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The science programs within 

PUB have the following broad 

community objectives: 

…………………..

4. To advance the scientific 

foundations of hydrology, and 

provide a scientific basis for 

sustainable river basin 

management

…to improve hydrological prediction in 

regions where streamflow measurements 

do not exist or are sparse. It accomplishes 

this by reducing calibration, and 

enhancing prediction based on 

hydrological understanding in order to 

compensate for the lack of streamflow 

gauges. 
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Preliminary notes

1. Choice of the techniques (models) for runoff prediction in an ungauged or

poorly gauged basin depends on:

(a) specific mechanisms of runoff genesis;

(b) available observations;

(c) the specific hydrological problem to be solved by the model

Because of great diversity of these specifics, many different models have been

suggested

2. There are many different ways of classifying models in watershed hydrology.

From the viewpoint of PUB, the most important distinguishing feature is the

nature of the basic algorithms (e.g. Grayson, Blöschl, 2000) or, strictly saying,

the relationship between a priori (theoretical) and a posteriori (based on data)

information accumulated by the model (Kuchment, 1971).

Empirical, regression or ‗‗black-box‘‘ models: based on input–output relationships 

without any attempt to describe the individual processes.

Conceptual–empirical models wherein the basic processes (interception, 

infiltration, evaporation, surface and subsurface runoff etc.) are separated, but the 

algorithms that are used to describe the processes are essentially calibrated input–

output relationships
Physically based models based as much as possible on the fundamental physics 

and governing equations of water and heat transfer through and over watershed



Towards Paradigm Change – From Calibration to Understanding

The accuracy of runoff prediction with the models of the first two types 

depends on the availability of streamflow data for their calibration. In the 

case of ungauged or poorly gauged basins, data deficit may be 

compensated, to some extent, by assimilating information on physical 

processes. 

Thus, from the viewpoint of PUB, the physical structure of the model 

looks the most attractive because parameters of such model have 

clear physical meanings and may be related to measurable 

characteristics of river basins, such as topography, soils, vegetation, 

etc. Combined with and resulting from the physical background of the 

model, this feature provides opportunity to minimize the need for 

model calibration. 



WPI System of Physically Based Models of Runoff Generation 

WPI System is based on the finite-element schematization of

the river basin which is carried out taking into account the river

basin topography, soils, land use, and vegetation
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Subsurface flow

Descriptions of the hydrological processes can be modified depending on the 

physiographic conditions of the specific  basin and the available measurements

Saint-Venant or advection-

diffusion or kinematic wave 

equations

Vertical soil moisture transfer and evapotranspiration

Transpiration
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Evaporation from bare soil 
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Vertical soil moisture transfer
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One-layer (integrated) model

Snow accumulation and melt

Infiltration into a frozen soil, soil freezing and thawing
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Detention by a basin storage
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Three-step procedure of transferring the model parameters 

from hydrologically similar basin to poorly gauged basins 

(PGB): 

1. Selection of the proxy-basin hydrologically similar to PGB but having 

long-term measurement data

2. Assessment of the model parameters for the proxy-basin. 

A part of the model parameters are either assessed from the available 

measurements or derived from the catchment attributes. A part of the 

parameters are adjusted through calibration against streamflow 

measurements. By the sensitivity analysis, the parameters are ranked in 

significance, and this ranking is assumed to be the same for the PGB and 

for the proxy-basin (it may be part of the PGB).

3. Assessment of the model parameters for the PGB. 

The parameters are assigned using the results obtained for the proxy-basin 

and taking into account difference in area between the proxy-basin and 

PGB. A few key-parameters are refined by calibration against available 

short-term sreamflow measurements at the PGB.



A number of hydrological similarity concepts have been 

proposed in the literature:

1. Spatial proximity: catchments that are close to 

each other are assumed to behave in hydrological 

similar manner 

2. Similar catchment attributes: catchments that have 

similar attributes such as topographic characteristics, soil 

and vegetation type, etc., are assumed to behave in 

hydrological similar manner

3. Similarity indexes: catchments that are associated 

with close values of some pre-defined dimensionless 

number, so called “similarity indexes”,  are assumed to 

behave in hydrological similar manner 

Examples of Similarity indexes (from Wagener et al., 2007)

Hydrological similarity



Similarity indexes (from Kuchment & Gelfan, 2005)

In comparing hydrological systems, we can look at the similarity

of individual processes alone, such as vertical water movement

(infiltration and evaporation), horizontal flow through the

catchment slopes and channels, spatial variations of catchment

characteristics, etc.
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(Peclet number)

(characteristic of free soil capacity)

T0 - characteristic scales of time, H0 – soil depth, θmax - soil 

porosity, D0 – coefficient of soil moisture diffusion; Ks -

saturated hydraulic conductivity; P – mean annual precipitation 

rate 

idem
P

Ks  (efficiency of gravitational filtration)



The Vyatka River basin (A=124000

km2) has a flat terrain with mixed

vegetation cover. In the northern part

of the region more than 80% of the

area is covered by forests. The

southern part is mostly agricultural

land with less than 10-15% forest

cover fraction. Soils are mainly

podzol and mixed types.

The Upper Don river basin (A=101000

km2) is a rugged plain with many river

valleys, ravines and gullies. The area is

mostly agricultural, plain area with less

than 10% forest cover fraction. Mostly,

deciduous forests cover the upper part

of the watershed. Soils are mainly

chernozem, podzol, gley and meadow

soils.

The Upper Seim River basin (A=7460

km2). The relief of the basin is a rugged

plain with many river valleys, ravines,

and gullies. The soils are mainly

chernozem and podzol. Most part of the

basin (about 70%) is ploughed; forests

occupy about 10%; pastures take up

about 19%; urbanized lands occupy less

than 1%.

The Upper Kolyma River basin (A=99000

km2). is situated in the zone of continuous

permafrost. The major part of the basin is

occupied by tundra and taiga. A

significant part of mountainous slopes is

the barren ground. The dominant soils are

coarse-grained mountain-tundra podzols

with large content of gravels. The

peatlands occupy about 2% of the basin

area.

Study 

basins

The Upper Don river basin (A=101000

km2) is a rugged plain with many river

valleys, ravines and gullies. The area is

mostly agricultural, plain area with less

than 10% forest cover fraction. Mostly,

deciduous forests cover the upper part

of the watershed. Soils are mainly

chernozem, podzol, gley and meadow

soils.

The Upper Seim River basin (A=7460

km2). The relief of the basin is a rugged

plain with many river valleys, ravines,

and gullies. The soils are mainly

chernozem and podzol. Most part of the

basin (about 70%) is ploughed; forests

occupy about 10%; pastures take up

about 19%; urbanized lands occupy less

than 1%.



The Medvenka Creek basin (A=11 km2)

has a flat terrain with mixed vegetation

cover. About 75% of the area is covered

by forests. Soils are mainly podzol.

―Podmoskovnaya‖ WBS is located at the

Medvenka Creek basin.

The Yasenok Creek basin (A=19 km2).

The relief of the basin is a rugged plain.

The soils are mainly chernozem and

meadow soils. The basin is ploughed.

―Nizhnedevitckaya‖ WBS is located at

the Yasenok Creek basin

The Kontaktovyi Creek basin (A=21 km2).

is situated in the zone of continuous

permafrost. Mountainous slopes are

covered by the barren ground. The depth

of the active layer ranges within 0.5-3.0 m.

―Kolymskaya‖ WBS is located at the

Kontaktovyi Creek basin

Corresponding 

proxy-basins

The Sosna river basin is the sub-basin of

the Don River basin. The area is mostly

agricultural, plain area with less than 5%

forest cover fraction. Soils are mainly

chernozem, podzol, gley and meadow

soils. Special long-term measurements

were organized at the basin by the State

Hydrological Institute

List of observations at the Russian Water Balance Stations (WBS):

Period of observations: 

usually more than 40 years 

(typically from 1930-1940 to the beginning of 1990th; some WBS‘s 

are working now)

Catchment area: 

usually tens square kilometers

Typical list of observations:

streamflow discharges 

meteorological observations (air temperature, humidity,     

wind speed, precipitation, cloudiness, solar radiation, etc);

storm hyetographs for warm season;

10-day measurements along snow courses during cold season 

and daily measurements during melt;

10-day measurements of soil moisture and soil temperature

level of ground water

10-day measurements of soil freezing depth

10-day measurements of soil water evaporation.

measurements of snow evaporation
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Criteria of 

hydrological 

similarity and 

their application 

to study basins

Models of runoff 

generation and 

assessing their 

parameters for 

the chosen 

proxy-basins

Results

Conclusions

Criterion Upper 

Kolyma

Kontaktovyi 

Creek

Peclet number 1.80 1.56

Free soil capacity 2.50 2.32

Ks/R 221.4 191.3

Criteria of 

hydrological 

similarity and 

their application 

to study basins

Models of runoff 

generation and 

assessing their 

parameters for 

the chosen 

proxy-basins

Results

Conclusions

Criterion Upper Seim Yasenok Creek

Peclet number 0.49 0.38

Free soil capacity 1.91 1.78

Ks/R 83.7 66.7

Criterion Vyatka Medvenka 

Creek

Peclet number 1.14 0.81

Free soil capacity 2.33 2.08

Ks/R 123.0 109.9

Criterion Upper Don Sosna River

Peclet number 0.58 0.55

Free soil capacity 1.81 1.88

Ks/R 77.4 60.9

Criteria of hydrological similarity for the basins located in the different physiographic zones

Permafrost zone

Forest-steppe zone

Forest-steppe zone

Forest zoneConclusion: 

the criteria differ more visibly between the basins of similar 

catchment area but located within the different zones

than between the basins located within the same zone



Overland and channel flow are described by the kinematic wave 

equations. Subsurface flow is negligible in this basin. 

1-channel network; 

2-runoff gauge stations;

3-agrometerological stations

Applications of the proposed procedure

(1st example: Seim River – Yasenok Creek basins; 

Kuchment, Gelfan, 2002; 2007; 2009)



1st Step: Assessing the model parameters for the proxy-basin 

(Yasenok Creek)

Hydraulic and thermal parameters of soil (K, D, DI, cT)
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1. Parameters of water retention curve
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Relationships between soil matrix 

potential and soil moisture

measured (points) and calculated 

(lines) for the soil types of the 

Yasenok Basin. 
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Dependences of the hydraulic 

parameters on the measured soil 

characteristics, field capacity (FC) and 

wilting point (WP) (Gelfan, 2006)



Thermal soil parameters

Heat capacities of a frozen soil (cT)
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Dependences on the measured soil characteristics, field capacity (FC) and 

wilting point (WP) (Kalyuzhnyi et al, 1988; Koren, 1991)
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Calculated and measured profiles of soil temperature (period of wmelt water 

infiltration; spring of 1970 г.)
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Calculated and measured profiles of soil moisture (period of snowmelt 

infiltration; spring of 1970 г.)
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Three parameters (parameter of water detention in depression

storage, roughness coefficients for overland and channel flow)

were adjusted and one parameter (saturated hydraulic conductivity

of soil) was refined using observed streamflow discharges at the

Yasenok Creek watershed



Scaling transformation of spatial variance of snow water

equivalent (SWE) before melt (Kuchment, Gelfan, 2001)

f

F
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r f
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is the variance of snow water equivalent over the area F 

(PGB basin)

The probability distribution of SWE within any area f located

within the area F is the same as the distribution over the whole 

area F if a scaling transformation of this variable within f is 

made. Such a scaling transformation is when the variable SWE

is multiplied by a factor rH, where r is a constant depending on 

the ratio of f to F, and H is the constant depending on a 

measure of spatial correlation of SWE.

is the variance of snow water equivalent over the area f 

(proxy-basin)

For the forested-steppe zone of Russia H was found to be equal 

0.14 (Kuchment, Gelfan, 2001)
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Soil water characteristics data for 20 soil types over the Seim 

basin: (a) unscaled; (b) scaled 
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At any given 

degree of soil 

saturation, 

matrix potential 

and hydraulic 

conductivity of a 

chosen soil are 

related to the 

respective 

properties of the 

reference soil as  



Seim River basin:

Calibration period 4 years

Validation period – 16 years
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Seim River
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Applications of the proposed procedure

(2nd example: Kolyma River – Kontaktnyi Creek basins; 

Kuchment et al., 2000; Gelfan, 2005; Kuchment, Gelfan, 2007; 2009)
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Assessing the model parameters by the measurements at the proxy-

basin (Kontaktnyi Creek basin)

Measurement network in 

the Kontaktnyi Creek basin
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Kolyma River basin:

Calibration period 3 years

Validation period – 7 years
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Changes of the Nash-Sutcliffe efficiency criterion under the 

different period of the model calibration



The model is close to the one used for the Seim River basin

Applications of the proposed procedure

(3rd example: Don River – Sosna River basins; 

Kuchment et al, 1986; 1990; in press)

Finite-element schematization of the

Don River basin

Finite-element schematization of the

Sosna River basin
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Don River basin:
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Validation period – 7 years
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Changes of the Nash-Sutcliffe efficiency criterion under the 

different period of the model calibration

Don River
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1.Physically-based models of runoff generation can

assimilate a priori information that compensate, to a

certain extent, insufficiency of runoff measurements in

poorly gauged basins. However some of the model

parameters must be adjusted through calibration against

runoff data to achieve needed accuracy of runoff

prediction. Our studies show that relatively short series

(3-5 years) of observations can be enough to obtain

satisfactory simulation results

2. The data obtained from experimental measurements

and modelling of runoff in proxy-basins give the

opportunity to find a priori values of most parameters,

resulting in substantial reduction of the length of runoff

measurement series needed for calibration. The data from

the water-balance stations and experimental river basins

can be of great importance in choosing the proxy-basins.

Intermediate Conclusions



Putting PUB into Practice: 

Assessment of Disastrous Flood Risk in a 

Changing Environment

PUB Objectives: 

…To provide a scientific basis 

for sustainable river basin 

management



Increasing flood damage

Dramatic increase in the 

population of flooded areas, 

uncontrolled development of 

flooding territories

Inflation, increasing costs of flood 

mitigation; increasing insurance 

premiums, etc.

Flooding causes over one-third of the total estimated costs and is 

responsible for two thirds of people affected by natural disasters

It is evident that flood damage is increasing. In the past ten years losses 

amounting to more than 250 billion dollars have had to be born by societies all 

over the world to compensate for the consequences of floods.

Social-economical factors resulting in increasing flood damage



In addition to socio-

economic reasons

increasing flood damage is

caused by rising frequency

and magnitude of

disastrous floods: in the

world in the last decade

floods happened twice in

the thirty years from 1951 to

1980.

The main reasons are 

environmental changes 

caused by anthropogenic 

impacts (e.g. deforestation 

and urbanization of 

watersheds) and climate 

change



Flood Risk Map 

of Russia

- critical level of risk

- high level

- moderate level

- low level

In Russia, total potentially flooded area is about 400,000 km2, of which 50,000 km2

are flooded every year. The risk of flooding exists for 746 cities, thousands of 

settlements with a total population of about 4,6 million people, more than 7 million 

hectares of agricultural lands

Annual damage from flooding is about $80 million per year. More than 60% of 

disastrous floods in Russia is of snowmelt origin



In Canada, flooding is a common natural hazard that has 

caused 260 known disasters since 1900, resulting in the loss 

of 235 lives and 8.7 billion dollars in damage. 

The five most damaging floods were:
1996 Saguenay flood ($1.7 billion) 

1950 Red River flood ($1.1 billion)

1954 flooding arising from Hurricane Hazel ($1.1 billion)

1997 Red River flood ($817 million)

1948 Fraser River flood ($425 million) 

•1948 Fraser River flood



•1997 Red River flood

•2009 Red River flood



2011 Red River Flood



Planning and design of water resources systems, flood-plain 

management are fundamentally dependent on reliable 

estimates of flood frequency. Increasing demands for the 

acceptable economic and environmental risk have 

necessitated improving reliability of the existing methods of 

estimation of extreme floods, especially extreme floods of 

very low exceedance probabilities.

Finding a suitable alternative to the existing methods of flood 

risk assessment is crucial for human adaptation to a 

changing environment.
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Traditional flood frequency analysis is based on 
1. acquisition of data of flood peak discharges, 

2. computation of observed probabilities of occurrence, 

3. fitting of the appropriate probability distribution to the observed probabilities 

and extrapolation to the desired probabilities

4. estimation of flood quantiles of the desired probabilities.
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N п/п Год Qmax P,%

1 1882 16200 0.97

2 1916 13800 1.94

3 1914 12950 2.91

4 1899 12400 3.88

5 1927 11500 4.85

98 1937 3020 95.15

99 1931 2835 96.12

100 1984 2300 97.09

101 1935 2120 98.06

102 1967 1970 99.03
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"... the form of the distribution is not known and any distribution 

used must be guessed ... since the part of the distribution we are 

interested in is well away from the part where observations provide 

some information... [this difficulty] cannot be overcome by 

mathematical sleight of hand« (citation from Klemeŝ, 1993 ) 
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The fundamental weakness of this approach has been clearly

identified more than half a century ago by the world famous

Australian statistician and probabilist, Professor P. A. P. Moran: 



Log-Pearson III distribution curves fitted to 61-year (solid line; black points) 

series of observations at the Seim River beginning from 1928 and 56-years 

(dashed line; white points) series beginning from 1933
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If, for some reason, the observations 

began 5 years later (in 1933 instead of 

1928), the corresponding exceedance 

probability of the maximum discharge 

would be more than three times smaller



Systems for management of water

throughout the developed world have

been designed and operated under the

assumption of stationarity. Stationarity—

the idea that natural systems fluctuate 

within an unchanging envelope of 

variability—is a foundational hypothesis 

that permeates training and practice in 

water-resource engineering. Now 

legitimacy of this hypothesis should be 

proven for each basin

―In order to apply any theory we have 

to suppose that the data are 

homogeneous, i. e. that no 

systematical change of climate and no

important change in the basin have 

occurred within the observation 

period and that no such changes will 

take place in the period for

which extrapolations are made.‖

Emil Gumbel (―The return period of 

flood flows,‖ Ann. Math. Stat., 1941)



Motivations for invoking knowledge of a flood generation physics in 

flood frequency analysis

1. Extreme floods can be caused by unusual combinations of 

hydrometeorological factors that may be unrecorded during the period of 

observations 

2. Physical mechanisms of extreme flood formation are often quite different 

from ones of ordinary flood, because of non-linearity of hydrological 

systems

3. Physical mechanisms of flood generation have been changed because of 

man-induced changes of watershed and climate change 

New generation of methods for flood risk assessment should be founded on 

physical principles  



Stochastic models of meteorological variables

(Weather Generator)

Physically Based Model of Runoff Generation

Monte Carlo generated 

time-series 

of meteorological variables

0

200

400

600

15.11 04.01 23.02 14.04 03.06 23.07 11.09

Q, m
3
/s

0

200

400

600

15.11 04.01 23.02 14.04 03.06 23.07 11.09

Q , m
3
/s

0

200

400

600

15.11 04.01 23.02 14.04 03.06 23.07 11.09

Q, m
3
/s

0

300

600

900

1200

1500

1800

15.11 04.01 23.02 14.04 03.06 23.07 11.09 31.10 20.12

Q, m
3
/s

0

100

200

300

400

500

600

15.11 04.01 23.02 14.04 03.06 23.07 11.09 31.10 20.12

Q, m
3
/s

“In seeking to understand the behavior of 

hydrologic systems of interest it is necessary 

to draw on standard results from both the 

statistical study of random systems and the 

deterministic analysis of classical fluid 

mechanics and hydraulics.…Progress in both 

areas [deterministic and stochastic hydrology] 

would benefit if they were considered as 

complementary rather than separate fields of 

investigation.

J. C. I. Dooge ―Bringing it all together‖.

Dynamic-stochastic approach to flood risk assessment*



Stochastic Weather Generator

Precipitation

Air Temperature

Air Humidity

Daily Precipitation Occurrence 

(first-order, two-state Markov chain)

Daily Precipitation Amount 

(gamma distributed variable, conditionally 

independent given the sequence of occurrences 

of precipitation )

Continuous stochastic process with daily mean 

and s.d. conditioned on wet/dry state  of the day

Fourier series use to smooth the seasonal trend

AR(1) time-series model for deviations from 

seasonal trend  nnn aqq  11

Daily air humidity deficit on the dry is assumed to 

be lognormal distributed, independent variable; 

on a wet day the humidity deficit was assumed 

equal zero

Definition 

Stochastic Weather Generator is a 

set of stochastic models that use 

existing weather records to produce 

long series of synthetic daily 

weather variables, which statistical 

properties are expected to be similar 

to those of the actual data



1. Thousands-year weather scenarios are simulated by the weather 

generator

2. A specific censoring procedure was developed to select among the 

generated weather scenarios the ones that can lead to generation of the 

extremely high floods. The developed procedure makes the dynamic-

stochastic simulations more efficient and computationally fast. 

3. Extreme floods exceeding the maximum observed floods were simulated 

and their probabilities were assessed 

Algorithm of flood risk assessment by the dynamic-stochastic approach
a

0

500

1000

1500

2000

2500

3000

3500

0.001 0.01 0.1 1

Exceedance probability

Q
m

a
x,
 m

3
 s

-1

b

0

50

100

150

200

250

0.001 0.01 0.1 1

Exceedance probability

Y
, 

m
m

Observations

Calculations

Observations

Calculations



Sensitivity of the assessments of flood risk to different tillage modes at 

the Seim River catchment

Land Use Parameter 

Values

Mean 

m3/s

Cv Q0.2% Q0.5% Q1%

Ploughing after 

grazing – 70%

Virgin land – 20%

Forest – 10%

(beginning of XX)

K0=0.610-5 ms-1

P0=0.008 m

735 0.77 3270 2820 2494

Ploughing after 

grazing – 20%

Autumn deep 

ploughing – 50%

Virgin land – 20%

Forest – 10%

(present)

K0=1.110-5 ms-1

P0=0.012 m

644 0.84 3187 2726 2395

Autumn deep 

ploughing – 90%

Forest – 10%

K0=1.510-5 ms-1

P0=0.018 m

554 0.92 2980 2505 2155

Autumn deep plowing after grazing can lead to 14% 

decreasing of mean annual maximum of peak discharge in 

comparison with the presently-used tillage modes.  First of 

all, rise of the plowing area results in increasing of number of 

low floods (with the peak discharge less than 100 m3/s)



“There are no such things as applied 

sciences, only applications of science”.

Louis Pasteur


