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Abstract

The paper considers the results of numerical modeling of the extreme flash flood in Yalta on
September 6, 2018, which led to a number of negative socio-economic consequences. The
flood occurred as a result of extreme rainfall on the Ai-Petri plateau, Yalta and Gurzuf yailas.
The purpose of the study was to obtain and analyze the quantitative characteristics of flash
floods based on modern methods of numerical modeling of hydrological processes. To
achieve it, the WRF-Hydro hydrological model with a spatial resolution of 90 m was adapted
to the territory of Crimea. The atmospheric forcing fields for WRF-Hydro were based on the
verified convective-resolving WRF simulations. Quantitative characteristics of surface run-
off and channel discharge of mountain rivers were obtained, and hydrographs of discharge at
their mouths were constructed. It is noted that the main inflow into the rivers occurs in the
upper reaches in the area of the plateau and mountain slopes, and this is true both for the
total surface and channel runoff. The channel discharge is characterized by a sharp rise and
a gradual decrease in time; within 9 hours from the start of the rainfall, most of the moisture
reached the mouths of the rivers. The maximum calculated discharge values for the
Derekoika (6 m%/s) and Uchan-Su (8 m®/s) Rivers are less than historical peaks, but they are
in good agreement with typical discharge estimates during extreme flash floods in the warm
season. The significant channel discharge is also reproduced for other rivers of the southern
coast of Crimea, in particular for the Avunda River.
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JIMBHEBOI0 naBojaka B fluite B cenrsiope 2018 roga
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AHHOTaNuA

B pabote paccMOTpeHBI pe3yiIbTaThl YHCICHHOTO MOACIHPOBAHUS CITydasi IKCTPEMAITbHOTO
JMBHEBOTO MaBojka B Slire 6 centsiOpst 2018 r., mpUBEAMIETro K Psiy HETaTHBHBIX COIUO-
SKOHOMHYECKUX NOcieaAcTBHI. [1aBoIOK Mpon301mes B pe3yapTaTe BEIIaACHHU IKCTPEMaIIb-
HOTO KOJTMYECTBa 0cagKoB Ha miato Ai-Ilerpu, Snturackoit u ['yp3ydcekoit aitnax. Llems uc-
CIIEZIOBAHUS COCTOSIIA B TIONYYEHUH U aHAIN3E KOJMYECTBEHHBIX XapaKTEPUCTHK JUBHEBOTO
TaBOJIKAa HA OCHOBE COBPEMEHHBIX METOOB YHCIIEHHOTO MOAETHPOBAHMUS THAPOIOT HUECKIX
mporeccoB. [ ee moctmxenus K Tepputopun Kpbima Obla azanTHpOBaHa THAPOIOTHYEC-
ckast mogens WRF-Hydro ¢ mpoctpancTBennbiM paspeniearem 90 M. B kauecTBe BXOTHBIX
MOJICH TAHHBIX HCITOH30BAUCH BEPU(DUITMPOBAHHBIC PE3yIbTAThI pacieTa Mo atMochepHoit
mojenin WRF ¢ KOHBEKTHBHO-Pa3pEIIAOIIMM IIArOM MO IPOCTPaHCTBY. [loyueHb! KoJye-
CTBEHHbBIEC XapaKTEPUCTUKU MOBEPXHOCTHOI'O CTOKA M PYCJIOBOTO pacxoja TOPHBIX peK, Mo-
CTPOCHBI THIPOrpadbl pacxoa B UX yCThsiX. OTMEUEHO, YTO OCHOBHOM MPUTOK B PEKH IPO-
HCXOJIUT B BEPXOBBSIX B pallOHE IJIATO U TOPHBIX CKJIOHOB, MPHYEM 3TO BEPHO KaK JJIs 00-
IIero MOBEPXHOCTHOIO, TAK U AJISI PYCIIOBOTO CTOKAa. PycJOBBIM pacxo]] XapaKTepU3yeTcs
PE3KUM TOIBEMOM H TOCTEIICHHBIM IO BPEMEHHM CHIDKEHHeM, 3a 9 4 ¢ MOMEHTa Hayaia
TUBHA OOJBIIAS YACTh BJIAard JOCTHINIA YCTheB peK. MakCHMallbHbIE pacCYNTAaHHBIC 3HAYC-
Hus pacxona ans depexoiiku (6 M%/c) u Vuan-Cy (8 M%/c) MeHblIe, 4eM NMKOBbIC 3HAYCHMUS,
HaOJIFOMaBIINECs B IPOILIBIE IEPHOIBI, OTHAKO OHH XOPOIIO COTIACYIOTCS C TUITHYHBIMHU
OIIEHKaMH pacxojia PH SKCTPEMATFHBIX JTMBHEBHIX MABOJKAX B TEIJIOE BpeMs roj1a. 3HAUH-
MBI PYCJIOBBIA Pacxo]i BOCIPOHM3BOAMUTCS U s mpounx pek FOxuoro Oepera Kpreima, B
YaCTHOCTH JUIS P. ABYHJIBI.

KamodeBbie cJ0Ba: THAPOIOTHYECKOE MOJIEIUpoBanue, KpeiM, ocamku, 3KCTpeMaIbHBINA
nuBHEBbIH maBogok, WRF-Hydro
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LIECCOB B3aMMO/ICHCTBHS B CUCTEME OKeaH — aTMoc(epa, ONpeIessIOINX PErHOHaIbHYO IPO-
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Introduction

The mountainous regions of the Black Sea region are characterized by shower-
type atmospheric precipitation, which causes extreme floods on rivers, called flash
floods in the English-language literature [1]. These are short-term, but extremely in-
tense phenomena, bringing significant socio-economic damage. A flood is known on
the rivers of the southern coast of Crimea on June 19-20, 1987, as well as floods in
the 1960s, when historical maximums of water flow were recorded
on the Derekoika and Uchan-Su (Vodopadnaya) Rivers in Yalta. In June 2021, ac-
cording to the data from gauging stations, the discharges of these rivers exceeded the
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norm by 3.4—6.0 times and set new records. The water level at that time rose by more
than one and a half meters: on June 18, 2021, the water level rose by 167 cm on the
Derekoika River, and by 163 cm on the Vodopadnaya River. Hundreds of houses
were damaged in Yalta, 117 streets are in need of major repairs or reconstruction.
Global warming makes this problem even more urgent due to the increase in the
frequency and intensity of rainstorms in the region. It is known that in other re-
gions the forecast of such hazardous phenomena based on hydrological numerical
models [2] has been introduced into operational practice, while in Crimea this issue
has been bypassed. Adaptation, testing and evaluation of the reproducibility of such
extreme hydrological phenomena in the Crimean territory is a very relevant scientific
and applied task. The purpose of this study was to obtain and analyze the quantitative
characteristics of the flash flood in Yalta in September 2018 based on the use of
modern methods of numerical modeling of hydrological processes.

Materials and methods

In modern conditions, it is possible to use numerical models of river runoff
to determine the probability of occurrence of extreme flush floods and construct sce-
narios for their development. In particular, the WRF-Hydro model has been adapted
for Crimea. This model consists of four main blocks: models of the earth’s surface,
surface water, groundwater and channel runoff.

Input data

As input data with a discreteness of 1 hour in time and 900 m in space, the
following results of calculations using the WRF atmospheric model with the ARW
dynamic core? with a convective-resolving step in space are used: shortwave and
longwave radiation, specific humidity and air temperature at a height of 2 m,
atmospheric pressure at the surface, wind speed component at a height of 10 m,
quantity of precipitation, properties of the underlying surface (share of vegetation,
LAI (Leaf Area Index)). The description of the numerical experiment and the WRF
model configuration is given in [3, 4]. The terrain data is generated based on the
HydroSHEDS data from the Shuttle Radar Topography Mission satellite instrument
with a resolution of 90 m [5]. Since the fallout of extreme precipitation and the oc-
currence of a flash flood are fast processes, the WRF-Hydro calculation was per-
formed for an interval of one day. The initial time point of the calculation was
taken to be 6 hours from the beginning of precipitation, as in earlier works
on the rivers of this region [6].

NOAH Land Surface Model

In the NOAH one-dimensional model of the land surface with a spatial resolu-
tion of 900 m, based on the radiation-heat balance equation, the vertical fluxes and
the heat and moisture content of the soil are calculated. Taking into account the prop-
erties of the underlying surface, data on vegetation and soil porosity, the following
are calculated: the amount of moisture retained by the forest canopy, direct evapora-
tion from the soil surface and vegetation cover, transpiration, surface and subsurface

D Skamarock, W.C, Klemp, J.B., Dudhia, J., Gill, D.O., Liu, Z., Berner, J., Wang, W., Powers, J.G.,
Duda, M.G. et al., 2019. A Description of the Advanced Research WRF Model. Version 4. NCAR/TN-
556+STR. Boulder: NCAR, 148 p. doi:10.5065/1dfh-6p97
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runoff, moisture flow into the soil. The depth of the soil layers in WRF-Hydro can
be set manually, while the total depth of the soil column and the thickness of the
individual soil layers are constant throughout the model area. In our case, in a two-
meter soil column in WRF-Hydro, four layers of soil are used with a thickness from
top to bottom of 100, 300, 600 and 1000 mm. The land cover classification is given
according to the USGS or MODIS Modified IGBP product; the soil classifications
are provided by the STATSGO database with a step of 1 km [7].

After calculating NOAH, the model variables (excess infiltration (surface
runoff), depth of accumulated water and soil moisture) are interpolated from
the low-resolution grid (900 m) to the high-resolution grid (90 m) and fed
to the groundwater and surface water modules. The underground runoff occurs
on a coarse grid, while ground runoff occurs on a fine grid. WRF-Hydro then calcu-
lates the groundwater depth according to the depth of the upper subsurface saturated
soil.

Underground runoff

In WRF-Hydro, the underground lateral runoff is calculated before surface
runoff to ensure that exfiltration from fully saturated grid cells is added to the excess
infiltration calculated by the land surface model, which ultimately updates the sur-
face head value for surface runoff. The mass balance for each cell at the model time
step At can be calculated from the change in groundwater level Az:

1 Qret(i.j) AL,
®Gj) A
where ¢ is soil porosity; A is cell area; Qne is horizontal flow of saturated under-
ground moisture for a cell i, j:

Qnet(i,j) = hi,j ZYx(i,j) + hi,j Zyy(i,J)’

Zj i .} w; jKsatj jDj i
where hj j =(1—F”Jjj and vx,y(i.j) :_[”T;JH}'BX'V(LJ')'

Here z is groundwater level; D is soil thickness; Ksat is saturated hydraulic con-
ductivity; n is the parameter that determines the rate of decrease of Ksat
with depth (=1 at present); w is cell width specified for a regular grid;
B is groundwater level slope (calculated as the ratio of the difference in groundwater
depth between two adjacent grid cells to the grid step).

This method considers the soil as a single homogeneous column. Therefore, the
change in groundwater depth needs to be re-mapped to the soil layers of the land
surface model. Considering the timescale of groundwater movement and the limita-
tion in the model structure, there is considerable uncertainty in the time required for
the proper “acceleration” of groundwater systems.

Az =
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Surface runoff

At the next stage, surface runoff is determined. Hydraulic gradients are approx-
imated as the slope of the groundwater level between adjacent grid cells using the
D8 steepest descent method [8]. A fully non-stationary, explicit finite-difference dif-
fusion wave formulation [9] with a later modification by Ogden is a way of repre-
senting land runoff that occurs when the depth of water in a grid cell exceeds the
retention depth. As in [9], the continuity equation for a ground-based one-dimen-
sional flood wave is combined with a diffusion wave formulation of the momentum
equation. To account for friction, the Manning equation is used, indicating the rough-
ness coefficient for surface runoff. This coefficient was obtained from [10] and com-
pared with land cover classifications.

For terrain scales ranging from 30 to 300 m, the diffuse wave formulation is
a simplification of the more general Saint-Venant equations for shallow water. The
two-dimensional continuity equation for a flood wave flowing around the land sur-
face has the following form:

a—h"‘% =lg,
ot dl
where h is surface current depth; ic is excess infiltration; g is unit flow in the di-
rection of the steepest descent |, calculated using the Manning equation g = oy hP,
1/2
where 3 = %; o= :L; Nov is surface roughness factor (adjustable parameter);
ov

S is friction slope in the direction of |, calculated from the momentum equation for

the direction |: S =Sy —Z—T , Where S is the slope of the terrain in the direction ;

ohlol is change in the depth of the water surface in the direction .

Channel runoff

WRF-Hydro has additional modules for representing flow processes in river
channels. The inflow into the river network is a unidirectional process, i.e. it is
always positive with respect to the channel element. If the runoff layer in the grid
cells labeled “channel” exceeds the local depth of retained waters, then excess
runoff volume is transferred from the surface water model to the channel model.

As arule, inflow into the channel is based on the calculation of the mass balance.
Water is directed to the channel when the stored water depth of the channel grid cells
exceeds the set retention depth. The depth of the water stored in any grid cell is a
combination of local excess infiltration, the amount of water entering the grid cell
from surface runoff, and exfiltration from groundwater. Each cell of the channel net-
work is represented in the form of a trapezoid, as shown in Fig. 1.

The channel side slope (z), bottom width (Bw) and roughness (n) are currently
set by default as functions of the Strahler flow order. Flow order is a positive
integer used in geomorphology and hydrology to indicate the level of branching

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2022 47



in a river system. Strahler’s method
sets the lowest order (number 1)
starting from headwaters, which is
the highest point. Each segment of
a stream or a river is treated as a
node in a tree. When two streams
Fig. 1. Channel scheme. S, — channel slope; of the same order merge, they
z (m) — side slope; By, (m) — bottom width form a stream of the next order.
When streams of lower order merge
into a stream of higher order, the stream orders do not change. Note that the defini-
tion of channel runoff parameters as a function of flow order is correct for relatively
small watersheds (as in our case), but not for large regions.

Channel cells receive horizontal inflow from surface runoff, which is effectively
unidirectional. Thus, when a river overflows its banks, the flood areas are not explic-
itly reproduced in WRF-Hydro. To integrate the equations of the diffusion wave
flow, the Newton-Raphson solution of the first order is used. Unlike land flood
waves, channel flood waves have much greater flow depths and wave amplitudes,
which can potentially lead to large momentum gradients and strong acceleration of
the propagating wave. To correctly reproduce such flood waves, it is necessary to
correctly set the time steps of the model in order to satisfy the Courant conditions.
In WRF-Hydro, the diffuse wave module for channel runoff uses a variable time
step: the initial value of the time step is set equal to the time step of the surface runoff
model. This step is, in turn, a function of the grid step (in our case, 5 s). If during
model integration the Newton-Raphson convergence criteria for upstream and down-
stream flow rates are not met, the time step of the channel model is halved and the
scheme for solving the Newton-Raphson equation is repeated 2.

Results

Fig. 2, a shows the channel network of the WRF-Hydro model according to the
data on a finite difference grid with a resolution of 90 m. The main attention is paid
to the runoff of the Uchan-Su and Derekoika rivers, which flow into the Yalta Bay.
Fig. 2, b shows the precipitation field for September 6, 2018, used as input. Most of
the daily precipitation fell from 06:00 to 09:00 UTC. The maximum amount of pre-
cipitation was noted on the Ai-Petri plateau and the Yalta Yaila (about 100 mm). In
the area of the Gurzuf Yaila, which belongs to the catchment

2 Gochis, D., Barlage, M., Cabell, R., Dugger, A., FitzGerald, K., McAllister, M., McCreight, J.,
RaieeiNasab, A., Read, L. et al., 2020. The WRF-Hydro Modeling System. Technical
Description. Version 5.1.1. NCAR Technical Note. 107 p. Available at:
https://ral.ucar.edu/sites/default/files/public/projects/wrf_hydro/technical-description-user-guide/wrf-
hydro-v5.1.1-technical-description.pdf [Accessed: 10 September 2022].
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Fig. 2. Channel network of WRF-Hydro model (a) and precipitation amount
for 6 September 2018 based on WRF model (b)

area of the Derekoika River, about 70 mm of precipitation fell. Precipitation esti-
mates were obtained from the data of the WRF model and were verified using
observational data at meteorological stations and radar measurements [3].

Fig. 3 shows that the main inflow into the rivers occurs in the upper reaches
in the area of the Ai-Petri plateau and mountain slopes, where the total runoff for 12
hours exceeds 30 mm, or even 40 mm, and the surface water level is above 10 mm.
In the lower reaches, the total runoff for 12 hours is less than 20 mm, and the level
is less than 2 mm. The maximum values of the fields of total surface runoff corre-
spond to the maximum values of precipitation at the Ai-Petri and Gurzuf Yaila. In
the level fields, the maximum values are noted in the area of the Gurzuf Yaila, where
precipitation fell somewnhat later than on the Ai-Petri. Let us note that the proportion
of moisture that enters the surface runoff and is transferred for calculation to the
surface moisture distribution module is calculated using the NOAH land surface
model and is determined by a number of tuning parameters depending on the prop-
erties and moisture content of the soil. In turn, the value of the surface moisture level
on a finer 90-meter grid is calculated in the surface runoff module and is mainly
determined by the relief.

Let us consider the total inflow into the channels calculated by the model and
the values of the channel discharge. As well as surface runoff, the total inflow
into the channels for 12 hours (Fig. 4, a) in the upper reaches of the rivers exceeds
30 mm, and in the lower reaches does not even reach 5 mm. According to the channel
discharge modeling results at 09:00 on September 6, 2018 (Fig. 4, b), most of
the moisture had almost reached the mouths of the rivers by that moment. As a result
of the already noted earlier precipitation on the Ai-Petri, the maximum channel dis-
charge for the Uchan-Su is also reproduced earlier than for the Derekoika. Sig-
nificant (> 5 m%s) channel discharge is also reproduced for the Avunda River near
Gurzuf.
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Fig. 3. Total surface runoff for 12 h on 6 September 2018 (a) and the surface water
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Fig. 4. Total channel inflow for 12 h on 6 September 2018 (a) and channel runoff at
9:00 (b)
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Fig. 5. Runoff at the mouths of the Derekoika
(a) and Uchan-Su (b) Rivers for 6 September 2018

The maximum channel discharge of the Uchan-Su (8 m®s) and Derekoika
(6 m*/s) (Fig. 5) is less than the peak discharge values observed in the past, but it is
in good agreement with typical estimates of discharge during flash floods during the
warm season [11, 12]. Discharge is characterized by a sharp rise and a gradual de-
crease over time. The absence of discharge during the time preceding the onset of
the flood is associated with a short “acceleration” model period. Let us note that our
discharge estimates for the Derekoika River are slightly lower than those obtained
in another work using the Hydrograph model, where the discharge estimate exceeded
the maximum observed values (14.9 m?/s) [13]. This result seems to be due to the
lower total precipitation in the WRF-Hydro model input.

Conclusion

As a result of numerical modeling of the flash flood in Yalta on September 6,
2018, using WRF-Hydro, quantitative characteristics of surface runoff and channel
discharge of mountain rivers on the Southern coast of Crimea were obtained.
The flood occurred as a result of extreme rainfall on the Ai-Petri plateau.
The WRF-Hydro model was adapted to the territory of the Southern Coast of
Crimea and integrated with a spatial resolution of 90 m. The use of input data from
the WRF atmospheric model with a convective-resolving spatial step made it possi-
ble to take into account the structure of precipitation and reproduce the main charac-
teristics of the flood. As a result of the work, quantitative characteristics of surface
runoff and channel discharge of mountain rivers were obtained. The maximum chan-
nel discharge of the Derekoika (6 m®/s) and Uchan-Su (8 m*/s) rivers is less than the
peak discharge values observed in the past and obtained in other works, however, it
is in good agreement with typical discharge estimates during flash floods in warm
seasons.
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