GEOFIZIKA  VOL.37 2020

DOI: hitps:/ /doi.org/10.15233/gfz.2020.37.3
Original scientific paper

Calculating the characteristics of flash floods
on small rivers in the Mountainous Crimea

Valeriya Ovcharuk, Eugene Gopchenko, Olena Todorova and Kateryna Myrza

Hydrometeorological Institute, Department of Land Hydrology, Odessa State Environmental
University, Odessa, Ukraine

Received 16 November 2019, in final form 29 March 2020

The maximal surface runoff from territory of the Crimean Mountains is
represented as a runoff of small rivers that flow through the western and eastern
part of the northern slope and from the southern coast. The materials from 54
water gauging stations (WGS) were used to characterize the maximum runoff
during rain and meltwater-rain floods on the rivers in the Crimean Mountains.
A modified reduction structure of a calculation formula was used for valuation
of the maximal runoff of different origin flash flood for rivers at the Mountainous
Crimea. The main parameters of the proposed model are summarized as depen-
dencies on the average height of the catchments and generalized in the form of
a map. It is also possible to use the second variant of the suggested method
taking into account the factor of underlying surface is introduced. Comparison
of the calculated values of maximal runoff shows good convergence with both
the initial information, and the largest values in the observation period.
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1. Introduction

At the present time, in the period of global climate change, scientists in many
countries of the world notice increased cases of extreme natural phenomena.
Rain floods, especially flash floods, are classified as hazardous hydrological phe-
nomena and often result in catastrophic consequences. In October 2015, the
EU-funded project ‘Support to Ukraine in approximation of the EU environmen-
tal acquis’ was launched. The main focus of the project is management of water
and natural resources, in particular the implementation of the water-related
directives of the European Union - the Water Framework Directive 2000/60/EC
and the Floods Directive 2007/60/EC. The Floods Directive envisages, first of all,
determination of the zones of possible flooding in the course of floods. Therefore,
the problem of identification of the maximum runoff of the ungauged rivers,
especially the ones with rare probability of excess arises.
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Mathematical models are very important in planning water resources man-
agement and, consequently, diverse types of models with divergent degrees of
complexity have been developed and are still being improved by scientists from
various countries (Zhao et al., 1980; Singh, 1988; Bergstorm, 1992; Kan et al.,
2017). Nowadays, scientific literature presents more advanced conceptual mod-
els with distributed parameters and even models with the application of artificial
neural networks (Sajikumar and Thandaveswara, 1999; Tokar and Markus,
2000), that makes it possible to determine the river runoff at particular catch-
ment areas with sufficient accuracy, using a large amount of source information,
although, for ungauged catchments, such models are not applicable.

In Ukraine, the development of methods for determination of the maximum
runoff of ungauged rivers has been given a great attention at various levels, from
university to nationwide research (Gopchenko and Ovcharuk, 2006, 2015; Gor-
bachova and Nabyvanets, 2012; Hrebin, 2010; Kyndiuk, 2003; Loboda and Bozhok,
2016). Nevertheless, in spite of the accumulated vast experience, there are many
contradictions in the scientific and methodological approaches to calculation of
the maximum runoff characteristics during rain floods and spring floods.

Analysis of the scientific and methodological base shows that it is not well-
grounded and needs improvement. Therefore, it is necessary to pay attention to
standardization of the characteristics of different origin floods on a more com-
prehensive theoretical basis. This is especially true of geometric models, which
are based on the hydrographs of slope and channel runoff (or only the channel
one), as well as the models of isochrones.

The presented research is devoted to standardization of the maximum run-
off characteristics during rain and meltwater-rain flash floods for rivers in the
Mountainous Crimea based on the modified reduction structure, which was ob-
tained directly from the model of channel isochrones.

2. Study area

The study area is a mountain part of the Crimean Peninsula, located within
the 44°23’ (Cape Sarych) and 46°15’ (the Isthmus of Perekop) N and 32°30’ (Cape
Karamrun) and 36°40’ (Cape Fonar) E. The Mountainous Crimea stretches along
the Black Sea coast on the southeastern and southern parts of the Crimean
Peninsula; the length of this mountain system is 150-160 km, maximum width
1s 50-60 km (Fig. 1).

Belbek, Chorna, Bijuk-Karasu and Salhyr are the largest and most full-
flowing rivers of the Crimea. Hydrographic network of the Mountainous Crimea
is developed extremely unevenly; here you can find vast areas that do not have
permanent water streams, in other areas very small rivers and streams are very
frequent. Given all the rivers and temporary watercourses, the average density
of the river network for the whole territory will be 0.22 km/km?.
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Figure 1. Location map of Crimea.

The river network reaches the largest development at 600—-1,100 m above sea
level, where the majority of the sources that give rise to streams and rivers are
concentrated. The density of the river network here is 0.7 km / km?. In Crimea,
80-85% of the annual precipitation falls as rain. Rivers in the Mountainous
Crimea cause flooding rains, which are accompanied by the demolition of eroded
rocks. Rainstorms, at the same time, never cover the entire Crimea. They typi-
cally fall over a minor area. Most often heavy rains and downpours are all day
long. Floods at the rivers in the warm season are not observed at the same time.

For example, in the north-western slope of the Crimean Mountains, the
maximum discharges at the rivers in a warm period are observed most fre-
quently in April-July, at the rivers in the southern coast of Crimea - from April
to August, and at the rivers in the eastern part of the northern slope in the
spring.

At the catchment areas in the Mountainous Crimea, the most frequent max-
imum daily rainfall, forming flash floods, is observed within the range of 71—
90 mm (27,3%), precipitation within the range of 31-70 mm (with the total fre-
quency of their occurrence comprising 40.9%) is also typical for the formation of
floods during the warm period (Ovcharuk and Todorova, 2016).

According to Zaikov’s (1944) classification by the water regime, the rivers in
the Crimea belong to rivers with a flood regime of the Crimean subtype. Two
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Figure 2. Comparison of the maximum water runoff during the warm and cold flood seasons for
rivers in the Mountainous Crimea.

periods are distinguished within the annual variation of water levels in the riv-
ers: a meltwater-rain or cold period floods and rain floods of a warm period. From
80 up to 95% of the total annual runoff falls on the flood period. In the summer,
the Crimean rivers often dry up, but when heavy rain falls, they turn into tu-
multuous streams. Water regime of the rivers in the Mountainous Crimea due
to its relatively small height is characterized by generally rather uniform hydro-
logical conditions. The water regime is primarily affected by cracked limestones,
which regulate the surface and subsurface runoff. In addition, one of the pecu-
liarities of the Crimean Rivers is a severe deformation of their channels. Finally,
the natural regime of most rivers is distorted by the regulatory influence of ar-
tificial reservoirs, as well as by the water intake for irrigation. In this regard,
there are differences in water regime for various watercourses and even along
the length of the same river.

The maximum runoff for most rivers is observed in the summer-autumn
period, and for some of them it can exceed a winter-spring runoff 2—4 times
(Belbek, Demerdzhi, Zuya, etc.). However, there are cases when the winter floods
were higher than the summer ones (Fig. 2).

Consequently, floods on the Crimean Rivers are observed both in the warm
and cold seasons. In winter, flooding occurs as a result of snow melting, which
1s usually accompanied by precipitation, and in summer - as a result of intense
rainfall. The water flow at the Crimean Rivers dramatically increases during
the flood. Absolute maxima are formed during the warm period upon the emer-
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gence of heavy rains and can exceed the average annual water runoff 200-400
times.

Considering the potential threat posed by flash floods to the population, the
development of modern methods to calculate the maximum river runoff is a
topical scientific and applied task for the area of the Crimean Mountains.

3. Methodology and data

The calculation of the maximum runoff during floods in the studied area is
based on the theory of channel isochrones, implemented in the form of a two-
operator model for the river runoff formation, developed at Odessa State Envi-
ronment University. Its advantage is that it is universal both in terms of the
genetic type of floods, and the dimension of catchment areas.

The ‘operators’ model (Gopchenko and Ovcharuk, 2000) makes it possible to
determine separately the characteristics of the slope inflow (the depth of flood
runoff, the duration of the slope inflow and the temporal non-uniformity of slope
inflow to the channel network) and to take account of the natural process of
precipitation transformation into the river bed in the structure of ‘slope inflow
— channel runoff’. The rationing of maximum runoff characteristics during rain
floods at the rivers in the Mountainous Crimea is based on a modified reduction
structure that was derived directly from the ‘operators’ model.

According to the authors (Gopchenko and Ovcharuk, 2006; Ovcharuk et al.,
2018), in contrast to the standard formulas of the reduction type, the method of
isochrones, applied in substantiation of the structure (1), makes it possible to
more fully take into account all the runoff factors, which in this formula are
represented by the constituents of the slope modulus q;,:

G = —m (1)
(A+1)"

where A is a catchment area, km?, q,, is a maximum modulus of the slope inflow
and n, is a coefficient of reduction of maximum runoff modulus with an increase
in the catchment area.

Formula (1) should be considered, in essence, as a generalized version of the
single-modal geometry of spring and rain flood hydrographs, but only for the case
if the variability in the water inflow from the slopes T, for the area is integrally
small and can be averaged.

Under these conditions, q,, is a maximum modulus of the slope inflow and
is equal to:

11
q;n = nr _Ym = kOYm ’ 2)
n 1T,
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n+l

where is a coefficient of time nonuniformity o f slope inflow, 7;, — a duration

n
of slope inflow, hours, Y,, — a runoff depths, mm, k,— a transformation coefficient
for the slope runoff.

According to the model of channel isochrones, the formula (3) in the editor-
ship of Gopchenko (2000) is basic for them.

q, = q,’n‘f’[tlj €a s 3
Ty
where ¢4 is a coefficient of channel and flood plain regulation that depends on
the catchment dimension; ¥ ti — a transformation function influenced by a
channel lag. 0

Comparison of (1) and (3) shows that

tp _ 1
'P[Tong _—(A+1)”1 , (4)

that is, when averaging 7|, over the area, the equation (3) reduces to the known
structure of the reduction empirical formula.

Formula of the form (1) is the result of averaging Tj, over the area. As can be
seen from (2), this condition is not obligatory, but then 7}, is not subject to aver-
aging, and is to be generalized over the area by other methods. In particular, one
of the variants of generalization is the mapping of values and if there is a change
in 7)) and Y,, over the area in one direction then the reduction formula takes the
form (1):

4
(A+D)™

qm >

where g,, is a maximum module of the slope inflow, which is equal to

n+11
q1;1 =O.28T?0Y1% y (5)

where 0.28 is a coefficient of dimension, Y;,, — a runoff depths 1% probability.

It is the authors’ opinion that the advantage of this structure is its simplic-
ity and a small number of calculated parameters. On the other hand the struc-
ture (6) refers to the method of isochrones that makes it possible to more fully
take into account all the runoff formation factors, which in this formula are
represented by the constituents of the slope inflow module g,,.

Data. To characterize the maximum runoff during flash floods (the water
layers during rain and meltwater-rain floods and the maximum water discharge)
on the rivers in the Crimean Mountains the materials of observations for a long-
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Figure 3. Location map of the water gauging stations (WGS) in Crimean Mountains.

term period (from the beginning of observations up to 2010) for 54 water gauging
station (WGS) were used (Fig. 3).

The area of water basins varies from 0.32 to 3540 km?; the average altitude
of watersheds ranges from 340 to 980 m. Analyzing the range of catchment areas
of the rivers under observation it can be noted that most of them belong to the
category of small rivers — 53 of 54 or 98,2 %. At the rivers, which can be classified
as medium-sized, only 1 station operates which is 1.9 % of their total number.
Duration of the observation series for the water runoff at the studied area as a
whole ranges from 17 to 82 years. At the same time, the majority of stations
(64.8%) have a series of observations with duration from 21 to 50 years, 16 sta-
tions (29.6%) — more than 50 years; at 4 stations (7.14%) the hydrological series
comprise from 11 to 20 years.

To study possible trends in the time series the linear regression method was
used and the assessment of the trend reliability was performed by means of the
Pearson correlation coefficient.

4. Results

To study the possible changes in time series of the air temperature and
precipitation during the warm period of the year in the Crimean Peninsula the
chronological graphs, given in Figs. 4 and 5, were built.
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Figure 4. The time series of the air temperature during the warm period of the year at the meteo-
rological stations in the mountainous part of the Crimean Peninsula.

Analyzing the time series of the air temperature it should be noted that no
particular changes were observed from 1961 to 1989-1990, but since 1994 there
was an active temperature increase — in June and July (Fig. 4a and Fig. 4b).
Correlation coefficients in all cases are significant. Unlike the air temperature
in the time series of precipitation for June and July significant trends are ob-
served only in 50% of cases. That is, there was a certain redistribution of pre-
cipitation between months leading to an increase in rainfall at the north-western
slope in June (Fig. 5a) and at two other slopes in July (Fig. 5b).
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Figure 5. The time series of the precipitation during the warm period of the year at the meteoro-
logical stations in the mountainous part of the Crimean Peninsula.

Fig. 6 presents a map of the territorial distribution of the maximum water
discharges during rain floods within all period of observations. The values of
absolute maximums on the main rivers in the Crimean Mountains and the years
in which they were observed represented by the points of WGS. As well illus-
trated in Fig. 6, the values of maximum water discharges fluctuate within a
rather wide range — from 13 m?s (the Kuchuk-Uzenbash River — Mnogorichia v.)
to 414 m®/s (Belbek River — Fruktove v.). At first glance, there are practically no
regularities in the distribution of these maxima both in space and in time.
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Figure 6. Distribution of maximum water runoff during rain floods over the territory of the Moun-
tainous Crimea for the observation period.

Nevertheless, it is interesting to analyze the number of cases of absolute
maximum discharges of rain floods in the warm period on the rivers of the Moun-
tainous Crimea until 1989 (the beginning of the climate change) and after that
(Tab. 1).

Analyzing the data in Tab. 1, we can make a clear conclusion that the abso-
lute majority of cases of maximum discharges for the period of observations
occurred before 1989. For example, for the rivers at the north-western slope for
the period from 1989 to 2010 there were only 2 cases of an absolute maximum
which is 9 times less than in the period from the beginning of the observations

Table 1. Number of cases of absolute maximum discharges in the warm period on the rivers at the
Crimean Mountains.

Number of cases

The slopes of the Crimean Mountains

until 1989 after 1989
North-western 18 2
North-eastern 11 5

Southern coast of Crimea 12 6
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till 1989. A similar pattern is observed at two other slopes of the Mountainous
Crimea where the number of cases in the period after 1989 decreased by almost
2 times. Thus, at present, the existing trends in meteorological factors did not
lead to an increase in the cases of catastrophic floods on the rivers in the Moun-
tainous Crimea.

In order to substantiate the calculation parameters a standard statistical
processing of the initial information on the maximum river runoff during floods
in the given territory was performed. As a result, we obtain the average long-
term values of maximum water discharges and runoff depths, as well as the
relevant coefficients of variation and asymmetry. The water discharges and run-
off depths of rare probability of excess (P=1, 3, 5, and 10%) were also determined
(Ovcharuk et al., 2018).

To assess the statistical homogeneity of the initial information three criteria
were used: F-test (Fisher criterion), Student’s t-test and Wilcoxon criterion on
5% significance level. Analyzing the results of the homogeneity estimation it
should be noted that the characteristics of rain floods on the Crimean rivers in
most cases are homogeneous in time. Based on three criteria, the maximum
discharges during rain floods are homogeneous in 21 cases out of 23; it means
that 91.3% of series are homogeneous. A similar situation is observed for the
series of rain flood layers — which are homogeneous in 20 cases out of 22 based
on the three criteria (91%) (Ovcharuk and Todorova, 2016). The examples of time
series maximal runoff are representing on Fig. 7. On the whole, the information
on the maximal runoff during rain floods should be considered homogeneous.

Based on the data of statistical processing, as well as on the analysis of con-
ditions for the flood formation in the warm period, all parameters in the form of
calculated dependences for the studied area are determined and generalized.
The runoff depths (Y;,,) are generalized as dependencies on the average altitude
of the catchment areas as well as duration of the slope inflow. The unevenness
factor is averaged at the level of 16.0. By the instrumentality of formula (2), the
calculated maximal slope modulus of 1% for the territory of the Mountainous
Crimea is rated in the form of a schematic map (Gopchenko et al., 2018).

Analysis of the results makes it possible to note that the calculated boundary
modular of the slope inflow in the study region as a whole increases from north-
east to south from 0.5 m?®(s-’km?) to 10-15 m?/(s-km?) (Gopchenko et al., 2018;
Ovcharuk et al., 2018). Local maxima and minima are observed an active dis-
charge of karst waters and observed values reach 20 m?®/(s-’km?) (at the Chorna
and Voron rivers). On the other hand, minimum values of the maximum modu-
lus of the slope inflow ranging from 0.5 m?/(s-km?) to 2.5 m®/(s-km?) are related
to feeding of the karst zones.

As mentioned above, in the area under consideration floods can also be ob-
served during the cold season. Therefore, in this study by a similar procedure the



38 V. OVCHARUK ET AL.: CALCULATING THE CHARACTERISTICS OF FLASH FLOODS ...

a) 450 - k
4.00
3.50
300
2.50
2.00

1.50 -
1.00 -

0.50 +

0.00
1931 1938 1944 1950 1956 1962 1968 1974 1980 1986 1992 1998 2004 2010
Years

b)  8.00 -k

2.00 -

1.00 +

0.00

1931 1938 1944 1950 1956 1962 1968 1974 1980 1986 1992 1998 2004 2010
Years

Figure 7. The time series of maximum water discharges (a) and depth of runoff (b) at the river
Derekoika in Yalta (in the modular coefficients).

maximum modules of the slope inflow during the floods in cold season were de-
termined whereupon they were generalized as a spatial distribution map (Fig. 8).

Analyzing the obtained map, it can be noted that in accordance with Fig. 2,
the calculated values of the module of the slope inflow are significantly lower
than the similar values in the warm period of the year but at some watersheds
they can reach quite high values — up to 10 m®/(s-km?).

In the second variant, a factor of the underlying surface which includes the
influence of karst and altitude on the maximum slope inflow modulus is intro-
duced in the calculation formula (Ovcharuk and Todorova, 2013). For the un-
gauged rivers, a coefficient of the underlying surface is presented in the form of
a map (Fig. 9).
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Figure 9. Distribution of coefficients of the underlying surface for the territory of the Crimean
Mountains.
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The obtained values range from 0.06 to 3.20 and, in our opinion, reflect the
integral effects of karst and peculiarities of the underlying surface that may be
related to water management in the catchment area. The coefficients comprising
approximately 1.0 indicate that there is no influence of the underlying surface
on the studied value.

For an objective assessment of the accuracy of calculation of the maximum
water discharges of various probabilities of excess it is necessary to determine
their mean-square error. The quadratic mean error of quantiles is determined
by means of the Pearson Type III curve, based on the first two sample statistical
moments and the given correlation between the variation and asymmetry coef-
ficients by the method of Alekseev (1969):

2Q? do _ 2 2
oo - 100 |4 ¢ a, )2 CQn o, +C, 20 |02 G 140.75C; _CC, | (g
1% QP 1% n 1% dC n 2n n

1% s

where n 1s a number of observation years; C,, C, — distribution parameters.

According to the calculations by the formula (6), the accuracy of data on the
maximum runoff during floods in the warm period at the rivers of the Crimean
Mountains is equal to + 21,6%.

The reliability of the proposed method can be estimated by the formula:

‘%%‘%%

AQyo, = -100%, (7)

iy,

where ¢4, 1s the values obtained as a result of verified calculations by the meth-
od; gy, 1s the actual values obtained from the initial data. Thus, the average
accuracy of the calculation by two methods is at the level of + 21,3%.

In order to compare the obtained results, Tab. 2 gives the maximum water
discharges with the 1% probability calculated according to the suggested meth-

Table 2. Comparison of the maximum water discharges obtained by means of various methods for the
rivers at the Crimean Mountains.

@y, (m/s)
River — Station According to The largest value By the suggested
statistical processing for the whole period method, according to
as of 2010 of observation the formula (1)
Derekoika r. — Yalta st. 31.04 28.1 30.8
Chorna r. — Rodnykivske st. 108.5 126 121.4

Avunda r. — Hurzuf st. 9.82 11 10.6
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odology, the similar values obtained according to the statistical processing data
as of 2010, as well as the largest discharges for the entire period of observations.

Comparison of the calculated maximum water discharges (P=1%) shows the
good convergence both with the initial information and with the largest maxi-
mum water discharge for the observation periods.

5. Conclusions

* In the Mountainous Crimea formation of flash floods is associated with storm
rain and meltwater rain, which covers relatively small areas of the territory but
can lead to catastrophic consequences. One of the main factors of flood formation
in the Mountain Crimea rivers is the underlying surface, especially karst.

+ At present time the existing trends in meteorological factors did not lead
to an increase in the cases of catastrophic floods on the rivers at the Mountainous
Crimea despite the global and regional climate changes.

+ Analysis of the scientific and methodological base for calculation of maxi-
mum runoff on study area shows that it is not well-grounded and needs improve-
ment.

* The rationing of maximum runoff characteristics during flash floods of
different origins at the rivers in the Mountainous Crimea is based on a modified
reduction structure that was derived directly from the model of channel iso-
chrones.

* Two variants of the calculation method of the maximum runoff during both
a rain and meltwater rain floods in the Crimean Mountains are suggested in the
paper. In both variants, the main calculation parameter in the method is the
maximal slope modulus, which is generalized in the form of a map. For the case
of the rain flood the calculation formula also includes a coefficient of the under-
lying surface taking into account the karst influence.

+ Comparison the calculation of proposal method maximum water discharg-
es rare probability of exceedance shows the good convergence both with the
initial information and with the largest maximum water discharge for the ob-
servation period. This result makes it possible to recommend the methodology
for application into water management practice in Mountainous Crimea.
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SAZETAK

Karakteristike naglih poplava malih rijeka planinskog Krima
Valeriya Ovcharuk, Eugene Gopchenko, Olena Todorova i Kateryna Myrza
Maksimalno povrsinsko otjecanje s podrucja krimskih planina prikazano je kao

otjecanje malih rijeka koje teku kroz zapadni i isto¢ni dio sjeverne padine te s juzne obale.
Podaci 54 vodomjerne postaje (WGS) koristeni su za opisivanje maksimalnog otjecanja
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tijekom rije¢nih poplava uzrokovanih kisama 1 topljenjem snijega na krimskim planina-
ma. Modificirani oblik redukcijske formule koristen je za procjenu maksimalnog otjecan-
ja pri naglim poplavama rijeka u planinskom podruc¢ju Krima. Glavni parametri
predlozenog modela mogu se prikazati u ovisnosti o prosjecnoj nadmorskoj visini sliva u
formi karata. Druga mogucénost predloZzene metode je uzimanje u obzir same podloge.
Usporedba izracunatih vrijednosti maksimalnog otjecanja konzistentna je s inicijalnim
podacima i s najveéim vrijednostima u promatranom razdoblju.

Kljucne rijeci: maksimalno otjecanje, nagla poplava, izokrona
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