Q. Chin, and V. Plesa. 1997. “Estimating the
Magnitude and Probability of Extreme Floods.” Hydropower
97, Trondheim, Norway: 1-8.

Swain, R.E., D.S. Bowles, Ostenoa. 1998. “A Framework for Char-
acterization of Extreme Floods for Dam Safety Risk Assess-
ments. In Proceedings of the 1998 USCOLD Annual Lecture
Buffalo, New York. August 1998.

Wood, E.F. and B.M. Harley 1975. “The Application of Hydro-
logical Models in Analyzing the Impact of Urbanization.” In
Application of Mathematical Models in Hydrology and
Water Resources Systems. IAHS Publications 105. Bratislava:
265-278.

IWRA, Water International, Volume 27, Number 1, March 2002



