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Abstract. The authors consider case of the wi
period 2019-2020 as example of ice cover ant
jam influence on the flow dynamics in the sec
upstream the delta of the Northern Dvina R
mouth area.

Hydrological monitoring, calculations and forec:
of the ice drift in the Northern Dvina River mol
area are actual practical tasks. The hydrolo
regime of a tidal river mouth is very comp
phenomena and one of the most difficult fc
guantitative description.

The authors implemented an integrated approa
study ice jams, including field ice surveys, sate
data analysis, data from the state hydrolog
monitoring system and hydrodynamic model
STREAM_2D CUDA software is applied for tw
dimensional numerical modeling. It takes i
account the impact of ice cover.

Ice phenomena usually make significant chang
the water level and velocity regime. In 2019/2
hydrological year the ice cover provided
maintained a large backwater during all the aut
and the winter. When the spring ice drift came f
the river upstream there was a 3-4 meter water
rise, which lasted for 5 days, creating a thre¢
flooding of the Kholmogory village by
breakthrough wave. There is no effective techn

Lebedeva S.V., Odoev L.S. Ice impact on the flow dynamics the Northeima ORiver mouth area
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situation.

The article identified difficulties arising during i
conditions analysis and hydrodynamic modelin
the situation. Steps to optimize the monitoring o
cover, flow discharges and water levels are
formulated.
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e "ygithdjh\ g_ lhevdh gzZjzklzZz_ | mqgzZkldZ j db K_\_jgZy >\bgZ \[ebab

1h  kljmdImjz gZijbf_j i <_ebdbc MkIx] gZ [Za_ ]b”jh~bgZfb
i j_jzkij_~_e_gb_ e_“yguo ih~"k fhA"_eb AZ jzfdZfb wlhc jZ[hlu hkl
ihAh evAhf \f_kl_ k |_f f_c¢\hijhku hp_gdb 1Zdh]lh izjzf_1jz dzd |
i j_izkij_~_ey_Iky \ ijhkljzgkl'e_ydi]lh ihdjh\Z b | _ez azlhjz \ dz
khijhlb\e _gby ev~Z ihlhdm dhgdj_lghc kbimzZpbb Z 1zd _ __ jzki

OZjzZdl_jbklbdb e_{tydjh\iz ih ijhkljZzgkl\m \ dzZ ~uc fhf_gl \j_f_
hkh[_ggh aZ hjguo b azZlhjguo ylzZjzf_Ij r_jhoh\Zlhklb ijb wlhf klZ\blk
bgrb\b"mZevgu ”"ey dZ ~hl]h mazZ\bkbfhklv hl az~zZ\Z_fhc lhesbgu
baf_gqgb\u \h \j_f_gb Ijm~*gh gZ < azZ”Zqb “Zgghc klZlvb \oh”Dbl
baf_jy_ fu >h k_]h~gyrg _]h ft 1) ihdzZazlv gZkdhevdh agZgbl_evgh
ijZzdlbd_ \ hi_jZlb\guo ijh]lJghaZoy\e _gby \ebyxl gZ "bgzZfbdm ihlhd
gZb[he__ \_jhylguo kp_gZjb_ijb”r_evlih\hf mqgzkld_ j_db K_\_jgZy >\t
aZlhjguo kbImzZpbc bkihevamxl 2) hibkzZlv ozZjzdl_jbkithdb ehndyh\Z
f Ih~“bdb jZajZ[hlZggu_ gZ hkgZ mklv_\hf mqgzZkld_ j_db K_\_jgZy >\k
fgh]lhe_lgbo gZ[ex”_gbc ijb  wl2019-2020, gZkdhevdh wlh \hafh gh
\ kgm ih”[bjzxkzZzpiash]b ih mkebf xsbfky "Zgguf fhgblhjbg]Z \dexqgZx
nhjfbjh\Zzgby e_"hklz\Z hk_gvx dhkfbg_kdb_ kgbfdb kt_fdz [_kibel
jZa\blhyk _gg _]h ihéh\KbvmZpby \e 1Zl _evgufb Ziizjz1Zfb ;I'EZe_b +

]hrzZz k jZa\blb_f mklhcqgb\u”*Zggu_ gZ[ex”_gbc gZ k_Ib ]b”*jheh]
ijh[hd \ kzZfhf gZqZe_ 1j_o hkgh ihklh\ Jhk]b”~jhf_1Z
Ohefh]lhjkdh]h jZa\_I\e_gby g_ b 3) hp_gblv "hklZlhgghklv bf xs_
aZ i_jbh” gZ[ex”_gbc gA2@tbglhy‘*hbgnhjfZpbb ey \hkijhba\_"_c
XX\ _dz gZ[ex"Z\r_cky j_Zevghc ~bgZfbdb ihl

Kms_kl\mxl dhfie _dku ijhr\mf_jghc ]b”jh~bgzZfbg_kdhc fh™_eb k
]b~rjheh]lbq_kdbo fh~_e_c¢c dhlhjie_yd]h ihdjh\zZz gz [Za_ ijh]jzffgh
k\yadb fh~_eb nhjfbjh\Zgby dhfie_dkzZ 675(%$0B '
]Jbrjh~rbgzfbg_kdhc fh”~_eb dhl 4) knhjfmebjh\zZIlv g_h[oh”bfu_ rZ]b
NZNZIv ijh]gha \ k _gg_1]h ihijZzkrbj_gbx fhgblhjbg]Zz b memqr_
khhi\_lklI\bb k ihklmiZxsbf k \h~hlj_amevIZIh\ fh"_ebjh\Zgby
Lzdb_ fh”~_eb ijb ~he'ghc g2z A
Zijh[Zpbb fhiml azf gblv kiZ H{t_dl bkke_nhizgby
f ITh"bdb H~gZdh 7"ey j_db K_\_ l[jb~_evlih\uc mqgzklhd j_db K_\_
qZklghklb L mklv_\hc h[ez>\bgZ ij_"~klZ\ey_| kh[hc qZklv ijbe
g _"hklZlhggZ beagZqbl_evgh]h \efgh]hjmdZ\ghc mklv_\hc h[eZklb hl \
"pbgZfbdm ihlhdZ e _"~h\uo y\e _glj_db Ibg_Jb \ur_ Jb*jheh]bqg_kdh]h ihkl

ihrZ\eyxs f [hevrbgkl\_ kemqgzZ \lbg_]Z ~h \_jrbgu N _evlu K1\
nhjfbjh\zZgb _ hiZkguo ]b~rjhelb”jheh]bqg_kdh]h ihklZ Kfhevguc ;myg
kbilmzZpbc \ \_k_ggbc i_jbh” "ebgm hdhaf jbkmghd ljhp_kku

< jZ[hIKrylenko et al @ ij_nerijhbkoh”ysb_ \ ~_evl_ azZkem b\ZxIl hl’

Zelhjblf A~ _ckl\bc ey jzajz[hldlijbkiZevghlh \gbfzgby b g_ jZkkfhlj._
ijhlghaz azlhie_gbc \ualZgguo "“Zgghc klZlv_

1Bkke _~h\Zgb_ aZlhjh\ evArZ \ mklv_\hc h[eZklb K j\ NlghZzaZ\pmu K lm_dvid-tho ijZ1b\
f IlhAbgq_kdhc I_f_ HI\ bkihegbl ev < I Ihih\ :jozg] evkd K_\_jgh_ M=FK
Hij_~_e_gb_\ebygby azlhjh\ evAZ gZ mjh\_gv \h~u \>mkbw %p hdeZ k)b "KdZazb
aZlhjguo ih~t_fh\ HIqg_l ih-hilhZbo\gidhc I _f_  HI\ bkihegbl_ev < I Ihih\ :j
K \_jgh_ M=FK k
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Jbkmghdb”jh]jZnbqg_kdZy ko_fZ mklv_\hc h[eZklb j_db K_\_jgZy >\bgZ
Jhk]lb”~jhf_1Z b f_klZfb gZb[he__ gqzZklh]h h[jZzah\Zgby aZlhjh\ ev*Z \ ij.
mqgzZkldZ ih Zjob\guf fZl _jbzZzezf N=;M ©K_\_jgh_ M=FK?2
Figure 1. The Northern Dvina mouth area with the observation network (Roshydromet) and usual places of
ice jam formation (data from archival materials of the Northern Agency for Hydrometgpianhd
Environmental Monitoring)

=b”jheh]bg_kdbc j_"bf mklv_fzZdkbfZevguc jZkoh” \_k_gg_]lh iheh)
j_db K_\_jgZy >\bgZ nhjfbjmhdheh f k <_ebgbgZ ijbeb\h\ gZ fhjk
\ha”_ckl\b_f j_gqguo b fhjkdbo rdjz_ ~_eviu \Zjvbjm_Ifhild\Z*jZImjguc
klhjhgu fhjy ~_ckl\mxIl \_Ijh\u_ ijbeb\ ~h - f kbab]bcguc ijbeb\

ijbeb\u kh klhjhgdj_jggllhc klhd e_I_jbh” ijbeb\guo dhe_[Zgbc khklZ\ey_|
yle_gby lehsz”~v \h~*hk[hjZ k gZkh\ Ih~ \ha”_ckl\b_f ijbeb\h\ [he
mklv_\mx h[eZklv ihklmizZz_I klrqzZklv ]h*Z gZ mklv_\hf mqgqzZkld_ j_db g.
34800 d¥ Ghjfz klhdz ih ]b”jheh j_\_jkb\gu_ | _gq_gby >Zevgh

ihklm \' \_jrbg_ mklv_\hc h[eZklb jzkijhkljZzg_gby h[jZlguo |_q_gbc \\_jo
>\bgZ df hl fhjkdh]h djzy *_evluazZ\bkbl ij_bfms_klI\_ggh hl \_ebgbgu |
Mkivbg _1Z khklz\ey £ k Z kj_~klhdz Z 1Zd _ hl nZau ijbeb\h\ b g

2Bkke_~h\Zgb_ azlhjh\ evArZ \ mklv_\hc h[eZklb Kij\ NighaZ\ghgu K lg_dvik-hé_jZIb\
f IhAabgq_kdhc |_f_  HI\ bkihegbl ev < I Ihih\ :jozg] evkdc. K _\_jgh_ M=FK
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\_ljh\uo gZ]lhgh\ beb k]hgh\ < iJem[bgZfb f_g__ f abfhc fhiml i_j_f_j
f j_ jhklZ ijblhdZ \h~u k \h~hk[hj~gZ < k\yab k wlbf Z\lhju klZlvb >AZ
hfezklv  j_"bf h~rghklhjhggbo 7] @ ey kgb'_gby \_jhylgl

mklzZzgz\eb\z _|ky \ kj_~g_f ijb jZknhjfbjh\Zgby azZlhjh\ ij_"eZzZ]lzZx| jZajZz
10 £ k \ klI\hj_ ]b”jheh]lbqg_kdh[rbjghc ijhj_ab kj_azZxs_c f_edh\h
Mkivbg 1Z h[eZklb ]JezZ\gh]l]h jmkeZ ~h Jem[bg
Hkgh\ghc e_~hoh” ijhoh”bl ijh_dlgh]h mjh\gy ijb wlhf ~Zgz
hl[eZklb h[ugqgh jZgvr_ g_f fz\j_f_ggh]lh i_jbh”?Z aZ dhlhjuc jmkeh \_
jZkoh”~u \h*u < _ebgbgzZ fZdkbfZek\h_ | _dms__ kIl _kI\_ggh_ khklhygb_
fghlhf az\bkbl hl kjhdh\ ijhoh™i_jbh” khklzZ\ey | e_|
iheh\hA"vy gZ djmig_crbo ijblhd ?s_ h~rgbf nzZdlhjhf nhjfbjh\Zghb
<uq_]"_ <Z]_ b 1Ibg_]1]_ Bo g azZlhjh\ \ Ohefh]hjkdhf jZa\_I\e_gbb y\
\j_f_gb fh _1 \wvwa\zZlv fghlh\h*gh_mkeh\by ijhoh ~_gby e_"hoh”~Z g¢gZ
dhlhjh_ g klZgh\blky hiZkguf jZzkiheh™ _gguo dexq_\uo mqgZkldZo jmk
mklv_\hc h[eZklb \ hlkmlkVvhZ agwlh \ugm ~_ggZy baemqgbgZ \ jZchg_
wdklj _fZevgu_ gZ\h~g_gby \ i_jlHje_pu b _s_\ur_ jZkiheh _ggu_ ba]lb[t
iheh\h”rvy \ ij ~ eZo mklv_\h]h \ jZchg_ fukzZ Djb\hdf \ur_ ihk_edZz
k\yvaZzgu k azZlhjzfb ev~Z <[eb MkiVvbg ]2 < ]h~u dh]*Z \ wlbo jZ
gbklhc \h" Ahklb™ _gb nhjfbjmxlky “ebl_evgu_b fhsgu_ aZlhjt
g_[eZ]hijbylgh]h beb hiZzkgh]h y\ _jhylghklv mklZgh\e_gby hiZkguo az
lzd"_ \ua\l\Zlv \ha”_ckl\b_\ gzZih Ohefh]hjkdhf jZa\_I\e_gbb g_\_ebdZz
AN ckl\mxsbo h~gh\j_f ggh Kk ijtkblmZpbb \hajzklZ | j_qghc klhd b mjt
\ukhdbo j_qguo jZzkoh”~h\ \h”~u e_Yghc ihdjh\ \ Ohefh]lhjkdhf jzZza\_I\e
< _Kkl_KkI\_gguo mkeh\byo azZlih”"JhlzZz\eb\Z Iky d \kdjulbx aZ kq_ I | _i¢
\_k_gg_f \kdjulbb fhlml h[jZzah\u\ f_oZgbqg_kdh]h \ha”~_ckl\by
"ebg_ ijb”_evlih\h]h mqzZkldzZ j_c GZ [eZ]hijbylghf \j_f _gghf m\_ebq
Hkh[h_ agZq_gb_ bf_ x|l aZlhju \ ]Jem[bg b kdhjhkl _c¢c | _g_gby ijb ijhoh
jZa\_I\e_gbb < g_dhlhjuo kemqgqe_"hoh”Z \ Ohefh]hjkdhf jZa\_I\e_gbb
aZlhjZo aZlhie_gbx ih”\_j]Zxlky 1Zzd _ kdzZaZzZlvky \hegZ hl ijhju\Zz aZz
Ohefh]lhju b *jm]b_ gZk_e _ggu_ i®”_j \g_Hje_pu b\ jZchg_ fukZ Djb\h_
\ Ohefh]hjkdhf jzZa\_I\e_gbb i_[ueb ~“hklZlhggh fhsgufb
h[jZamxlky \h \k_o jmdzZ\Zo g Ilhke jZajmr_gby aZlhjh\ \' '\ _jogbo
h[jZzah\Zgbb azlhjz \ ]JezZ\ghf jmkjmdZ\h\ Ohefh]hjkdhl]h jZa\_I\e_gby
agZgbl_evguc ih”t_f mjh\gy \h~ukdZieb\zZ_Iky gZ \uoh”_ ba Ohefh]l
g_[eZ]hijbylgu_ b hiZzkgu_ y\e_jZa\_I\e_gby jZchg_ gZk_e_ggh]h img

kemqZ_ qZklv klhdzZ ev”Z i_j_j.<Zcgh\hz ]~_\k_ jmdZ\Z keb\Zxlky b |
Aimlb_ jmdz\Z ;ukljhdmjdzZ b ; "hebgZ bf__I| j_adh_ km _gb_ jbkmghd
dhlhjuo \ k\hx hg_j_"v fh] Gb™_ ih I_q_gbx hl gZk_e_ggh]lh i
knhjfbjh\ZIlvky aZlhju <Zcgh\h o0Zzjzdl_jguf f_klhf nhjfbjh\Zz

Fhijnheh]bqg_kdbfb ijbcazlhjh\ y\ey_Iky jZchg "~_j_\gb Q_jg

h[jZah\Zgby aZlhjh\ \ Ohe jbkmghd h*gZdh wlhl jZchg m _ \ [he
jZa\_I\e_gbb gZau\zxl kgb _gb_ kl_i_gb ih~]hlZz\eb\Z_Ilky d \kdjulbx k ih
ihke_ ~_e_gby gZ jmdz\z gZze_"hdheh\

ih\hjhlh\  baemgbg f_edh\h”~gu._ E_"hdhevgu_ jZ[hlu ijh\h”rylky
lez\ghf km”~hoh”?ghf jmke_ b \h \mklv_\hf mqZkld_ j_db K_\_jgzZy >
jmdzZ\Zo ;ukljhdmijdZz ;hlhyle ¢ij_~"\_jbb ijhoh ™ _gby e _~hoh~Z gZI
>AZ\Z"kdbc b 7j @ F_edh\hzdlb\gh k ]h~rz E_~hdhevgu_ jZ]
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jZajmr_gbx ev”~Zdhsff crbc nZd dhfie dkFTREAM 2D®* hldZeb[jh\ZgZ b
ijhoh ~_gby e_"hoh”Z \ mklv_\hc\Zeb”bjh\ZgZz gZ ~Zgguo ]b”jheh]b
K_\_jgZy >\bgZz 'gZeba \uih kbImzZpbc \ hlkmlkl\b_ e_"h\uo vy
N ~ jZevghf ]hkm~rZjkI\_gghf >E _[_~_\Z b "jAlabyan, Lebedeva, 2018].
mqj_""_gbb ©K_\_jgh_ mijZ\ >\mf_jgZy fh*_ev gZ ijb”_evlih\uc mqZk
]b~rjhf_I_hjheh]bb b fhgblhjbg]lm hl ]b”jheh]bg_kdh]h hEHZ ]2Mkth
kj_~ud ~Ze N=;M O©K_\ _jgh_ M ]b”jheh]bg_kdh]h ihklz Kfhevguc
ihdZzaze qglh \ i_jR00% |h~ kkj_"gy j_Zebah\ZgZ gZ g_j_]meyjghc ]b[jb~g
ijh"he bl _evghklv aZlhjh\ kgbabekhklhys c ba g _luj_om]hevgbdh\
\ jZa ih kjz\g_gbx k i_jbh’lj_m]hevgbdh\ \k_Wgq__d J_ev_n azZ":
1961 ]h~hb khklZ\bez gZkh\ fzZck bkihevah\zZgb_f fhjkdbo b j_qguo
mjh\gb \_k_gg_]h iheh\hrvy kgbelhih]jZzZnbg_kdbo dzjl b fzZl_jbZeh\ jm
kf ><Zkbev_\ @ WIZ klzlbkllkt_fhd gZ hi*"_evgu_ mqgzZkldb j_db WI:
jZchgm \_jrbgu ~ _evlu b ijh\_* gk _IdzZ ij_"klzZ\ey | kh[hc \_jogxx ¢
]Jbrjheh]lbg_kdh]h ihklZz Khehf[.jZkg_lghc k_Idb fh~_eb hibkZgghc \ >E
e_"hdhevgu_ jZ[hlu ijh\h*ylky b 7] Alabyan, Lebedeva @ gh \ ~Zgghf
ijhp_kk_ \kdjulby ev~Z ihglb ih kemqZ_gb'gyy ]jZgbpZ jZkiheh  _gzZ \
mklv_\h]h mqzZkldZ j_db gh q_f \~_evlu 1Zd glh kZfm ~_evlim fh”_ev g_

| f ljm~Ag__ e_~hdhezf hdzazl\ <ha”_ckl\byddh?ihdjh\Z ~h[Z\e_gh \
ijhp_kk \kdjulby fhr _ev \ jzfdZo gh\hc fh”bnbdZ
>hihegbl_evguc nzdlhj bkihevam_fh]h ijhljzffghlh dhfie_

e *hh[jZzah\Zgbb b \_k_gg_f \kdjulSTREAM_2D CUDA?* >ey wlh]lh \ kbkl_fm
h[ezklb j_db K_\_jgZy \kabgZklt mjzZ\g_gbc-<KggdgZ \g_k_gu baf_g_g
ijbeb\h\ dhlhju_ ijb\h~yl d j_ mqgblu\Zxsb_ “hihegbl_evgh_ khijhlb\
| g gbyf b i j f s gbyf ev”bgkha”rz\zZz ftyagt ikhdjh\hf b aZlayzZtb
\_ljh\u_ k]lhgu dhlhju_ \ hI*_evZ 1Zd _ km _gb_ ihi_j_ggh]lh k_qgq_gb_
fhlml kihkh[kI\h\Zlv bgl_gkb\grlhesbgu e_~h\h]lh h[jZah\Zgby Baf_
ev™ ba mklv_\hc h[eZklb beb kbkl_fZ mjz\g_gbc ij_"klZ\e_gzZ \
kdhie _gbx \ » _evl_ [Krylenko etal., 2020].

< dzZq_kI\_ ]jZgbgguo mkeh\bc

>7 f 1hA
ggu_ b f_Th*u fhA _ebjh\Zgby az”Z Iky gZ \_jog_ c ]|

< ij_"klZz\e_gghf bkke_jzkoh”~ \ klI\hj_ ]b”jheh]bqg_kdh]h ihkl.
j_Zebam_lky bgl_]jbjh\Zgguc Ibg ]Z 9gZ gb'g_c ]jAjdgbpb *h~u ih
\dexgZxsbc ZgZeba ihe_\uo kZfhibkpm gZ ]b”*jheh]bg_kdhf ihklm K
gZlex"_gbc dhkfbg_kdbo k¢:myg Baf_j _gby jZkoh~h\ \h~u g_ihkj_"
dhfivxl_jgh_ 1b”rjh~bgZf \h \j_fy ijhoh ~_gby e_~hoh”Z g_ ijh\h
fh _ebjh\Zgb_ b "ey \hkklZgh\e_gby \j_f _ggh]h oh”Zz

=b"jh"bgZfbgq_kdb_ mkeh\by \hAu bkihevah\Zebkv ~Zggu_ baf_j_
hfeZklb fh]lml [ulv kfh”_ebjh\Zgu\ur_e_"Zsbo ]b~jheh]bq_kdbo ihklh\ g
"\'mf_jghc gbke_gghc fh”~_eb CK_\_jgZy >\bgzZz b __ ijblhdZo
jZajzZ[hlzgz jzZg__ 9Z [Za_ ijh]jzffgh]h

3; ebdh\ < < Dhg_Ildh\ < < 1jh]jzZffguc dhfie_dk 6TB(B0B gbeyrdkgfZpbc ~gZ
i_j_ghkzZ aZ]jyag_gbc \ hldjuluo ihlhdZo K\b”_I_evib\kljZ ghkln2ZikNegdtcF

< h 20.02.2014.

4:e_dkxd : B ;_ebdh\ < < ljh]jzffguc dhfie_dk 675(%$0 |I' &89 ey _jakdZpbc ~gZ
b i_j_ghkz aZ]ljyag_gbc \ hildjuluo ihlhdZo k bkch&RPBXYH f8Q bolghHre® [THYLFH $1
9Z ljZnbq_kdbo ijhp_kkhjZo 19,',$ K\b~_1_evkI\h kKHjZpbm g hKiZfd ghey W HF

< hi
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Hkgh\guf dZeb[jh\hgguf iZ :joZg]_evkdhc h[eZklb \ dhgp_ abfu
fhr_eb y\ey_Ilky dhwnnbpb_gl re_~hoh”~hf ~ey hp_gdb e_"h\uo mke

dhwnnbpb_gl FZggbg]z OZ dexqg_\uo mqgzZkldZo j_db K_\_jgZy >\
e _Ydlh ihdjh\z "hihegbgzZb[he__ \ _jhylgh mklZgh\e _gb_ aZzZl
r_jhoh\ZIhklv b lhesbgZ ev”"Z bel\_kghc

\ hlkmlkl\bb nZdlbgq_kdbo ~"Zq Ilh dhkfbqg_kdbf kgbfdzf b fZl_jbZz

klzgh\ylky dZeb[jh\hggufb gltkt_fdb ;IE: khklZ\e_gu ko _fu e _"h
fghlhh[jZaby kblmZpbc e_"h\hch[klZgh\db gZ dexq_\u_ ~Zlu jZa\blby |

N ez | azZ”r"Zgm dZeb[jh\db ijb mklZgh\e_gbb e_2hklz\Z b ijb \k
g_\hafh ' ghc | _jki_dlb\guf ij_~} jbkmgdb JZchgbjh\Zgb_ aZlhjh\ e\
imlv ih~[hjz izjzf_ljh\ ih nZcko_fZo gZ jbkmgd_ k" _eZgh \ khhl\
k\_~ _gbyf wdef_ihdjh\_ | _jfbgheh]b_c ijbgylhc \ f_lh”"bq_

GZ ~Zgghf wlzZi_ jZ[hlu ijh\_jZ[hlZo N=; M ©K_\_jgh_ M=F
\k_0o "hklmiguo fZl_jbZeh\ ~ey hy< I Ihih\u¥ Hgh khhighkblky k

kbImZpbb \_k_gg_]h \kdjulby ev’l_jfbgheh]b_c  ijbgylhc \ GzklZ\e_
lib wihf az~_ckl\h\Zgu ke _~mxsk]b?jhf_|_hjheh]bq_kdbf klZgpgtymb ihkl

bgnhjfZpbb < :;mabgZ >;mabg @ ke _"mxsbf h
1. jZ~"Zjgu_ kgbfdb kiBengibetth\b AZfhd beb hqgzZ] azZlhjz dhlhjuc ij_*"k
hilbg_kdb_ kimbgegitidélA blandsat-8, kh[hc e _~hklZ\ \ |Ij _sbgZo beb i_j_ fu
gZoh”ysb_ky \ hidjulhf “"hklmi_ e_"yguo ihe_c azZdebgb\rbo jmkeh b
2. fZ1_jbZeu kt_fdb k ihfhsvxij_]jZ”"hc “ey "\b"_gby ev~*Z \ gZr_c jZ|
dhlihju_ ijh\h”ylky \ jZzfdZo _"_]h’b \ jZ[hl_ Khih\Z gZaulZ_Ilky hkgh\Zgt
jZa\_"~db \_kghc i_j_~ e_"hoh”haZzZlhjz =heh\gZy b o\hklh\Zy qZklb
e _"hoh"Zz h[ft _ "bg_gu b gZa\Zgu | _ehf aZlhjZz
3. "Zggu_  k \j_f _gguo ]Jb”jhekh]ezZkgh jZz[hl_< | Ihih\Z
ihklh\ dhlhju_ hldju\Zxlky \ \_k_ lhke _ wlh]h ijh\_~ _gu kp_gZjgu_ jZ

gZ [Za_ N=;M ©K_\_jgh_ M=FK?2 “ijhoh ™~ _gby \_k _gg _]h ihepAihZvygZ
gZ[ex”_gbc aZ e_"h\hc h[klZgh\cfh”~_eb

ba \j_f gguo ]b”jheh]bq_kdbo | 1) [_a mqg_I|Z e_~h\uo y\e _gbc qglh[u i
lZzd® _ gZ[ex™_gby aZ mjh\g_f jbkkl_i _gv bo mqgZklby \ ijhp_kk_
gZ[ex”_gbc gZ ]b”jheh]bg_kdbo i 2) k mqg_lhfyé@]h ihdjh\Z b nhjfbjh\Zgby
e_"hoh”Z \Zjvbjmxl hl gZkh\ b azZlhjh\

g_hJoh”~bfhklb Ihkljh_ggu_ ko_fu e_"~h\hc h[klZg
4. "Zggu_ e_"h\uo h[ke_~h\Zglbkihevah\Zgu "ey azZ”Zgby jZkij_"_¢
ijhih~ylky khljm~rgbdzfb N=;M ijhkljzZgklI\_ izZjzf_ljh\d]k_~"ihdjh\Z
M=FK?2 Kkh\f_klgh k P_gljhf h[ Ilhesbgu b r_jhoh\ZIlhklb

f_jhijbylbc liZz ~"Zgkdhc azZsblu

> <b”_haZibkb :joZg]_evkdbc P_glj ;_kibehlguo Edb gh eHHiftoc/vk.coraiiidegd-

103871656 ~Z1Z h[jZs_gby
6§ Bkke_~h\Zgb_ azihjh\ ev~AZ \ mklv_\hc h[eZklb K_j\ AlghZaZ\plgy K lo_d vik-the _ij Z1b\

f_Ih~bg_kdhc I_f_ HI\ bkihidgh):jeZ g levwkd\ _jgh_ M=FK k
"GZklz\e_gb_ ]b”jhf_I_hjheh]lbq_kdbf klZgpbyf b ihklZfhah]bwikd&kingdex"=lgby
jZ[hlu gZ j _qguo klihckdEpo b q QZklv , =b”jheh]bqg_kdb_ gZ[ex”™_gljy dbgjzgdhlu g

j_dZo E =b"jhf_I_78b3B2KI
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Figure 2. Ice conditions during freeze-up period in autumn 2019
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Figure 3. Ice condition before the breakup processes
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e _Ydlh ihdjh\Z hk_gvx lh~Z

DjZzkgufb \_jlbdZevgufb imgdlbjzfb hif_q _gu agZdh\u_ kh[ulby \ nhjfb]j
g_jgufb klj _ehqéizffbgtu \j f gb khhlI\_IklI\mxsb_ ko fzZf gZ jbkmgd
Figure 5. Water levels during the freeze-up period in autumn 2019. Red dotted lines mark significant events
in the formation of freeze-up, black arrows mark the moments of ice conditions at figure 2

J_amevliZlu 2019]1h”Z h[jZah\Zeky e_~h\uc aZ hj m
. e R
MkiZgh\e gb_ e ~hklZ\Z \ gh ?\—t)J\gung YJih J:kc;]gfrr;djmde\r?}_Fh(;ZZ ih
lhy\e_gb_ i_j\h]h ev*Z b rm] ¢ ankiz\ mkizgh\beky \ j d_ F_qdZ
l_q_gbb j_db K_\_jgZy >\bgZ jipghkghc e ~ klZe gzZdZieb\ZIvky gZ
3- ghyljy Ih*Z gZ nhg_ ijl\yr A j \@bjguc Yj GZ ]jznbd_ mjh\c
"ho~_\uo iz\h”dh\ ijb \ukhdbo mjl\pay jh Jbrjheh]bg_kdhfm ihkim Ljhcg
[hevrbo iZ\h*hqguo kdhjhklyo I_th~gh azf_Iblv khhi\_IkI\mxs__ m\_et
Ibi azf_jazgby ih >>hgqg_gdh 1iZ~"b_glZ jhklZ mjh\gy \h”u k \_q_jZ
]brjheh]lbg_kdhf ihklbg NMXIvjb w lh~z jbkmghd < i_j\mx hqg_
gZ[ex~Zeky mjh\_gv \h*u khhlyzihegyebkv evAhf hkghlgu_ km~hoh”g
jzkoh~m hdheh £ k qlh A\ jZaz jmgz\ Hjeboz b Jez\guc ijZ\h[_j_"guc
j_\urz_1 kj_ng_f_"_gguc jZkolgpethlhjkdh]h jZa\_l\e_gby ghyljy
K- ghyliy Ih~rz m°_ JmklFihaz mkizgh\beky e_~hklZ\ gZ ]b~jhel
gZlex"Zeky \ jZchg_ "_j_\gb Hje ihxim Ljhcgzy ]hjz mjh\_gv \h~u ih
fhikdh]h djzy "_evlu b \_kv Wlliprjhen]bg_kdh]h ihkiZ \ujhk gz  kf a
ihklmize \ Zd\Zlhjbx mklv_\h]h jbkmghd [ jbkmghd K ghyl[jy
K_\_jgZy >\bgZz b 1\ "_evim 47457ehkv aziheg_gb_ ev~hf ijhihd ;hlh
h[jZah\ulZeky kihc f_klguc e_" ,kijhdmjdz jbkmghd \ LzZdbf h[jz
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|l g gb_[he__ q_f g N ev e_ N k ihA*kh\zZfb b rm]hc khklZ\eyeZ ~h

mqgZkldh\ j_db ihkimiZze \ mklv_\ fZdkbfZevghc ]Jem[bg_ \ jmke_ foo
l_g_gb_ "g_c gZdZieb\Zeky h[klZgh\dZ gZ fhf_gl i_j_~ gZqZehf e_
N \gB® _jguc Yj ~h ihkkidddg ]Z dhgp_ abfu hljZz" _gZ ¢Z jbkmgd_

24 ghyljy 1h~Z \ jZchg_ fuk JZajmr_gb_ e _“yghlh ihdjh\Z \_kgh
knhjfpjh\ZekyI aZ hj b ij_c | j\u_ \_k _ggb_ baf g ghy \ e ~
ihkimie_gb_ ijbghkghlh ev®Z A mly yo \" g7 ijbA_evih\hf mqzkld_ j_db
j_db jbkmghd ] thke_wihlh k _\j;07 1 /ep k\yazgu k e ~hdhevgufb j:

]h~Z ijhbkoh”be kiZ™ mjh\g_c dhlhju_ gZqZebkv k Zij_ey 1hAz

Ohefhlhjkdhf jza\_I\e_gbb gz
iZ\h~"hgghc \hegu jbkmghd
knhjfbjh\Z\rbcky e _“~yghc ihdjh\
mgZkldZo kh agZqgbl_evgufb ih”"l|
lhjhkzZfb m [_j_]1h\ hk_e gZ ijbJ[j_
<kx abfm gZ hkkjh\ ~d_ \ jZchg_

]lh~rz izjz e_~hdheh\ “hreb "h gb g_
Ohefh]lhjkdh]h jZa\_I\e_ghby \ jZ
gZk_e _ggh]h imgdlZ <Zcgh\h hklZ\b\
km~Ah\u_ dZgZeu gh g_ \ual\Z\ _s_ a
\ughkZ beb ih"\b" _d ev®*Z jbkmghd Z

. Zij_ey ]h~*Z hkgh\ghc e_~hoh” ijb
Mkivbg_]1Z fh gh [ueh \b”_Iv e_"y.

d_ K_\_jgZy >\bgzZ d ~_j_\ Hje_p
fhsghklvx [he__ f knhjfbjhrzi=z "='-194Y g —J_‘9_ Hje_p

[he__ hkiZgh\beky \ azlhj_  jbkmghd  A\b'.
hk._gg_f e_"hoh”™_ b \ha\urZXSb—lijh’\he‘behkv f g q.f gq_j_a ~\h K
mjhig_f \h"u S ) \_q_jhf Zij_ey Jh"Z e _Ahoh” hkIZ.
oS Jlﬁah”;e" — —99—]k h_ef-gb‘_ ihk_edzZIbMKkI\Z \ jZchg_ jZa”_e_g
1jb”_evih\ mqZkld_ NPt imKkez gz 1jb jmdz\z ukljhdmjdz Jh\:
h{rbjgu_ h[eZklb k gZIhjhr_gguf €;.7 0" mahohrgh_  jmkeh Ohefh]

igiﬁ?‘ﬁfg <k_deh?‘q'tr)}?ki ih;(tl—\)\fz \r;”jZa\_I\e_gby ibkmghd z =ez\gh_ jn
Ib”jheh]bq_ kb _WXIMua\Zg ;o 0n aziheg gh evAhf k hk _ghb
ih~"ihjhf egdflh ihdjh\Z khklZ\be

25f ih i ameviZizf baf | aby iZk K\bA_I_evkl\mx] dhkfbq_kdb_ kgbfd
: [ _amev i . R . - R
- \jZeJ 0tz ]hAJZg”{AJh[gj_amevIZIu e _~hf_jghc kt_fdb ijh\_A_
T - _ fzjl_ < ijhlhdm ;ukljhdmjdz e_" gZ
ih~ihjZ ih "Zgguf]b"Jheh]bq_kdh]\ q_jhf Zij_ey 1hAzZ \ g
Ibg ]1Z gZ[ex”Zebkv jZzg__ \ b.—. — -

I|_j_jZkij_’\_ebeZkv [hevrZy “"hey kIhdZ.
g_ kfh] gZzZijz\blvky \ JeZ\guaxZ jmdz\
fhsguo az hjh\ knhjfbjh\Z\rboky hk_
G aamdsl e D> Mjn\_gv \h*u ih Jbrjhen]bg_kdhfm inkl
mrl],fbg%]\ b“ <|—h,g\° . \]A _Z\Ibg_]Z ijb wlhf \ujhk gz f az k
nhjtbjhizgb_-azlhjhl evrZ \ *_J_\ yyiimghd Az \j_fy klhygby wlh]h azIt
b\ Jez\ghf jmke_ Ohefhlhjkdhlh = =" An S0 Be s Y e kmin
~ E_7htu_ hike_~h\Zgby \ TZjl.\\yay" 47 jbAjheh]bqg_kdhf -IbglmZ Mklv
ihdZaZeb qlh fhsonhdklh ehdjh\Z, .\ "5 47" f |jb wihf kj Agbc mdehc
Ih~kh\Zfb b rmJhc \ jZehg_ "_j_\Gip\ joghkib gz mqzkid_ f_"Am ]bAjheh]l

"hkiblZeZz fijb fZdkbfZevghcfle ;\\\7¢p Mg 12 b Ohefh]hju ~hklb]Z
jb wihf mqzklhd k ihAkh\Zfb g

Hluggh \ wlbo kemgZyo h ' b"Z_
ijhoh™» gb_ \_k _gg_]h e_"hoh~"Z
hklzgh\dzZfb b khhiI\_Ikl\mxsbfb

gb ol ! ORI \ kemqz_ ijhju\z azlhjz \ ijh
"hslg‘ Vbxb ) iy ') _e—\ ;ukljhdmjdZ m]jh Zy azlhiblv k_eh Ohe
ijhly" _g [he__ =€Z\0 o5 Zij ey JhAZ gZ ijbr_evlh\

Shkefhjﬁjkdz]rl’ ?ﬁf‘_\ﬁ'\f‘—gby mqzkld_ \iehlv Ah gZk e _gghlh imgdl;
[ke_~h\zgh [Zzd ih*jhlgh dZd mcyp\papepky ih\lhjgu_ e _rhdhevgu_ |
azZ hjz m ~_j_\g_ Q_jguc Yj

9 dhihju_ \ua\Zeb hk\h[h ~_gb_ hlh

hoj\gb FZI_jz A\ o dfdur_ JbMhey aponaghlh jmdz\z jZa\_l\e_gby \
ihklZ LjhcgZy 1hjz fhyghklvibedjfh , i \gb Q _jguc Yj b \ughk evibg ba
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HjeboZ b \ur_e “Zsbo mqgzZkldh' < |_gq_gb_  "~gy Zij_ey 1h
20201h”~Z hdheh gZkh\ [ueb ijhbkoh”beh f_"~e_ggh_ k hklZgh\dzfb
\ajulgu_ f_jhijbylby kh\f_kl]Jez\gh]l]h jmdz\Z Ohefh]lhjkdh]h jZa\_

e "hdhevgufb jZ[hlZfb \ jZchg_ >\b" _gb_ \ Jez\ghf jmke_ fh]Jeh |
imgdlZ <Zcgh\h ihke_ qg_]lh gZqZ kijh\hpbjh\Zgh azZlhjhf \ ijhlhd_ ;h]lhy\
\ughk djmiguo ev”bg k wlh]h 1ih ~Zgguf gZ[ex~Zl ey \ gZk_e _gghf
ijhlhdb ;h]lhy\e_gdzZ WIhl fhf_gl <Zcgh\h d mljm Zij_ey ]h~Z \ughk
liZnbd_ mjh\g_c \h”u ih Jb”jhtg__ ij_djZlbeky < gZkh\ Zij_ey
ihklm LjhcgZy ]hjz \ \b”~_ j adlgZ \heg_ "\b® _gby e _"hoh?Z gZq.
ijbf_jgh gz f Z g_kdhevdbfb ghk\h[h ™ _gb_ hlh ev”Z ]JeZ\gh]lh jmkeZ
Ilhl °_ wnn_dl \b”_g b gZ ]b”jheh]]b”jheh]lbqg_kdh]h ihklZ LjhcgZy ]hjzZ |
Mkivbg 1Z jbkmghdQzZklv e _"rmjh\_gv \h”u \ |I_q_gb_ qgqZkZzZ \ujhk ¢
knhjfbjh\Z\r_]hky gZ mqZzZkld_ e jbkmghd < j_amevlzl_ i_j\uf
\ajulguo jZ[hl az”~ _jZeZkv \ jZ Ohefh]hjkdhf jZza\_I\e_gbb hgbklbehkyv
Q_jguc Yj knhjfbjh\z\ g _ijh*he]ezZ\gh_ jmkeh jbkmghd ] D fZy
azZlhj jbkmghd [ dhlhjuc ijhj\iijhbahreh ihegh_ hk\h[h *_gb_ hlh ev”".
g fg_j_akmldb ihargbf \_gq_jhf ;h]lhyle _gdZ b ;ukljhdmjdZz

]h~rZ jbkmghd \
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JbkmghdjzZnbdb baf_g_gby mjh\g_c gZ ]b”jheh]bg_kdbo ihklZo Z 1zd"
h{t_fh\ ijblhdZ \h”u d mklv_\hc h[eZklb \ i_jbh* \_k_gg_]lh e_~hoh”Zz
DjZzkgufb \_jlbdZevgufb imgdlbjzZfb hif_q_gu agZdh\u_ kh[ulby \ jZa\blb
klj_ehqdZfiibf_glu \j_f_gb khhI\_IklI\mxsb_ ko_fZf gZ jbkmgd_
Figure 6. Water levels and river discharge during the breakup period in spring 2020. Red dotted lines mark
significant events of the break-up period, black arrows mark the moments of ice conditignsed f
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J_amevlZlu fh”_ebjh\Zgby 4) k mqg_Ilhf h[hbo izZjzf yighh e_~7
‘ueb ijh\_~ gu q_luj_kp_gzj¢ihdjh\Z Ihesbgu b r_jhoh\Zlhklb
gZ hkgh\_ ~"Zgguo aZ i_jbh” iheh >ey jZkq_Ih\ b e_"h\Zy h[klz
ih fzy 1hA"Z AZ~Zggu_ az™Z\ZezZkv \ KkhhI\_IklI\bb k KkhklZ\e
jZkoh~Zf \h~u gZ \_jog_c ]jzgbyko_fZfb e_"h\hc h[klZgh\db jbkkwvgdb
\hAu gZ gb'g_c ]jzgbp_ ij_~kliZka_lguc i_jbh” jZa”_e_g gZ hlj_adb '
jbkmgd _ E_~h\Zy h[klZgh\dZ jZaghc e_"~h\hc h[klZgh\dhc [|Z[ebpZz
ke “mxsbo \ZjbZglZo LhesbgZ ev”Z hp_g_gZ bkoh")
1) ihegh_  hlkmlkl\b_ \ebygbye€_"hf_jguo kt_fhd ijh\_"~_gguo
yle gbc Ohefh]hjkdhf jZa\_I\e_gbb b \ jZchg_
2) k mqg_lhf \ha~_ckydp ehtijh Q_guc Yj \ fZjl_ lh~rz  1zjzf_1

ihkj _~kI\hf kgb _gby ihi_j_qgh]dhwnnbpb_glz r_jhoh\Zlhklb evhrZ

ihlhdZ az kq_| az”~"Zgby lhesbgikhleZkgh j_dhf_dKryenkoét &., 2020],

\k_c fh”_evghc h[eZklb \u\_"_gguo ih j_amevlzZIlZf fgh’ _
3) k mg_lhf ~“hihegbl_evgh]h krdZeb[jh\hqgguo jZkq_Ih\ aZlhjguo kbim
aZ kgq_ | az~Zgby ~hihegbl_evgi_d_ K_\_jgZy >\bgZ \ jZchg_ <_ebdh]
r_jhoh\Zlhklb ev~rzZ gh [_a mc |Z[ebpz

ihi_j gghlh k_q_gby ihlhdz
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JbkmghdjZgbqgu_ mkeh\by ey fh”_evguo jZkqg_Ilh\
Figure 7. Boundary conditions for modeling
LZ[ebpAaz<j f ggu_ i_jlhjZaebgghc e_~h\hc h[klZgh\dhc ijbgylu_ ey fh”"_
Table 1.Time periods with different ice conditions, used for modeling

— jbh?” \j T ighb E_Ah\Zy h[klZgh\dZ
gZqZeh jZk Zij_ey jbkmghd
Zij_ey Zij_ey jbkmghd Z
Zij ey Zij ey jbkmghd [ [ _a aZlhjQ mgud) Xgb
Zij ey Zij ey jbkmghd |
Zij ey Zij ey jbkmghd \
Zij ey Zij ey jbkmghd ]
Zij_ey dhg p jZkg [ a mg_l¥ddh”ihdjh\Z
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LZ[ebpZdZzjzf lju ¢dMh ihdjh\Zz az”~Zggu_ \ fh* _evguo jZkq_I|Zo
Table 2.Ice cover parameters for modeling

DZI_]hjby e_~h\hc h[klZ LhesbgZ Dhwnnbpb_gl r_jhoh\ZIt
ko_f_ evhrzZ f e_ydilh ihdjh\z
e_"hklz\ 0,5 0,025

e_"hklz\ k ihM\b dzf 0,5 0,025
lhjhku 2,5 0,045
hkgh\Zgb_ aZzZlhjz 1 0,025
|_eh azZlhjz 3 0,075
km~rh\uc dZgZe 0 0,005
j_"dbc e_"hoh” 0 0
gbklh 0 0

‘VpoeeHs Boasl, M BC

7 mait 14 mait 21 mait 28 maii 4 1roH

HabmromeHHBll 00 e 1 —2 —3 —4

Jbkmgh&Z[ex® _gguc mjh\_gv \h~u gZ Jb”*jheh]hldp gkd&fbihkbmeMEBlu
fhr_evguo jZkg_ jAKqg_ | [_a mqg_I1Z e_"h\ugzZk\e_lgbhanqg_+hf Ihesdhlgu e_~
ihdjh\zZ jZzkq_| k mqg_Ilhf *hihegbl_evgh]h dhwnnbpb _jglkqgrljkhohdZlhklb

h[hbo nzdlhjh\ Thegd¢lZ idhd}h\Z b r_jhoh\ZIlhklv
Figure 8. Water levels observed at Ust-Pinega gauge and modeltedittiout ice cover impact, 2Ztaking
into account ice and ice-jam thicknessttaking into account ice roughness coefficienttdking into
account both: ice roughness coefficient and ice and ice-jam thickness.

lh  j_amevIZIZf fh~_ebjh\z2020]h~Z _]h \ha”_ckl\b_ gZ mjh\_g\

jZkg_Im jbkmghd m~rZehkv \h hdZaZehkv g_"hhp_g_gh ijbf_jgh \ ihe
fZdkbfZevguc mjh\_gv gZ \_jo Abfgb_ mkeh\by ih~ihjz mjh\gy
fh~_eb ]b~rjheh]lbq_kdbc-Ibgkl]ZI\hkijhba\_~_gu k hrb[dhc g_ [he__
"h\hevgh IThggh gh hg [ue kfh”_ekhklZ\ey_| hdheh hl h[s_c \_eb
kmlhd iha'_ q_f kemgbeky ih nih”~ihjzZz \ualZgghlh ev”~hf

gZklv i_jbhnZz klhygby evaZlhj Ih j_amevlZIZf jZkq_Ih\ b \b"gt

Ohefh]hjkdhf jzZa\_I\e-gbbZij_e'h[Z nZdlhjZz \ha”_cki§dh eéhdjh\z
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lhesbgZ b r_jhoh\Zlhklb \g_keb fhsghklv aZlhjguo h[jZah\Zgbc b
khihklz\bfuc \dez” \ jZkq_I| mjh\cjzZkij_~_e_gb_ ih ijhkljZgkl\m ihdzZ g_
dhebqg_klI\h nzZdlbg_kdbo ""¥ddu *hklh\_jgh hibkzZlv ih bf_xsbfky fZl_jb
ihdjh\ _ b gZebqgb _ jy"Z >ey j_r_gby wlhc azZ”~Zgb aZzZieZgbjh\
g_hij_~_e_gghkl_c g_iha\hey_| gi_j\uo jZkrbj_gb_ b hilbfbazp
hrb[hd \ ~Zgghf jZkg_I|_~ WIlh ieZgbjh\Zzgby e _~hf_jguo kt_fhd \ a
g _"hhp_g _gghklv fhsghklb e_~h'i_jbh~ E _~hf_jgu_ ijhnbeb "he gu |
nhjfbjmxsboky \ ijhp_kk_e_"“hoh’\uiheg_gu gZ mqZkldZo hk_ggbo azZ'h
ev™rZ b i_j_jZkij_"~_e_gbb _Jh ih jmklZgh\e _gby e _"~hklz\Z hk _gvx b
kmffZjguc \dez” jy*Z “jm]bo hrb[ \kdjulb_f j_db \_kgh<dlhjush
<A : Z\IhfzZlbabjh\Zggh_ ~_rbnjbjh\Zgb_ jzZ’
Hikm 7_gb_j_amevlzlh\ ' bfdh\ Kk p _evx dhebq ki\_gghc |

lj_"klZ\e_ggmx jZ[hIm fhsghklb e _~yghlh ihdjh\Z b nhjfbjmxs
jZkkfZljb\Zlv dZd gZgZevguc wlZ azZlhjh\ AZlhjgu_ b azZ' hjgu_ mqgZk
Hqg _\b~gh glh e_"h\u_ kgbfdZzo bf_xlI h[uggh gZb[hevimXx VY]
hdZau\Zx| hij_~_eyxs__ \ebygb_ibdk_e ¢ Z jh\guc e _~yghfcheihdjh\ =+
\_k_gg_lh iheh\h”vy gZ mklv_\h | fguc p\_lI < dzZg_kI\_  wlZehgh)
K_\_jgZy >\bgZ ljbg_f jZa~ _rbnjbjh\Zzgby fh]lml J[ulv bkihevah

\hafh ' guo \ZjbZglh\ jZa\blby kh|~Zggu_h lhesbg_ev”Z b fhsghklb az
\_ebdh <k_ wlb \ZjbZglu fh"  j amevlZlh\ e_~hf_jguo kt_fhd
jZkij_"~_e_gb_f \ ijhkljzgkI\_ b >ey |hlh qglh[u ihegh ZgZebabjkt
lhesbgu e_"h\uo h[jZah\Zgbc b ~bgzZfbggh_ jZa\blb_ kbImZpbb \h
bfb "hihegbl_evguo r_jhoh\Zlhkl_ijh~"\b" _gby e _~hoh”Z k aZlhjgufb hklZ¢
J_amevlZlu fh”_ebjh\Zgby g h[oh”bfh h[_ki_g_gb_ \k_o dex
ljm~ghklv aZ*Zgby ih”oh”ysbo mjh\_gguo ]b”jheh]bg_kdbo ihklh\ kZfh
e_ydlh ihdjh\z z lzd" _ \ k g_ij_julghc Z\lhfZlbg_kdhc azit
g_hij_~_e_gghklb \ aZz*Zgbb \_jo(Q luj_okjhgqgu_ gZ[ex” _gby g_ihalhey:
mkeh\byadahevrh]h \ebygby ijhbhij 2 eblv fhf_gl gZqZezZ j_adh]lh ih~t
e_"h\uo yl\e_gbc gZ jZkoh”u \Fkiz~Z mjh\g_c \h~u qlh \uvau\Z_| Ijm~"
JbAjhehlbgq_kdhlh ihkdg_MkIVHAg. hij ~ e gb f gzijZ\e _gby A\b"_gby
[_a ijh\_~_gby dZeb[jh\db iZj#&fhlihimkdZ beb ih”"ihjZz b g_ iha\hey_I| h~
ihdjh\Zz bkihevamy fZl_jbZeu hp_gblv ijbgbgm kdZqdZ mjh\gy \h"u =«
gZ[ex”_gbc b dhkfbqgq_kdbo kgb mklZzgh\dZz kZfhibkp_\ mjh\gy \h~u gZ
\hkijhba\_klb abfgbc mjh\_gv hk _gg ]h b \_k gg ]lh e _“hoh”Z d k
\kdjulb_f m ihk_edEg MEIV\ mkelrhq gv azZljm~gagZ [heevrhc hiZkghklb
agZgbl_evgh]h ih%ihjz Z 1Zd ihl_jb ijb[hjz \f_kl_ k ~Zggufb
fZdkbfZevgh]lh mjh\gy \h”u knhijf ljb fh~_ebjh\Zgbb [hevrZy
hl fhsg_cr_]h aZlhjZ mklZgh\b\r g_hij_~_e_gghklv kh”_j blky \ aZz~Zgbhb
jmdz\Zo Ohefh]hjkdh]h jZa\_I\e]jzgbgqgh]h mkeh\by <h \j_fy e “hoh:
lhrz ]b~rjheh]lbg_kdh]h ihliblg_ Mklwklhyggh
lh I_dmsbf blh]zf fh'gh kdZa gzoh”blky \ khklhygbb ih?ihjzZ jZzaghc \
bf_xs_cky bgnhjfZpbb h jZa\bliBaf_ j gb_ jZkoh”~h\ \h”u \h \j fy e -’
h[klZgh\db fh gh ihemqgZlv azZljm~g_gu L. f g_ f_g__ fzZdkbfZz
bkg_jiulZxsmx dZjlbgm ojhgheh]~rhklh\_jghklv bgnhjfZpbb h jZkoh"z
\_k_gg_]h e_"hoh”Z ih dhkfbgq_\ jog_c¢ ]jZgbp_ fh~_eb gm gh klj_f
kt_fd_ ;IE: \bamZevguf gZ[ex'~hklbqv aZ kq_|I| ih\ur_gby dZq_kI\Z b d
Jbrjheh]bg_kdbo ihklZo Hr"gZbaf_j gbc >ey bkdexq_gby “hiheghbl
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hrb[hd g_h[oh”bfh ijh\_klb Zd fhsguo b
j_ev_nZ gZ ijb”_evlih\hf mqzZkld_agZqgbl_evgu_ i

Nebl_evguo aZlhjh\ \hafh
_j_nhjfbjh\Zgby \ jmke _

ijhoh™»_gby iheh\h”vy k nhjfbjh\Zgb_f
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Abstract. This work aim is analyzing the floc
hazard in the Angara region with using stochi
hydrology methods. This region is characterize:
greatest danger of summer rain floods, relatively
but systematic, and are very dangerous.
possibility is studied to construct one-dimensi
analytical distribution curves that relial
approximates a series of observed maximum ai
discharges and allow to give a reasonable estim.
the extreme floods probabilitgusing the examp
of extraordinary floods on the lya River in 1984
2019. A number of three-parameter probability |
and methods of probability curves parameterize
was used.

Resulting, 14 variants of analytical distribut
curves were constructed, compared by the stati
and rational criteria. Despite the several vers
satisfy to almost all the requirements, it se
impossible to solve the problem qualitatively on t
basis. All acceptable curve versions underesti
the probability for extraordinary floods of 1984 :
2019 years. Some of these versions go beyon
5-95% confidence intervals of empirical probab
curve, or are the results of direct mathematical fi
without the satisfactory conceptual reasons.
Thus, it was not possible to construct adequate t

\k_f Ij_[h\Zgbyf dZq_kl\_ggh parameter maximum discharge distribution for
hkgh\_ ihklZ\e_ggmx azZ”Zqgm lya River according to above requirements.
=ZjpfzgB =m[Zj_\Z L K DbaghdfdZzgkkh hp_gdb h[_ki_q_gghkl
jZkoh~h\ j_d Ijbzg]zZjvy gz ijbf_j_j_db By =bMjhkn_jZ yHiZkgR_
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ijb_fe fu_ \ZjbzZglu \ jzZkqg_Il¢c complexity of the runoff formation processes in

gZb\ukrbo jZkoh”h\ azZgb Z region, different generation mechanisms of ordil
h[_ki_qgq_gghklb iZ\h~dh\ b and extraordinary floods, obviously, leads
Djhf_ Ih]h g _dhlhju_ ba wl statistical heterogeneity of the series, which ca

kms_kI\_ggh \uoh”yl aZz -9ppZc be correctly described by one-dimensional tF
Ah\_jbl_evguo bgl_j\Zeh\ wfibjb parameter distribution laws. To assess
h[ _ki_g_gghklb eb[h y\eyxlky extraordinary floods probability, it seems n
ijyfhc ih”~]lhgdb fZl_fZlbg_kdb appropriate to use dynamic-stochastic mode
nZgguf b g_  bf_xI m~h\le_I' basedon a physically based runoff model.
dhgp_ilmZevgh]h h[hkgh\Zgby

LZdbf h[jZzahf ihkljhblv

hrghf_jgmx fZehizjzf |

\_jhylghklgmx fhr _ev jZI

fZzdkbfZevguo jZkoh”~h\ | _db

Ziijhdkbfbjmxsmx \u[hjdm wf

ANZgguo b ihalheyxsmx ~Zlv

hp_gdm h[ _ki_qg_gghklb wd

iZ\h~rdh\ g_ m~Zehkv Keh'g

nhjfbjh\zgby klhdzZ \ j_]bhg_

jZaebqgby f_ozZgbafh\ b mke

jy*h\uo b \u”rZxsboky izZ\h~dh

ijb\h~bl d klZIbklbg_kdhc g_

\u[hjhd dhlhju_ g_ fh]lml Jul

hibkZgu h~ghf_jgufb Ij _oizZjzf

aZdhgzfb jzZkij_"~ _e_gby < |zZd

hp_gdb \_jhylghklb \u~Zxsbo

gZb[he_ _ p_e _khh[jZaguf [

bkihevah\zZgb _ Ak hofb kb g

fh~r _ebjh\Zgby gZ hkgh\_ -

h[hkgh\Zgghc fh”_eb klhdz

Dexqg_\u_ kejh\d&z :g]zZjz e _\h[ Keywords: Angara River; left bank tributaries; |
ijblhdb j_dZ By Jhjh” Lmer River; Tulun City; flood hazard; maximum run c
gZ\h"g _gbc fZzdkbfZevguc k distribution curves; probability
jZkij_~_e_gby \_jhylghklv

<\_" gb_ ihke_~gb_ e_| hif_gZehkv g_kdhevdh

1Z\h~dh\te_Igbh_ ~h 7~ _\u gZ\J'Zajmrbl_evguo iZ\h~"dh\uo kh[ulbc
\ libzglziv_ - izkiinKiizg gu . X DZIZkljhnba_kdh_  gZ\h"g_gb_
ih\k_f_kigh ijb wihf gzblhe__ 97/tIh7"Z ~dh]?Z gz j _dzo Bjdmlkdhc
aZiZAguo jzZchgZo Bjdmlkdhe L4eh ~azlhie_gh — —gzk_e_gguo in
[Zkk_cgZo e_\uo ijblhdh\ j_gpd 82!1Ihfure_gguo ij_~ijbylby hdheh

_ _ _gpd oMY
Bjdml Dblhc ;_ezy Hdz By Z2'M th]A )
>Dbgblbgz @ Wdklj_fzevgy X GZ\N7g_gb_ -\ bxe_ 1h"Z \ Lmen
gZ\h~"g_gby ijhbkoh~yl ar_kv bal2¢h9_ < [zkk_cg_ j_d_ By f[ueh a:

agZgbl_evgu_ ms_j[u k gZqZeZ 1%.9.2..l(_—=,eu7993..u.9,uimgdlh\ \ Ihi gbke_

|_jjblhjbc jmkkdbfb >B\Zgvh @ AZ
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iehsZ”b ]lhjh~"Z Lmemg luk azZz~Zqgq jZa\blby \h~hohayckI\_ggh]h d
hdheh 1Z ihk_\h\ Dhfie_dk f_j ij_"mkfhlj_gguo N_"_jZ
x 1Z\h~hd \ bxe_ ]lh~rZ gz p_e_\hc ijhljzffhc ©JZa\blb
dh]*Z J[ueb aZzZlhie_gu ]hjhr GCG\h"hohayckI\_ggh]h dhfie_dkZ Jhkk
(60- | _jjblhjbb b gZk_e _gguo N_"_jZpbb ]h*2a%y ~“hklb' _gby
ihcf_ j_db ih\j_ "~ _qgu wlhc azZz”~Zgb \dexqZ_I| ©ijh\_~_gb_ ijt

\h~ haZ[hjgu_ khhjm[Zkkbycg< j_dtgZmqgguo bkke_"h\Zgbc b wdki_jbf_c
iehsZ”v aZlhie_gguo gZk_e_ggtjZajZ[hlhd \uihegy_fuo ih ~h]h\hjZf
k_ evoham]lh~bc khklZ¥beZhevdh ijh\_~_gb_ obklggh*"h\Zl_evkdb-o hiulg
Gb g _m~bgkdhf jZzchg_ \ ahgm azdhgkljmdlhjkdbo b |_ogheh]bq_kdbo
1 g_eh\_d \uiheg _gb _ wdki_jbf _glZevguo ijh_
x 1Z\h~hd \ bxe_ ]h~rz HI jh[_ki_gb\Zxsbo \ujZ[hldm kh\j f g
Dblhc Bjdml ; _ezZy By Hdz tf_lh”bd « |_ogheh]bqg_kdh]h
ihkljz~"Zeph]lb_ jZchgu BjdmlkdhcbgnhjfZpbhgghlh h[_ki_q_gby jZa
gZb[he_ _ kbewpifbgkdbc jZchg \h*hohayckl\_ggh]h dhfie_dkz?
aZlhie_gh [he _ gZk_e_gguo i < hl_qg_kl\_gghc bg _g_jghc ijZd
gbke _gghklvx luk gq_eh\_d \ jZajZ[hldz kj_"kI\ I_ogheh]bg_kdh
]hjh~h\ ih]b[eh q_eh\_d >DbqgbbgnhjfZpbhggh]h ki_qg_gby mijZ\e_gb
< dhgp_ bxgy ]h~rz gz e _jbkdhf gZ\h*g_gbc hkgh\ZgZ gzZ ih
ijblhdZzo j_db :g]zZjz \gh\v jZajZ[hlZgguo \ k_j_"bg_ ijhreh]h
dzlZkljhnbg_kdbc ~h ~ _\hc iz\h~t><bgh]jZz~h\ >h]Zgh\kdbc H[yah\
d q_eh\_q_kdbf ~_jl\zf b tgZijZ\e_gu \ i_hgmk_"v gZ hij_"_e_gb
fZl _jbZevghfm ms_j[m l1jZkgq_lguo  ]b”jheh]bq_kdbo oZjzdl_
Gb'g_m~bgkdbc LZcr_lkdbec jZkoh”~h\  beb mjh\g_c  \h”*u f2z
Qmgkdbec Abfbgkdbc Q_h[_ki_g_gghklb ih bf_xsbfky jy”
AZeZjbgkdbc Dmclimgkdbc jzZchgZ[ex”_gbc aZ j_qguf klhdiZfgghZ”"ZqZz
109gZk_e_gguo imgdlh\ khigb JjZ[hlu aZdexqZeZkv \ klZlbklbg_kdhf
Z\lh~hjh] mgbqglh® _gu ihk_\u lhizkghklb gzZz\h~rg_gbc ih nZdlbg_kdbf ~

ih\j "~ _gh fhklz q_eh\ cfzdkbfZevghf klhd_ e_\h[_j_"guo ijb
5q_eh\_d ijhizeh [_a \_klb Hkj_db :g]Zjz k bkihevah\Zgb_f jZae
ijbr _eky gZ ]1hjh” Lmemg dhlhjucf_Ih~h\ klhozZklbqgq_kdhc ]b~jheh

\h~m gZ Jem[bgm ~“h g_kdhevdb j_dhf_g”*h\Zgguo dZd ~_ckl\mxsbfb \
mebpu ~_j \ygguo ~hfh\ [md\Ze\ghjfZ|b\gufb Ahdmf_glzZfb 1Zd b ~“hklm
fghlhwlZ gu_ a”zZgby J[ueb az Z\lhjbl_lgufb ebl_jZImjgufb bklhgghbc

lj_lv_1h wiz'@b wihf [ueb ij_\u jhkkbckdbfb b azZjm[_"gufb

bklhjbg_kdb_ fzdkbfmfu gZ ~\mc < klIZlv_ bkke_~m_lky \hafh'g
j _ dz By ihkl LmBEmg kf j dz M~ ihkljh_gby h~ghf_jghc ZgZeblbg_kdhc
Gb g _m~bggd =+kf jZkij_™ e _gby gZ"_"gh Ziijhdkbfbjm

lj_~hI\jZs_gb_ g_]zZlb\gh]lh \l\u[hjdm wfibjbg_kdbo ~"Zgguo b ihal\he
\h~ b kgb  _gb_ ms_j[Z hl gZz\h~rg_"ZIlv h[hkgh\Zggmx b j_Zebklbggmx
\ khhI\_Ikl\bb k iheh _gbyfb <hrgh[_ki_gq_gghklb wdklj_fZevg@ojid\h"dh'
Jhkkbckdhc N_A~djZbkem ijbhjbl By £ b ]Jh~h\ >ey wlh]h \ jZ[h

Y1hghfzj_\Z G P_gZ gZKwibjwgbw==_dljhgguc j_kmjk@ B g | hitp:Zvivivw dnttekkfladoy 8 5/
russia.ru/Siberia/view.asp?id=1058665Z1Z h[jZ s 26 0%2Q0).

2lhklZzgh\e_gb_ 1jZ\bl_evkI\Z Jhkkbckdhc N_”_jZpbb hl >Weéj ddjhggudhj*Zmjk@
We_dljhgguc nhg” ghjfZlb\ghc b -l_aogdhbhizlbdbb Ahdmf_glZpb
URL: http://docs.cntdw/document/902343713~Z1Z h[jZs_gby
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bkihevah\zZg rbjhdbc ki_dlj fghlh\hrgu_ f_kypxg&\]mkl dh]*"Z gZ
klhozklbg_kdhc Jb~jheh]bb “eyj_dZo ijhoh”yl k_jbb bgl_gkb\guo "h
djb\uo h[_ki_qg_gghklb ]Jb~rjhiz\h~r"dh\ FZdkbfZevguc klhd ijboh”bl
oZjzZdl_jbklbd \dexqZy ijZ\beh gZ bxev >J _kmjku ih\_joghklg

- ko_fm jZkqg_Ih\ j_dhf_gKKKJ @

N ckl\mxsbfb K01-2003; J dZ By hkgh\ghc h[t_dl gZklh

- Zevl_jgZlb\gmx ko_fm jZabkke _~h\Zgby p_ebdhf ijhl_dzZ_ 1 ih I _]
X ; <bgh]jzZz~h\uf > @ Bjdmlkdhc h[eZklb >ebgz jdib %

- jy» azZdhgh\ jzZkij_~ e _gby iehsZ”v [Zkk_cgZ =2 "HukjkfZ Lmemg
dhlhjuo h[hkgh\zZgh fbjh\uf hiulh luk 2dfJ_dZ [_jzl gZgZeh gZ k_\_
fZdkbfZevgh]h klhdZ >=m[Zj_\Z kdehgZo <hklhggh]lh KZygZ kebygb _f j_
2011]; Obzb <iz”Z | \ Hdbgkdbc azZeb\ ;j

- kh\j_f_gguc f_lhxfhf_glh\ \h*hojZgbebsZ IblZgb_ JeZ\guf hj
bkihevam_fuc ”~ey hp_gdb izjzf ~h™~_\h_ b ]jmglh\h_  Kj_"~gbc Jh”~h\hc
jZkij_~_e_gby ij_bfms_klI\_ggh \h”u m ]hjh”"Z Lmemg df hfl knklvy A4
>=m[Zj_\Z =Zjpfzg @ fZdkbfZevguc jZkoh”~ ih ~Zgguf klzg”

N N baf j gbd =+ f k \hkklZgh\e _gguc "e
Hlt_dlu bkoh®gu_ "zggu_ ;-\ g7 15"z € k fbgbfZevguc +
J_]bhg bkke_"h\Zgby \dexqz f k Hkgh\gu_ ijblhdbj kizzbaijt c
e_\uo ijblhdh\ j_db jgdBjBjdml D ke_\Z #b Bd_c Dmjazgdz
;_eZy HdZ By M”Z ;bjxkZ < Bkoh”gufb fZl _jbzZeZzfb ihkem L
9ZqgZeh \ 1hjZo <hklhqgh]h KZygZ~rzggu_ fZdkbfZevguo J]h”h\uo jZkoh:
< k_\-\lInklhgghf gZzZijZ\e_gli_jbh” hl gZqZeZ gZ[ex”_gbc gZ ]b”jhi
<hklhggh]h KZygZz hloh”bl  jy2018- ]Jh~u ih I_fihklzZf ]~_ gZ[ex"_g

Lmgdbgkdbc Dblhckdbc <_evkcfzdkbfZzevgu_ jZkoh”u ]hrZ m~
N yleyxsboky \h*hjZa”_eZ \dexqblv \ \u[hjdb ;ueb bkihevah\Zgu
mihfygmlufb ijblhdZfb j_db :g]JZ * ]h~rgbdh\ b kijZ\hggbdh\ =hkm~*Zjkl
\h~*hjZa”_evgZy ebgby ijhoh”bl \h~Agh]lh dz~ZkljZ >Fgh]lhe Igbh_ ~Zggu_

OzfZ3Z[Zg b M~"bgkdbc gZ itk_~rZggu_ Bjdmlkdh]h mijZ\e_gby

:g]Zjkdhfm djy ' m ;eb _ d gb'g_]b2jhf_| _hjheh]bb Z 1Zd _ bgnhjfZpbl
j_d 1_jjblhjby hlghkblky m _ dj kmfkZ\_~ gby h[ bkihevah\Zlgguo ih|
<hklhggh]h KZygZ d dhlhjhfm rbi jbh~"Zo gZ[ex”_gbc ijb\_~ gu \ 1Z[ebp
ijbfudz_1 BjdrQkgdhfoh\kdzy jzZ' Hkgh\ghc h[t_f ijb\_~_ggh]h gb
Debfzl I_jjblhjbb j_adh dhglbg_Zzgzebaz k mq_lhf az”~Zqb bkke._
abfgbc i_jbh? h[jZamxlky \uihegyeky ih \u[hjd_ NZggu
Zglbpbdehgu nhjfbjmxsb _ ]brjheh]lbg_kdh]lh ihklZ]hjk?Z IByetg

fZehh[eZggmx ih]h"m k g_[hevrb H[t_f \u[hjdb kjhqguo fZdkbfZevguo ]h
hkZ~dh\ E_Ihf jZa\b\Z_Iky pljZkoh”h\ ihemq_gguo g_ihkj_"~kI\ _g
A_yl_evghklv k dhlhjhc k\yaZirzgguf gzZ[ex”_gbc gZ ~"Zgghf ihklm k¥
agZqgqbl_evgh]h dhebq_kI\Z I ]lhrz - ]h~u >Zggu_ gZ[ex”~_gb
gZb[hevrbfb bo agZq_gbyfb 9gZ [he_ _ jZggbo e | azZ[jZzdh\Zgu dZc
kdehgZo <hklhgghlh KZygZ |IblZ¢(g gz~ “gu_ GZb[hevrbf \ wlhc \u]
h[jZahf AhTA_\h_- GZb[he y\ey Iky agZq_gb_ fZdkbfzZzevgh]lh jZko

3 Kl -101-2003Hij_~_e_gb_ hkgh\guo jZkg_lguo ]b”jheh]bg_kdboj&Zjhklklhbklbd F

k
4:\lhfZlbabjh\ZggZy bgnhjfZpbhggZy kbkl_fZ Jhkm~ZjkI\_ddh]dIhh gbWhg b d | §lgtgu
j_kmjk@ h&gs#/gmvo.skniivh.ru *Z1Z h[jZs 2¢0%220).
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LZ[ebpZKibkhd ]b”jhilbkbkihevah\Zggu_ i_jbh”u gZ[ex”_gbc
Table 1.List of gauging stations and used observation periods
i(i J_dz Imgdl lehszZ”v \h”~hk[hj =h”u gZ[ex™_gbg
1 |j Bjd ] Bjdmlkd X K f;i;ﬂgoum_ K ijb\f
2 |j Dbl j i Dblhc X 19474959,19642019
3 j ;_e ji Fbr_e_\d X 1968019
4 j By i :jrZg X 19562018
5 i By ] Lmemg « 1921-1922, 19281932, 1936
2019
6 |j Dbj k Mc]zl X 19602018
7 j Hd k MkDzZ"Z X 19634984, 19862019
8 j M~ k MdZj X 1932, 19342018
9 |j :bjxk k .Km_lboZ 8 19292018, N
' ;bjxkbgkd k AZggu_ k ijb\H
2019]1h"Z \hkklZgh\e_ggh_ ihijb[eb  _ggh]lh fzZzdkbfZevgh]h ijzZz\*hih~

baukdZgbc ih ke_~Zf ijhr_~r_]h (ljb  wlhf ~hdmf_gl g_ \hkij_szZ |
ijbf_g_gb_f ~\mf_jgh]h Jb”jh~"bgki_pbZevghf h[hkgh\Zgbb bkihevah\z
fhr _ebjh\Zgbly f g_ f_g__ \u~zZf_lh~bdb jZkqg_Ih\
gZ\h”"g _gby k ij _\ur_gb_f hiZkc < Zevl_jgZlb\ghc ko<lghXjZ~h\Zz
850kf az i_jbh” gZ[ex”_gbc aZrbkihevah\zZgh k_f_ckl\h nmgdpbhg
a” kv r_klv jza \ ghjfZevguo djb\uo b g_izZjzf Ijbg_kdb _
AMZ Nu ]h~*m hp_gb\Zgby bo iizZjzf_Ijh\ ih \u[hjdZ
F Ih"bdZ bkke_ _"h\Zgbc NZgghf bkke_ _"h\Zgbhb bkihevah\
A A lj_oizZjzf_ljbg_kdh_ ehlghjfZev
J _dhf_g”"Zpbb _ckl\mxs _]h iZkij_~ e gb_ b jZKij-~ teib\ZK fh_

K133-101- \dexqgZx|l bkihevah\z:. :

Ibrjheh]bq_kdbo jzkq IZo ij b i-n0jZahizgb_f

djb\uo ijhba\h~guo -RZKZIFZ e gt z=0,5 (X+1) In x 1)
jZkij_~ e _gby IbjKIhgZ IbiZz b]*"_z tghjfZevgdhkij_"_ezggZy kemqgZcg
lj_o0izZjzf ljbgq_kdh]lh -jzZkZjffZ e (\_ebgbgZ

Djbpdhfhgd_ey < dZq_klI\_ hkgh' >ey ZiijhdkbfZpbb bkihevah\Zeky
hp_gdb izjzf_Ijh\ ZgZeblbg_kdbijjyfhc qbke_gghc ih”lhgdb ZgZeblb
hkgh\_ \u[hjhd baf_j_gguo djb\uo d \u[hjhgqguf lhqdZf dZeb[jh\c

j_dhf_g”*m_Ilky f_Ih? fhf_glhbkihevah\Zgb_f jZaebqguo f_j koh~bfh
jZkij_~_e_gby IHjkibgZ ~hihegbl_1lhq_d \u[hjdb ijbgbfZxlky g _kf_s_g
j_dhf_g"m_Ilky ]JjZnhZgZeblbg_kd hp_gdb dhhjrbgzl wfibjbg_kdhc nn
jZkij_"_e_gby Djbpgih]ey ftlh” jzkij_~_e_gby iZjzf _lju ZgZeblbq

>:gZeba hiZkghklb gZ\h~g_gbc b ]Jb”jh~"bgzZfbq_kdh_ jZa\bébyhVBgphe Hjikkk gdhdhc
h[{klZgh\db gZ |_jjblhjbb Lmemgkdh]h jZchgZ Bjd@bkdtdknhfgdd\b gdhjEfdhgljZ
< -6657- hi Z\ImklZz ] ©Bkke_"~h\Zgb_ b dhfighd klyiidk gzd B e jpZaa \rbZ b ¥h
]b~rjheh]bg_kdhc h[klZgh\db b jZajZ[hldZ gZmqggh Zppkkkgha¥ggjuohj\jdisf gy
dZlZkljhnbqg_kdbo iZ\h~dh\ b h[_ki_g_gby [_ahiZkghkZzHgpZbBhdibdkidhenhd&dk]h?
WIZi Qbke_ggh_ ]b2jh~bgZfbg_kdh_ fh”~_ebjh\Zgb_egZKkZa67504pZfTg iy _dhhi
gZmeglglhke ~h\zZl _evkdhc jZ[hl_ F N=;MG B<I J:G k
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nmgdpbb jZkij_~ e _gby \ugbkeyxij ~ eZo ]jZgbp ~h\_jbl_evguo bgl_
mkeh\by fbgbfbazZpbb f_ju koh”*bfwfibjbqg_kdhc @bttt

< dZqg_KkI\_ [Zdbo f_j d Ba rbjhdh bkihevam_fuo
bkihevah\Zebkv \_ebgbgz j_dhf_g~h\Zgguo \ fbjh\hc gZmqghc eb
hlghkbl_evgh]lh jzZkoh ~_gby wfi*ey jZkqg_Ilh\ fzZdkbfZevgh]h klhdz \Z
ZgZeblbg_kdhc djb\hc ih \_jhylghazdhgh\ jzZkij_ ~ e _gby \u[jZgu ke_ "

n§p* prH| - h[h[s_ggh _ jZkij_™ e _gb_ wdklj fz
zZ | . (20 \_ebgbg N"Ze GEVz h[h[s_ggh_

. @ * p * 1

I 1€k a g eh]bklbg_kdh_ jzZkij_"~_e gB6LO), "Ze _

]~ _ p* bp* twfibjbg_kdZy b Zgzelh[h[s_ggh_ jzZkij_~_e_gb_ 1Zj_lh ~Z
\_jhylghklb qgqe_gh\ \ZjbzZpbhg*3' jZkij_"_e_gb_ 1Zj_IhPaklbp__ =+

(p*=m/n); <u[hj mdZaZgguo jZkij_"~_e_gbc h[m
P* b p* * ]jZgbpu ~h\_jbl_emklZgh\e_gguf nZdlhf >lbkZj_gdh b *]
bgl_j\ZeZ ey \_jpyjghkZlggunon b GZc”_gh\ =m[Zj_\Z @ glt
az”"Zgghf mjh\g_ agZqgbfhklb \_jhylghklgh]h hibkZgby wdklj_fZ
m bn xjZgi}]h agZq_gby b h[sboZjZdl_jbklbd \ h[eZklb [hevrbo ag.
\u[hjdb ><bgh]jZ~h\ @ gZb[he__ z~ _d\Zlgu jZkij_"~_e_gby k |
Fbgbfmf \_ebghfuh[_ki_gb\z0\NkIZfb |
kohAbfhklv ZgZeblbq_kdhc b F_IhA-Thf_glh\ dzd zevl_jgzibigu
dib\hc ih \_jhylghklb b 0Z]j .klhl.(.h[ |J_’\kIZ\e_gby nhjfu ”djb\l
gZ~z ghkijbgbfZ fhlh j r_gby jZklj_“_e_gby \_]hylg_hkl_c. ij_"el
< Ajm]hf kemqz_ bkihevah'kKiZ\gbl_evgh g_~Z\gHdsking Wallis>
kohAbfhklb  ih  Z[khexighc @ Hg ~_fhgkijbjm_1jy* kms_ki\.
ij_AkiZ\eyxszy kh[hc kj_Ag_d\zii_bfms_ki\ i j ~ jzg__ jZajZ[hlZg¢

hidehg gb  hirbgzl wfibjbgq kdff_IN"Zfb b m _rbjhdh bkihevam_lky \
ZgZeblbgq_kdhc b 0Zjzdlhpmarkk 12d1bd_L_hj_Thagthkdglu yleyxlky

ijbgbfz _fhlh j_r_gby fh’\bnbdeb_.c. ©\._jhylghklgh \a\_r_
fhf_glh\ probability weighted moments
LAY ij_"eh’ _gguo \ >*UBIHHQZRRG® GZ
S - |( p p) (3) L .. .
N ijZzdlbd_ \gzZqZe_  hij_~_eyxlky \u[hjl

1" k' b N +jzZ\ghh[_ki q_ggu_ dg_kf_s_g.gu_”h/\p_g.db.\_J\hy.Igthgh \a\_
wfibjbq_kdh]h b ZgZeblbqg_kdh]h fhf_glh\ jZkij_~ _teilgbjz g bjh\zgghc \

\ nhjf _ fh mevguo dhwnnbpb_glh'\hajZklZxs_f ihjyrd _ \u[hjd_
Lzdbf h[jzahf ih ©Zevl_jgzZltX, d%, d. o jZaf_jmf dhihju_ fhlml

1zd>_ kljhbebkv \ZjbZglZ Zg[ulv ij ~klZ\e _gu \ \bA_

djb\uo jZkij_~_e_gby eh]lghjf n " () 1)

ZiijhdkbfZpb_& bhitks Zz 1zd-_ K by n'l X, by n'lix,,

ZiijhdkbfzZpb_& bhiks < ~Zevg c i iz(n 1)

ihdZzazl £2pbgZ”_“ghklws (IlhgghKlv b nl?(j 1)(j 2))3- 4

bkihevamxlky dzd djbl_jbb ~ey 2 L Hin 27"

Ef:kgiiz_g\gﬁﬁlbJqu—ngl{Zuf\Z’bzé H[s__ \ujz _gbh Bfey | \b~

Z/\_d.\ZIgthb ZgZebIbq._kd.hc 0 ntl (i DG 2)...G r) ©)
h[ _ki_qg_gghklb y\ey Iky jZkihe r I.(n D(n 2.0 1) jn

J

352



=B>JHKN?J: HI:KGU? IJHP?KKU B Y<E?GBY Lhf2

<ud| 202C

LZ[ebpZF_Ih~"bq_Kudkdjmf_glZjbc ihkljh_gby djb\uo h[_ki_q_gghklb

Table 2.Methodical tools for constructing of probability curves

:gZeblbq_kdb_ azdhgu jZkij_*»

F Ih~u hp_gdb iZjzf_ljh
ZiijhdkbfZpbb

IbjkhdIlZ IbiZz
Lj_oizjzf_ljbg_kdhjZkEZjffZ e _gb
Djbpdhfhgd_ey

Lj_oizZjzf_ljbg_kdh_ eh]ghjfzq
Nmgdpbhgddyifihevgh K <bghl]j
JZkij_"_eGB\W _

F_Ih~ fhf_glh\

F_Ih”~ ijb[eb” _ggh]h gZb[h
ijZ\"hih~h[by

F _Ih™ ]jZnhZgZeblbg_ kg
F_Ihe-fhf_glh\

G_izZjzZf_ljbgq_kdbc f_Ih™ dZz

JZKij_"_eGlgh _
JZKkij_"_eGBb. _
JZkij_"_ePaydto.

<u[hjhgglrfhf_glu hij_"*_eyxlk\ZjbzZgl djbhhcki_qgq_gghklb oZjzZdl_jbam

mjzZ\g_gbyf dhgdj Iguf khqg_ 1zgb f bkihevam
l; by, | 20 by, I3 6by, 60 by, ZgZeblbq_kdh]lh aZdhgZzZ jZkij_~_e_qgby
hp_gdb izjzf_ljh\ ZiijhdkbfZpbb
l, 2, 30, 12 b, (6 dZz ~h]l]h jzZkq_lgh]lh \ZjbZglZ \ugbke
< h[s_f \b"_ agZq_gby djblzjfg¥”~_"ghklvbs
ro (lhgghklvrey kjZ\gbl _evghc hp_gdb dZz
| k:oprka; r0,%L...n =~ (") jzaebgqguo \ZjbzZglh\ >hihegbl_evgt

khihklZ\e _gby \ZjbzZglh\ bkihevam _Iky
]*"_ dhwnnbpbpglbij_~_eyxlky dZcihiz~Zgby dhgdj_lghc jZkq_lghc ZgzZebh
- djb\hc h[_ki_q_gghklb \ lizgkh

'k§>'r-§k M (8) ~h\_jbl_evgh]lh bglptj\zZep* ~ey
&2 & Ak R \_jhylghkpbdZ ~hdhqgqdb wfibjbqg_kdhc
<u[hjhqgutfhf_glgu_ hlghr-Jdb djb\hc h[_ki_q_gghklb ijb az~Zgghf
ihjyrdZ hij_~_eyxlky \ujZ _gbyfb gz~ “~ghklb Djhf_ Ihlh  wdki_jlghc

hp_gdhc \ZjbZglh\ kem'bl ©j_zebklb
t%, t V r 34, (9 P9 heg m J-
1 2

ihemg_gghc ih gbf jZkg_Ighc h[_Kki_q
hidmtZ\u[hjhqguc dhwnrib\ajbglpb g_dhlhjuo j_i_jguo agZq_gbc fzZdkbf.
t t\u[hjhqguc dhwnribplbifl Ijbb JZkon"hi th7u
ts +\u[hjhgglbevdkp_kk J_amevlZlu hp_gdb
< jzZ[hl_ >=m[Zj_\Z =Zjpfwdklj_fZevguo iZ\h”*dh\

ljb\_7_gu Ze]hjblfu \aZbfghlh .gZebabjm _fZy \u[hjdZ fzdkbfzZe

L-thi_glh\ b iZjZf_ljh\  "ey 9_\ihqguo jzkoh~Ah\ \hAu ih ihKhjt d_ B
li_0izjzf_libg_kdbo azdhgh\ jz d9uc Kimhy_d_ By

p:,k (D

\_jhylghl

>4l ib ; 27 1iZtb I(A\bLmemg \dexqZ _| agZq_gby az
0oZjzdl_jbam_fuo 1Zj2f_ljZ 19362019]1h~u  KhhiI\_IkI\_ggh wfibjbq_k
fZkriz[Z R hp_gdb h[_ki_g_gghkl ¢ “\mo gZb
< |\Z[ebp_  k\_"_gu Z2gZeblba;;\ sphap\ \ \u[hjd_ b JhAh\ khklZ
jzkij_~_e_gby b f_Ih*u hp_gdb b lhiuldZ ihkljh_gby “ey AZg

ZiijhdkbfZpbb — bkihevam_fu_ "\, rniqy 7gzeblbg _kdbo djb\uo h[_ ki q_

djbluo h[_ki_q_gghklb fZdkbfZev |\ |, |\pp k hkgh\gufb j_dhf_ g Zpby]
\h”~u \ "Zgghf bkke_"h\Zgbb DZ ~uc j£xky_iyuvc
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Jbkmgh®jb\u_ h[_ki_q_gghklb fZdkbfZevguo kjhqguo jEkxdhfthA gZ ihklr
Lmemg wfibjbgq_kdzZy Ihqdb & ZgHEebybidKhldiz ghjfZebamxsZy de_IlqZzZl
k iZjZf_ljbaZpb_c jZaebqggufb finflhg'lhfb JjZ6ahZgZeblbq_ kdfthd _glh\
b)Ih *_ ijb eh]Zjbnfbq_kdhf fZkrlZ[_ ih \_jlbdZevghc hkb
DjZzkguc imgd|Bpgkpu "h\_jbl_evgh]h bgl_j\ZezZ wfibjbqghkdhkic g jlg\dicklb
Figure 1. Probability curves of annual maximum runafthe gauging station lyaTulun. Empirical
(points) and analytical: a) Pearson curve of type Ill, normalizing fiber, with pangraéten by various
methods (1+tmoments, 2tgraphic-analytical; 3tL-moments);
b) the same with a logarithmic scale along the vertical axis.
Red dotted linetthe confidence interval boundaries of the empirical curve of 5-95% probability

K133-101- klhedgmezZkv kh agZ«\k_ jy®u ~Zgguo ij_"klzZ\e_ggu_ \ |Z[
azZljm~g_gbyfb Ihkljh_gb_ \ khbf_xI| gb'gbc ij_"_e agZgbl_evgh \ur_ |
jZkij_"~_e_gb_f D-jlpgldh ] ey \hhg_ fhlml [ulv Ziijhdkbfbjh\Zgu wlhc djb
hdZaZehkv g _\hafh guf qlh "ey ” GZ jbkmgdZzZdb ijb\_~ gu djb\u_
m _ hif_qZehkv jzZg__ >=m[®jh'jZkij_"~_e_gby IbjKbgZ ihkljh_ggu_ k
\ual\Zgh I_f qlh djb\ZyFDpp cety]ibf hp_gdzZfb iZjzf_Iljh\ ih f_Ilh~Zf fhf_g
|_hj_Ibg_kdbc gb'gbc ij_~_e jzZ'ljZnhZgZeblbqg_kdhfmgbh\ <b~gh qlh
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j_ameviZlu ihkljh_gby g _m~h\e]jmii_ khk_"~gbo j_d ih”I\_j"*"Z | ihke
Djb\zy ihkljh_ggZy ih f_Ih"mij_"iheh _gb_ < wfibjbqg_kdbo djt
kh\_jr_ggh g_ ke_“m_I nhjf_ wjZkij_"~_e_gby fZdkbfZevguo JZke
djb\hc ohly [eb _ hklZevguo e_g _dhlhjuo khk_~gbo k j_dhc By j_d ¢
jZkg_lghc h[eZklb fZeuo h[_kj_dZ ;_eZy m k_eZ Fbr_e_\dZz ijbk

HklZevgu_ ~\_ ZgZeblbg_kdb_ dZgZeh]bgqguc baehf bgh]*"Z h[mkeh
eh zZlky gZ wfibjbg_kdmx \ hkgh'h*ghc Z bgh]hZdehgyxsbfbky IhgdZfb
kbevgh azZgb _gu \ jZkqg_lghc hljbq_fgZz jZaguo j_dZo wlb hldehgyx:
g _j_Zebklbggu_ hp_gdb h[_ki_Ihqgqdb hlghkylky d jZaguf ]1hrzZf WIlhI

jZkoh~h\ b ]h~h\ lZzd"_ gZebgb_ bklhjbg_kdbo k\_~_
>ey gZley~ghklb ZgZeba IjZajmrbl_evguo iZ\h~dZo \ j_ ]bhg_ ~h
ZgZeblbqg_kdbo djb\uo jZkgzZ[ex™_gbc ih~IN_j"rZxl glh wdklj_f.

wfibjbg_kdhc djb\hc dZ ~uc jZza \ukhdb_ iZ\h~"db nhjfbjmxsb_ky ijb hk
A"\mo \ZjbzZglZo ihkljhgfbyw[wgg j_~dh ih\lhjyxsboky mkeh\byo ij_ ~klZ
ghjfZebamxs_c de_IlqZld_ dhlhjZkh[hc Ibibgguc ohly b j_~dbc n_ghf_g

bgl_]jZevgmx djb\mx ghjj_lbhg_ ih\lhjyykv k j_]meyjghklvx \ g_
jZkij_~_e_gby \_jhylghklb \ \b~A_ ~ kylbe_lbc
b 1zdh_ °_ ihkljh_gb_ Kk i <Ih " _\j_ fy gZ g_dhlhjuo ba bkke_-

eh]Zjbnfbqg_kdh]lh fzZkrlZ[Z \_jlb¢j_d gZijbf_j gZ j_d_ HdZ-DZ"&Z eZ Ml
hkb jZkoh”h\ <lhjhc \ZjbzgllZdbo iZz\h~"dh\ g_ hif_g_gh eb[h hgb ¢
hlg_leb\h jzaley”_Iv kl_i_gv \ \u[hjdm" b "ey gbo o0ZjZdl_jgu ©]e
ZgZeblbg_kdhc djb\hc \ ]jZgbpu ‘djb\u_ h[_ki_qgq_gghklb fZdkbfZevguo jZ
bgl_j\Zzez wfibjbg_kdhc djb\hc ohjhrh hibku\zZ_fu_ djb\hdllIbgkhgZz

GZ jbkmgd_hljZz" _gu hkgh\LZdZy hkh[_gghklv j "bfzZz fZdkbfZevgh

hkh[_gghklb wfibjbg_kdhc N eZ | azZz"Zgm ihkljh_gby djb\uo h[_Kki
h]_ki_q_gghkdlEd dbahjhc _z ZgZe fZzdkbfZevguo jZkoh”h\ \ jZkkfZljb\z
ZiijhdkbfZpby hdZzau\Z_Iky j_]bhg_ f_Ih"Zfb klhoZklbq_kdhc ]b"]

aZljm~gbl_evghc Djhf_ mihfygbkdexqgbl_evgh keh ghc hkh[_ggh k
k\hckl\Z ©m~Ze gghklb® \u[hjdbbf_xs_ Jhky \' p_ehf N nbpblz ~Z
agZqg_gbc d}bYBEgkljbjm_ | o0ZjzZdgZ[ex”_gbc

baehf \\_jo \ madhc h[eZklb fZ GZ jbkmgdzZ®db ijb\_~ gu djb\u_
ijbf_jgh h[_ki_q_gghklb 1j_o0izjzf ljbg_kdh]h eh]ghjfZevc
h[mkeh\e_g ~\mfy gZb[hevrbfb jZkij_~_e_gby ey ihklZhjhdbLByetmg

jZkoh~h\ b Jh~h\ Thqdb ihkljh_ggu_ k hp_gdzfb izjzf_ljh\ ih f_

jZkihez]lzZxlky \"hev iez\ghc fhf_glh\ fzdkbfzZevgh]lh ijZ\~*hih”~h[b
az”"zZ\zZ_fhc hklZevgufb agzZq_gltL-fhf_glh\ >ey wlh]lh IbizZz jzZkij_"_e
hldehgyxlky \\_jo hl g_z LZdzydZzZjlbgZz kms_klI\_ggh bgzy <Z
wfibjbg_kdhc \u[hjdb fh™ | [eh]ghjfZevghc djb\hc ihkljh_gguc ih 1
bgr"b\b"mzZevghc hkh[_gghklvx fhf_glh\ [ebadh ke_"m_I| wfibjbg_kdbf
j_~dbf kemqgZcguf khg_lzgb_f b ohly b agZgbl_evgh hildehgy_|I
\ukhdbo iz\h~rdh\ \ ~Zgghc \u[fZdkbfZevghc Ilhgdb gh \_a”~_ hklZ_Ilky
hljz" _gb_f g_h~ghjh”ghklb \u[hj*h\_jbl_evgh]lh bgl_j\ZeZz WIhl \Zjb
kms_klI\_ggh jZaebgguo mkeh\bcijbgpbi_ fh _I [ulv ijbgyl dzd jZkq_l
klhdZ ijb jy*"h\uo b wdklj_fZevguch”~gzZzdh ~zZ\Z_fu_ bf hp_gdb h[_ki_q

gZeba "Zgguo ih fZzdkbfZevcizZz\h”~dh\ b lh"h\ kms_klI\_ggh gb"_
bkke_"m_fhf j_]lbhg_ dzZd \uihewfibjbg_kdbo <Zjbzgl ihkljh_gguc ih
>=m[Zj_\Z @ 1Zd b azgh\h fzdkbfzevgh]lh ijzZ\~hih~h[by kh\_jr_ggt
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Jbkmgh®jb\u_ h[_ki_q_gghklb fZdkbfZevguo kjhqguo jEkxdh{thA gZ ihklr
Lmemg wfibjbq_kdZy Ihgdb & ZgEebyhbg &iddgZf_ljbg_kdh]h eh]ghjfzZeyv
jZkij_™_e_gby ghjfZebamxsZy de_Iqzldz k izZjzZf_ljbazZpbfhd jgldhebqgufb
5xfZdkbfZevgh]h ijz\"hih*ipbyglhk
b Ih "_ ijb eh]Zjbnfbg_kdhf fZkrlZ[_ ih \_jlbdZevghc hkb
DjZkgumgdIb]jZgbpu ~h\_jbl_evgh]h bgl_j\ZeZ wfibjbqghkdhkic gjlg\dicklib
Figure 2. Probability curves of annual maximum runatthe gauging station lyaTulun. Empirical
(points) and analytical: a) a curve of three-parameter lognormal distribution, nongpéilisr, with
parameterization by various methods#ehoments, 5+tmaximum likelihood; 6xL-moments);
b) the same with a logarithmic scale along the vertical axis.
Red dotted linetthe confidence interval boundaries of the empirical curve of 5-95% probability

g_m~h\e_I\hjbl _e_g Z ihkljh_gg J _amevliZlu hibkZgguo \ur _
L-fhf_glh\ g_kdhevdh \uoh”bl &\uiheg_gguo "*Ze__ jZkq_Ilh\ k\_~_
Ah\_jbl_evgh]h bgl_j\Zez b ~Z_I|1Z[ebpm dhlhjZy kh”~_j bl ke_"mxsr
[he__ gbadb_ hp_gdb h[_ki_g_bgnhjfZpbx < i_j\hc dhehgd_ klhbl
gZb\ukrbo iZz\h~dh\ iZkg_lghlh \ZjbZglZ kh]leZkgh kd\ha
gmf_jZpbb ijbf_gy_fhc g&.jbkmgdZo
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LZ[ebpZ KjzZ\gbl _ev@pPygdZ \ZjbZglh\ jZkg_lguo djb\uo h[_ki_qg_gghl
fZdkbfZevguo J]h”*h\uo jZkoh/By ki jLichle mg

Table 3. Analytical curves comparative assessment of urgent maximum annual ruheffya River+Tulun

City

. . F ITh™ h ( GZA; Lh maxl% H _k 1984— H _kl
«| Lbidjbihc i_ZjZf_ijh_\g ghkla ghk{?s» Qh[_ki [2.450 on19£1.2%
<ZjbzZglu jZkij_"_e_ghbly IbijEhgZkmghd
1| IbjkhdIEIbiZ Fhf_glh\ 82,1 511 4670 1,25 0,55
2| IbjkhdlZlbiZd =jZnhZgZeb| 17,4 11,5 2680 <0,01 <<0,01
3| IbjkhdlZ1biZ L-fhf_glh\ 32,5 7,48 3420 0,22 0,035
<ZjbZglu lIj_oizZjzZf_ljbg_kdh]h eh]ghjfZevgh]h jZkij_"_e_
4| Eh]ghijf i Fhf_glh\ 28,6 5,04 4020 0,70 0,29
5/ Eh]ghijf i Fzdk ijz\~"h 59,9 14,9 2770 <<0,01 <<0,01
6| Eh]ghijf i L-fhf_glh\ 22,7 6,18 3670 0,50 0,17
<ZjbzZglu ih Zevl_jgZlb\ghc<kghijZzXh)\Z jbkmghd
7! Eh]lghijf if DZeb[j ih gZ 16,7 9,91 2950 0,085 0,014
8| Eh]ghijf ii DZeb[j ih I 33,2 3,96 4900 1,50 0,62
9| <bgh]jz~h\] DZeb][j ih gZ 157 9,48 3040 0,15 0,03
10| <bghl]jz~h\] DZeb[j ih I 256 2,12 5530 1,75 0,94
<ZjbzZglu ih f_Ih~zf j dhf_g"m_fuf \ ebl_jZImjguo bklhqgg
11 GEV L-fhf_glh\ 18,1 5,75 3780 0,62 0,27
12 GLO L-fhf_glh\ 15,0 5,60 3830 0,67 0,33
13 GPD L-fhf_glh\ 28,9 6,99 3510 0,45 0,082
14 Pareto L-fhf_glh\ 37,3 3,67 4550 1,15 0,60

AZI_f bA_| Ibi azdhgZ jzkij_~_ef_Ih~hf ijyfhc ih~"lhgdb hjrbgzl d Ih
hp_gdb iZjzf_Ijh\ bkihevam_fu wfibjbq_kdhc djb\hc k ijbf_g_gb_f djb

jZkg_lghf \ZjbzZgl_ >Ze__ ijb\h gz~ “ghklbbeblhgghkld >jm]b_ ~\_
gZ”_"ghkXfblhqghks$brZggh]h jZzkg_djb\u_ hkgh\Zgu gZ nmgdpbhgZz
\ZjbzZgl&ibkZggu_ \ur_ >Ze__ ijij_h[jZah\Zgbb eh]ghjfZevgh]h jZkij_"

iZkq _lgh_ agZq_gb_ kjhgqgh]h \ZjbzZgl K ih<xbgh]jZz"h\m > @ b lzd
]Jh~rh\hlh jZkoh”Z A&~ b[_ki_qg_gglihkljh_gu f_Ih~hf ijyfhc ih~"]Jhgdb hj~bg
ihemqg_ggh_ \ "Zgghf jZzkq_Ighf \zlhgdzf wfibjbg_kdhc djb\hc dZeb[jh)
ihke_"gbo dhehgdZo ij_"klZ\eijbf_g gb_f djbl _gE”\ "ghklb beb
h[_ki_qg_gghklb ihemg_ggu_ Ilhgghksb
jZkg_lghf \Zjbzgl_ "ey "~\mo ¢ < wlhf gzZ[hj_ jzZzkqg_lguo \Zjbzglh\ k
i_jbh”~ gZ[ex”_gbc jZikdh~dh\ khhi\_lkl\by iheh _gby ZgZeblbqg_kd
]h~h\ wfibjbgq_kdhc djb\uo jZkij_"~_e_gby \
GZ jbkmgogaZBbijb\_~_gu jZkq_\ur_ q_f \ ij_~u"msbo dzZd b ke_*
\ZjbZglu djb\uo h[_ki_q_gghklb fh'b~rZIlv \ kbem f _Ih”Z ihkljh_gby <Z
jZkoh”~h\ \h~u ~ey ihklZ]hjhb LBiye ZgZeblbq_kdbo djb\uo ihkljh_ggu
ihkljh_ggu_ ih j_dhf_g~Zpbyf Ze ijbf_g_gb_f dZeb[jh\db ih djibl_j
ko_fu jZkqg_Ih\ ij_"efFgzr “ghkXfbe “ZI \ ij_~ _eZo ~“h\_jbl_evq
X 5 <bgh]jZ~h\uf >\_ djb\u_ ba ijbgl_j\Zeh\ wfibjbg_kdhc djb\hc ihqglb \
gzZ[hjz KkhhI\_lklI\mx| 1j_oizZjzZf_apzizahg__z agZq_gbc h~rgZdh \uokt
eh]ghjfZevghfm jZkij_"_e_gbx Lt]jzgbpu \ jZkqg_lghc h[eZklb fZ
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h[_ki_g_gghkl_c¢ Ihwlhfm hgb gfzZzdkbfZevgh]h klhdzZz \ j ]bhg_ <hk
bkihevah\Zgu dzd hp_ghggu_ KbJ[bjb

ihkljh_ggu_ k ijbf_g_gb_f dZzZel LZzdbf h[jZzahf h[h[sZy k\h~dm ~Z
djbl_jbXdhgghklb gZijhlb\ ihegtlZ[ebpu fh gh aZzdexgblv qglh [hevrbg
ihqglb iheghklvx e_ZI \ jZkq_lguo \ZjbZglh\ djb\uo h[_ki_q_
Ah\_jbl _evguo bgl j\Zeh\ wf rZxl ZgZeblbg_kdb_ hp_gdb h[_Kki_qg

djb\hc Ijb wlhf h[Z \ZjbzZglZ ~ZjZkoh”"h\ b ]h~h\ fghlhdjZlgh h
[ebadb_ d wfibjbg_kdbf hp_gdb hkhl_g jZa f_gvr_ g_f wfibjbg_kdb
jZkoh”h\ iZz\h~dh\ b ]h~h\ h[_ki_q_gghklb >jm]bfb keh\Zfb k

GZ jbkmgazdb ijb\_~_g ihke_-aj_gby [hevrbgkl\Z \ZjbzZglh\ jZkqg.
gZ[hij jZkq_lguo \ZjbzZglh\ fh” _e ¢ “\Z gZb\ukrbo \ jy*m iZ\h~dZ

h[_ki_g_gghklb fzZdkbfZevguo jzjzZkkfzljb\Zlvky dzZd ijZzdlbg_kdb g_\he
N"ey ihklz j_dphBpy*4+ memg ihkljh_kh[ulby qlh ~_ezZ_| wlb \ZjbE[fhu fZe
j_dhf _g~rZpbyf ebl _jZImjguo bkkh\k_f g _ijb_fe_ fufb ih djZcg_c f_j
ijbf_g_gbx ey hp_ghd fzZdkbfzZe'ijbdez”~ghf Zki_dl_ \g_ azZ\bkbfhklb hl
bkihevam_fuo ij_bfms_kI\_ggh \hp_ghd bo dZq_kI\Z dzZd fh*_e_c

ijZzdlbd _ Kx~Z \oh”yl djb\u_ t <u”_eyxlky g _kdhevdh \Zjbzglh\ d
jZKkij_"N_e CGEMcGLO bGPD Z |z®areto h[_ki_gq_gghklb dhlhju_ gZbemqgrbf t
lZjzf_ljbaZpby \k_o djb\uo iith~"oh”yl \ dZq_kI\_ j2k¢ _dgtiojAfb

\uihegyeZkyv k bkihevah\Zgb 8, 10, 14. Ijb hiI[hj_ wlbo \ZjbZglh\ bf__
L-fthf_glh\ <k_ \ZjbZglu \ wlhf g agZgq_gb_ gZb[hevrZy [ebahklv ZgZe
AhklZlhggh ohjhrb k g_dhlhjufb ¢hp_ghd h[_ki_q_gghklb jZkoh”h\

Lzd jZkij_"_&P®b \uoh”bl ¢]lh~h\ d wfibjbg_kdbf bo hp_gdzf Z
Ah\_jbl_evgu_ bgl _j\Zeu wfibjbg_gZbemqgrb_ hp _ldqdyhikib ijbg_f ~\Z
dzd \ \ _jog f 1zd b \ gb g fwlbo ZzZki_dlzZz | _kgh k\lyaZgu .~"jm] Kk
baf_g_gby jZkoh”h\ JZRaretoe e b Ke_~m_1 hif_Iblv qglh ba hlh[jZgguo \Z
gZb[he__ [ebadh d Ihgqdzf \ jZzkq_jZzkqg_lghc djb\hc ~\Z ih~ ghf_jzZfb
fZeuo h[_ki_g_gghkl_c gh ijb wlij_"klzZ\eyxl kh[hc ko_<dmghX{jzZ~h\z
liZgbpu ~h\_jbl _evguo bgl _j\Zeh hkgh\Zggmx gZ bkihevah\Zgbb nmgdp
"bZiZahg_ gb' g ¢ qgZklb djb\tghjfZevguo djb\uo Z ZiijhdkbfZz
i_jki_dlb\gufb “"ey jzZkkfhlj_gby hlh[jZgguo \ZjbzZglh\ d wfibjbg_kdbf »
djb\u_ jzZkij_~_6EYHeGLO ijb wlhhkms_kl\ey Iky iml_f dZeb[jh\db ih ac
\ZjbZgIGLO bf__|I ij_bfms_klI\h lhgghkls \ dzZq_kI\_ djbl_jby >jm]bf
khihdmighklb hp_ghd b yl\ey_ Ikykeh\zZfb wlb \ZjbZgdmewx!|ZIlu ijyfhc
NZgghf gzZ[hj_ Ke_~m_I hif_Ibl*ih~"lhgdb fzZIl_fzZlbqgq_kdbo djb\uo d ~Zg
bf_ggh jzkij_~ @L.Ogh_dhf_g~rh\zZzggzbf_gvr_c kl_i_gb kj_~b \k_o h[_ki_
jZg__ \uiheg_gghf bkke_"h\Zgbnbabqg_kdbf beb ohly [u dhgp_ilmZ

@ dzZd gZb[he__ ijblh”*gh_ kihgdb aj_gby |I_hjbb kemqgZcguo ijh

h{hkgh\Zgb_f
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Jbkmgh®jb\u_ h[_ki_q_gghklb fZdkbfZevguo kjhqguo jEkxdhfthA gZ ihklr
Lmemg wfibjbg _kdZy Ihgdb & ZgKlgbllmgukdbh Zevl jgZlb\ghc ko f_
ghjfZebamxs_c de_IlgjZladiZzjzftljbg_kdZy eh]ghjfZzevgZy EdZeb[jh\dh
8lj_o0izZjzZf_ljbq_kdZy eh]ghjfZevgZy & 9dzhebhddpdhgddybhevgZy K k
dZeb[jh\dhglo0htnmgdpbhgfdnfhevgZy K k dZebdjh\dhc ih
b Ih "_ ijb eh]Zjbnfbg_kdhf fZkrlZ[_ ih \_jlbdZevghc hkb
DjZzkguc imgd|Bpgpkpu "h\_jbl_evgh]h bgl_j\ZezZ wfibjbqghkdhkic g jlg\dickib
Figure 3. Probability curves of annual maximum runafthe gauging station lyaTulun. Empirical
(points) and analytical: a) constructed according to an alternative scheme on the normiadizifrgHfihree-
parameter log-normal witlecalibration according taZ 8 +three-parameter log-normal with calibratgn
9 +functionally normalK3 with calibration according ta7 10 +functionally normalk3 with calibration
according to s); b) the same with a logarithmic scale along the vertical axis.
Red dotted linetthe confidence interval boundaries of the empirical curve of 5-95% probability
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Jbkmgh®jb\u_ h[_ki_gq_gghklb fZdkbfZevguo kjhgqguo jEkxdh{tmA gZ ihklr
Lmemg wfibjbg _kdZy Ilhgdb & ZgKlgbllmgukdbh j dhf _grZpbyf ebl_jZIm
bklhggbdh\ k bkihevah\Zdgihff §lhh"ZGEV, 12 +GLO, 13 +GPD, 14 +Pareto); b |h
ijb eh]zjbnfbq_kdhf fZkrlZ[_ ih \_jlbdZevghc hkjizgbpakguc imgd!
"h\_jbl_evgh]h bgl_j\ZezZ wfibjbg_kdHlckdjm\hgghklb
Figure 4. Probability curves of annual maximum runafthe gauging station lyaTulun. Empirical
(points) and analytical: a) curves, according to the recommendations of literary sourgabeiti-moments
method (11+GEV, 12 +GLO, 13 £tGPD, 14 tPareto); b) the same, with a logarithmic scale along the
vertical axis. Red dotted line - the confidence interval boundaries of the empirical curve of 5eba%liy

< lh "_ \j_fy g_evay g_ hif_IIh[_ki_g_gghklb jZkoh”h\ b ]
wlbo \ZjbzZglz fh”~_eb iheghklv\ - jZaZ azZgb _gu ih kjZ\g_gbx
ij_~"_eZo ljZgbp ~h\_jbl_evguo bwfibjbg_kdbfb qglh khhI\_IkI\_ggh *h
_klv m~h\le_I\hjyxl \k_f bkitm\_ebqgb\zZ_| jZkq_lguc i_jbh” ih\lhjy.
nhjfZevguf djbl_jbyf d fh”_eylZdbo iZ\hiWdkjZ\g_gbx k gZ[ex"_gbyfb
gZb[hevrbfb hkgh\Zgbyfb fhlml [ <Zjbzgl jzkq_lghc djb\hc ih™ ghf_j
"ey bkihevah\Zgby \ bg g _jgt\dexgZxsbc djb\mx IHjkhgZ b _z
Hr"gZdh b \ wibo \ZjbZglZo ZgzZebizjzf_ljbazZzpbx f_Ilh~hf fhf_glh\ [hev
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gZklvx e_"bl az ij_~_ezfb H[km ™~ _gb_ j _amevlZlh\

Ah\_jbl_evghlh bgl_j\ZeZ b \ .
nhjfm kbevgh hiebgZxsmxky hl bkk"ZAdhb\f hijzaht gz "zgght — wl
dib\hc Hkh[_ggh \z guf zki_dll2KKke-"hizgby bkihevahizg ijzdibq_kd|
gZebgb_ “ey wihlh \Zjbzglz ghZlk-92¢e Kki_7kl\ “klhozklibg_kdhe ]b"]
iZkoh~h\ gb"_ dhihjhc e ‘bl J%112\eé_gguc gz ihemq_gb_  \_jhylg
wtibjbq_kdbo ihgq_d <zjbzgl jzk "P-9hd wdklj_fzevguo agzq
ihA ghf jhf \dexqZxsbPadgtobm 10 Ihehlba_kdbo ozjzdl_jbkibd g_ihkj_
iZizf ljbazZpbx f_LAPNF glh\ bf 9% Nkghi_ wfibjbg_kdbo "Zgguo gzfex
ZgZeE]bqgu oﬁly b KeZ[ —hp._gb\Z_fufb o.ZJZdI_kaIbdeb “Bklhe
g _~hklzldb \ + qZklghklb ~7y rbjhdbe ki_dlj azdhgh\ jZzkij_"_e
wiibjbq_kdhc djb\hc e 'zl gb' —Jhylghkl_c ‘b ijzdibg_kdb i_kv bal
i~ ez zgZeblbq kdhc Highkp 92t f_Ih"h\ —Ziijhdkbfzpbb ~djbluc
e "Zsb_ \ ]jzgbpZo ~h\_jbl_evgh "[=Ki-da_gghkib = < j_amevizl_— ih:
AhkiZIhggh \ukhdh hp_gb\z_fu_ 9-Kdhevdh Azjbzglhi h®ghf_jghe A_jhyl
\ZjbZglu ih~ ghf_jZfb b fh _eb dekb.fZevguo ]h.h\uo jZkoh”h\
ZgZeblbg_kdb_ hp_gdb h[_ki_q_J2Kkd-tguo djbluo h[_ki_a_gghklb d
b ]_h"h-\_\jZa_gb‘_ Wf_ibjT)q__m .h\e_l\hjbl_evgh k. lhgdb aj__gl?y
G _kfhljy gZ gZebqb g_kdhevnhjfZevguo”hE)\_ghd hibku\zZx!l wfibjbq
iZkq_lguo djb\uo mAh\e_I\hjyxsp JPIMx Jzkij_"_e_gby fzdkbfzevguo |
lj_[h\Zgbyf\ kh\hdmighklb dzq_t2ken"h\ gz ihkim Jjhpo'Bynemg
HrgZdh ~"bZiZahg ZgZeblbqgq_kdbo

. N
A T I
jZggu_\Zjbzg J£xa_1g gZ[ex”_gbc izZ\h~dh\ b Jhn

CVE*T;IEq_I?c?S:II_: kdms_zkbl\\JErgbho T_Iihemq_gguc ih \ZjbZglZzf jZkq_lguo djb
1bq_ 9-¢ 9 ‘“\dexqz_1 \ k_[y wfibjbq_kdb_ hp_g

Wlh hagzqzZ_| glh ih j_amevl )
ke ~m_I 1jzdIh\ZIv iz\h ftrAzazNL-KI-9_9gghkib holzlulzy kms_ki\_g¢
. gbadb_ agzZq_gby ljbqg_f gZb[he__ [«
]Jhr&dzd \_kvfz j_~db_ khJu L R
. . wfibjbg_kdbf hp_gdb lh™ azf_
khg IzZgb_\ ij_~ eZo i_jbh~Zz R N
. . azZgb _ggu_ bf_xl gzZbf_gvr__ kh™_j ZI
ijh"he bl _evghklvx ]hrdzd g
. ._ h[hkgh\Zgb_ y\leyykv j_amevlZIhf
bkdexqgbl_evgh j_"dh_ >bZiZ
. . . . ZgZeblbg_kdhc ZiijhdkbfZpbb bkoh”~guc
i_jbh~rh\ ih\lhjy_ _fhklb iZ\h~dh\ o .
2019]h~h\ ih gZbemqrbf \Zjbzglzf ~4Ki_ilgzy ‘hp_gdz j_]bhgzevguo *Z
\urZxsboky iZ\h~dZo \dexqZy dzd

ghf_jzfb b khklZ\ey | hdheh ;
kth< IkI\_ggh WIZ hpygdZ thie i-1Mmevyiguo gzlex”_gbc gz k_Ib 1zd b

iijb_fe fhc gh dzd mdZazgh \ur 0@ "Imlbo bkihggbdh\ ‘azklziey_ I ij_*i
. . glh ihemqg_ggu_ j_ameviZlu hjb_qglbj
iZkq_1Z g_ y\eyxlky ih kmlb f . . .
.. : g_"hhp_gdm iZz\h~dh\hc hiZzkghklb \ j_]
ijZdlbg_kdb g_ bf_ xlI iZphb . : .

. : : LZdbf h[jZzahf az~"zqZz ihkljh_
h[hkgh\Zgby b "he gu jZkkfzZljb\Z . . .
b f 1 fZIbq_kdh]h k]eZgZebIbq_kdhc djb\hc JZKkij_N e
Ib_ - — fzdkbfZevguo jZkoh”h\ \h7u gz”

\tl)vffl?(Jsbbq—kkydg;[eXaAZ\gbbkybfthklik:]I(MmFT—Ziijhdkbfbjmxs_c \ulhjdm wfibjbq_k
Lm_emg_ wdki_jl_gh_ h[h[s_gb"Zgguo b ihal\heyxs_c ~Zlv h[hkgh\Z¢

gZ[ex~ gbc ih khk _Agbf ihkizf b J—28bklbagmx hp_lgdnki_q_gghklb
Cn gbe h khiulbyo \ i 1bhg n"WdkIiZNi"bgZjguo iZ\h dh\ \ [Zkk_cg_
—" 9 y J_IbNa_ Mo iy gz 1jbgbghc wih]h hg_\b~gh

i_jbh” ih\lhjy_fhklb wdklj_fZevgt

Z\h~dh\ bf T ihjyahd jZa ) e Kkeh ghklv ijhp_kkh\ nhjfbjh\Zgby kit

j_]lbhg_ kms_kI\_ggu_ jZaebgby f _oZ
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mkeh\bc jZal\blby jy*h\uo b ‘'~bgzZfbHhozZklbqg_kdh]h fh” _ebjh\Zgby

iZ\h~dh\ Wlh ijb\h~bl d klZI hkgh\_ nbabhg[hkdth\Zgghc fh*_eb klhdz

g_h~ghjh~ghklb \u[hjhd fzd .

jZkoh~h\ dhlhju_ g_ fhlml [ul Nbgzgkbjhizgb_

hibkZgu \ jzfdZo ijbf_g_gby t JZ[h1Z \uiheg_gZ \ jzfdZo 4_fu «

lj_ 0iZjZf ljbg_kdbo aZdhgh\ jZki|2019- < ]Jhkm~ZjkI\_gghc j_]bkljzZp
Km2y ih j_amevlzIzf wlzZz az~:::: -: -118022090056- =hkm~"Zjki\_ggh]h

[ulv j r_gZ gZ hkgh\_ gbklh kl:aZ”Zgby B<l J:G b |_fu-2019-8003

ih~"oh~Z b ijb h]ljZgbq_gghklb bko < ]Jhkm~ZjkI\_gghc j_]bkljZpbh

>ey j_r_gby az~Zgb hp_gdb 117041910172 =hkm~ZjkI\_gghlh az~z

\urZxsboky iZz\h~Adh\ \ 1Zdbo mketB=KH J:G bf < ; Khqgz\u

p_e _khh[jZaguf
Ebl _jZImjZ
<bgh]jz~h\ : X

ij_"klzZ\ey Iky bkihevah\zZgb _
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ASSESSING PREDICTABILITY OF

HYDROLOGICAL PROCESSES (ON

THE EXAMPLE OF FROZEN SOIL
WATER CONTENT DYNAMICS)

:lexander N. Gelfan

Water Problems Institute of Russian Academy of

Sciences, Moscow, Russia
hydrowpi@iwpru

Abstract. A method has been developed
assessing the limits of predictability of the frozen
water content (according to observations at
Nizhnedevitskaya water balance station).
method is based on the analysis of the converg
of a given probabilistic measure (the variance o
calculated soil water content at a given date) t
stable value. The soil water content was simulate
the physically based model of heat and water tra
in a frozen soil column during a autumn-wir
seasons. To assess variability of the modellec
water content at a given date, the boun
meteorological conditions for the autumn-wir
period were simulated by the Monte Carlo proce
using a stochastic weather generator. The i
conditions were assigned as the constant
temperature and soil moisture values over
1-meter soil column. The predictability of the ¢
water content in the one-meter layer of the stu
soils has occurred to be about 1.5 months; it ir
that for the forest-steppe conditions, the soil w
content before the beginning of soil freezing cal
serve as an indicator of soil water content be
spring. Numerical experiments have shown tha
soil water content predictability: (1) grows with
increase in the thickness of the considered soail
and its depth; (2) decreases for coarser soi
compared to finely dispersed soils; (3) is
sensitive to changes in the soil texture thai
changes in the climatic norms of precipitation an
temperature.
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Introduction primarily associated with studies of the macroscale

. . variability of soil moisture and snow cover
The study of the predictability of natural y. . . : .
. . . characteristics aimed at deepening understanding of
processes is a traditional task for many geophysic . N
. .the contribution of low-frequency variability of these
sciences. In meteorology, for example, such studi . . .
characteristics to the dynamics of the climate system
are based on the concepts of two types . - . .
redictability developed in the classical works cIn addition, publications have appeared in which
P y P factors influencing the predictability of hydrological

E. Lorenz [Lorenz, 1975]: predictability of the first . . . .
kind. due to the internal instability of atmosoheri processes on a river basin scale are investigated, such
’ y b DV VSDWLDO DYHUDJLQJ RI SU!

processes, thelrhlghsenS|t|V|tytosmaIIperturbatloSivapalan’ 1995], nonlinearity of hydrological

of the |n|t.|al condmgns and. pred|ctab|l|t.y Of thesystems [Zehe et al., 2007], hydraulic properties of
second kind, associated with the variability c . . .

. . the basin [Kumar, 2011]. There is reason to believe

external influences with respect to the atmosphe .

(ocean. land surface, etc.). The study of the ph si(that the construction of a conceptual framework for

’ : y Phy analyzing the predictability of hydrological systems

mechanisms and factors of predictability, th. . o .
determination of its limits depending on the spac 'S becoming one of the key scientific problems in
pending PaC  \GURORJ\ >%O|VFKO @

time scales of the processes under study, t . .

. . . ) The purpose of this study is to develop a

identification of potentially predictable structures . .
methodological approach to assessing the

he i n her problem f ientific . . - . . .
the listed and Ot. er proble S. of scient predictability limits (potential predictability) of
meteorology are solving on the basis of the conce . . .
. . .__hydrological processes using the example of moisture
of predictability as a problem of mathematice . . .
. transfer processes and the formation of soil moisture
physics developed already half a century ago (see, . . .
. content in a frozen soil. The moisture content of
example, [Dymnikov, 2007]). o . .
In hvdroloav. the concent of oredictabilit OVe|frozen soil is the main factor in the snowmelt runoff
y %y ptorp y losses during the formation of spring floods (freshets)

man rs i i rule, with tl
any years is associated, as a rule, with ' "\ " ER GG UHJLRQVY ULYHU EDV
possibility of constructing a forecast method the. L
. o . its assessment significantly affects the accuracy of
meets the specified criteria of accuracy and lead tir

(see, for example, [Shukla et al, 2013]) Thiforecasts of spring floods using the existing

. . A operational techniques. At the same time,
understanding of predictability is close to the conce measurements of soil moisture in winter are mosil
Rl 3HIIHFWLYH SUHGLFWDELO y

f in Russi h I [
SIRUMEDVWDELOLW\" DFEH SWHnot performed in Russia (t gre are pny point

. ) L . . measurement data at the experimental sites of water
depends, inter alia, on subjective factors, includir

. . balance stations and small experimental basins),
the experience and methodological preferences o . :
. .__.therefore, to assess the moisture content of frozen soil

forecast developers, the characteristics of the existi

. . . before the onset of snow melting, existing forecast
observation network, etc. Interest in the analysis

. . L methods use the so-called indices of preliminar
predictability as an objective property of the P y
hydrological system has arisen in recent years and is

! Report of a Workshop on Predictability & LimiT®-Prediction in Hydrologic Systems. Washington, D.C., National
Academy Press, 2002. 138 p.

Gelfan A.N Assessing predictability of hydrological processes (on the examplezeifiepil water conten
dynamics) Hydrosphere Hazard processeand phenomena2020, vol. 2, iss. 4pp. 365-374 (In Russian
366 abstracin English).DOI: 10.34753/HS.2020.2.4.365
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moisture contedt Such indices are, as a rule, data ¢ uto, sdw 1 4)
the soil moisture content or on the low-flow runoff fo
the previous autumn period. In other words, tt
hypothesis is implicitly accepted that the moistut
content of frozen soil before the onset of sno i, GV W (5)
melting depends to a greater extent on the autumn ¢
moisture than on moisture transfer processes
winter. The validity of this hypothesis depends o
many factors, primarily on the weather condition
during the Winter, soil properties and Vegetatio, and information about the initial condition will be

cover. A quantitative estimate of the time periolost by the system. The time interval during which the
during which the influence of the previous (autumrsystem retains information about its initial state can
conditions persists, depending on the listed factobe set by the time of convergence of a given
constitutes the essence of the approach proposecprobabilistic measure to its stable value and

the article and can serve as a methodological basis determines the potential predictability of the system
testing this hypothesis. or the physically determined limit of its predictability.

For a complex nonlinear system, the
Methods implementation of the described approach is possible
Approach to assessing the predictability limithrough experiments with a numerical dynamical-
of a hydrological system stochastic model with random inputs, which
Consider a stochastical dynamical systeidescribes the dynamics of the system states. This
possibility will be illustrated below using the example
of a dynamic-stochastic model of moisture transfer in

The initial condition for the equation (3) is
written as:

It was also shown [Dymnikov, 2007] that over
time, the probability density functionW of the

system state will converge to a stationary solutibn

described by the equation [Dymnikov, 2007]:

W .
& oBw) 4 (1) a frozen o
Dynamic-stochastic model of water transfer in
W o Vo 2) yhat
a frozen soil
whereW W(t) is a state variable; The structure of the developed dynamic-
B(W) is a dynamics operator; stochastic model combines two components: (1) a

Kt) + delta-correlated Gaussian randor Physically based model of vertical moisture transfer
in a frozen soil, taking into account the accumulation
process< 1) U/'}'(t')> 2d @ t', dj 10; and melting of snow cover on its surface, and (2) a
stochastic weather generator.
The physically based model is described in
In hydrology, the dynamic-stochastic equatio [Gelfan, 2006] and based on solving a system of
(1) is used to describe the soil moisture dynamicnonlinear equations of heat and moisture transfe
interannual changes in river runoff, fluctuations in thdescribing the hydrothermal regime of the soil during
lake level, and the dynamics of the volume Cjts freezing, thawing and infiltration of melt water,
mountain glaciers (see, for example, [Demchenktaking into account the phase water-ice
Kislov, 2010]. It was shown [Dymnikov, 2007] that.transformation, the influence of over-cooled
under the conditiord; {d, equation (1) can be moisture. The system of equations and methods of
written in the form of the Fokker-Planck equation fctheir numerical integration, the results of model tests
the probability density functionOW based on the data of laboratory and field experiments
of the Hydrophysical Laboratory of the State
%U divBW) U d' L (3) Hydrological Institute and field observations at the

() *averaging operator.

2 Guide to Hydrological Forecasts. Issue 1. Long-term forecasts of tmemdke of the water regime of rivers and
reservoirs. LeningradPubl Gidrometeoizdat, 1989. 358 (n Russiai.
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Nizhnedevitskaya water balance station are presenvalues of soil moistur@=W.(z,t;)) and temperature
in detail in [Gelfan, 2006]. The used stochastiT=Tk(z,t) at different depths was calculated from
weather generator, which allows one to reproduce November 1 to March 31 (hekds the number of the
the Monte Carlo method long-term artificialcalculated trajectork « z=[10 (-1); 14]
sequences of meteorological variables with dai[cm]isi- th calculated 10-cm layer along the depth of
resolution at a given point (without taking intca meter soil column from its surfacke; «
account the spatial relationships betweeti=[(j-1);]], [days], isj-th daily time interval from the
meteorological variables) is described in [Gelfarbeginning of calculations «
2007]. The paper describes the results of calibrati Each of the 1000 trajectories was calculated
and testing of the weather generator based under given (the same for all calculations) initial
meteorological measurements on the territory of tlconditions and random, simulated by the Monte Carlo
forest-steppe zone of the European Russia. method, boundary conditions.

Numerical experiments design For each calculated stgpand soil layew, the
mean square deviatior,(W) of soil moisture was

Numerical experiments to assess the potent ] .
calculated for the ensembie=1 000 trajectories:

predictability of soil moisture content in the autumn
winter period were carried out using observation N 2 1
data atpthe Nizhnedevitskaya Watergbalance stati W \/k'lwijk WouN 1 (©)
and were organized as follows.

Calculations were made for the period fror
November 1 to March 31. Stochastic weathtensemble of trajectories value of soil moisture in the
generator was developed for this season on the bijayerz and at the time step
of the meteorological observations from 1969 ti
2014. The initial conditions for solving the equation
of heat and moisture transfer were set as the const
total (liquid water + ice) soil moisture content and th
constant soil temperature over the depth of a o
meter soil column. An ensemble of 1 000 rando
realizations of time series of meteorological variable
(air temperature, precipitation and air humidity) witl
daily resolution for the period from November 1 t¢ .,
March 31 was modeled using a stochastic weatt
generator. These variables were set as bound
conditions for the calculated equations of heat ai
moisture transfer in the absence of snow. If there it
snow cover on the soil surface (its characteristi
were calculated from the generated meteorologic

SILQSXWV’ X V-laged mbdeY [GaIthe, 1006]) variance of the scatter of trajectories calculated for
the boundary conditions were set in the f(;rm of h’eeach time step becomes a constant value determined

and moisture fluxes at the snow-soil boundary. by external meteorological forcing (winter weather
Using a dynamic-stochastic model a“conditions), and the effect of initial conditions (pre-

ensemble oRN=1 000 trajectories of changes in daily VINter moisture and soil temperature) becomes
insignificant.

_ N .
whereW, N*!W, is an average over the
k1

The value %(W) was specified as a
probabilistic measure, the time of convergence of
which to a stable value was assigned as the potential
predictability of soil moisture.

The Ilimit of predictability G(W) of soil
moisture (potential predictability) was estimated
from the condition:

W Yy

min(j): di, j « (7)

1j
ZKHUH . LV WKH VSHFLILHG WKUHVK
0.01).

Thus, the predictability limit of the process is
determined by the time period during which the
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Figure 1. Ensemble of trajectories of the total moisture content (mm) of the meter (top) and
upper 10-cm (bottom) soil layers of freezing soil, calculated under the same initial con@if{@®r0.15;

T(z0) f& DQG WKH ORQWH &DUOR VLPXODIWOAG ERXQGDU\ PH
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\_jog_]hkf kehy ijhf_jaZxs_c ihg\u jZkkqgblZgguo ijb §Hx®E6xHuo0 mkeh\
T(z0) £ b ]jZzgbgguo f_|I_hjheh]bg_kdbo mkeh\byo k]_g _jbjh\Zgguo f_I
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0 W(z,0)=0.15; T(z,0)=+4.0

A W(z,0)=0.20; T(z,0)=+4.0
BW(z,0)=0.25; T(z,0)=+4.0

® W(z,0)=0.15; T(z,0)=-1.5

4 W(z,0)=0.20; T(z,0)=-1.5
= W(z,0)=0.25; T(z,0)=-1.5

Standard deviation, mm

T T T T T T T T

0O 15 30 45 60 75 90 105 120 135 150
Time-distant from November 1st (days)

Figure 2. Change in the mean square deviation (over the ensemble of 1 000 trajectories) of the fréezing soi
moisture content (meter soil layer) with time-distance from the initial date (November 1
Each line relate® the specific initial conditions
Jbkmgh8af_g_gby kj_~g_d\zZ”*jZlbg_kdh]h hldehg_gby ih ZgkzZf[ex [
\eZ]hkh” _j"Zgby f_ljh\h]h kehy ihg\u k m~"Ze_gb_f hl gZqZevghc jZkqg_
Dz ~"Zy ebgby gZ ]jZnbd_ hlghkblky d dhgdj_lguf gZqZevguf mk

Results and discussion calculated by formula (4) at=1%, varies in a rather
narrow range, namely from 31 to 42 days, with the
given significant changes in the initial conditions
(W(z,0¥ 0.15y0.25;T(z,0)=1.5y f &

In general, the obtained estimates of the
predictability of the moisture reserve for individual
10-cm layers of the freezing soil column showed that
predictability increases with increasing layer depth:
for the upper layer, predictability is about one month,
for the lower layer 90-100 cm it reaches 3 months

The calculated trajectories of changes in tf
total moisture content are shown as an example
figure 1.

Figure 2 shows how the valug(W) changes
with the time-distance from the initial date o
calculation (November 1) under different initia
conditions (the total moisture content of a meter sc
layer of freezing soil is shown as an example).

Figure 2 shows that the predictability limit of
the total moisture content of the soil columr.,(flgure 3)-
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Two series of numerical experiments wer FOLPDWLF QRUP KHUHDIWHIU 36FHC
carried out to assess the sensitivity of the calculat ZDV LQFUHDVHG E\ f& ZLWK D
predictability limit of the 1-meter soil moistureprHFLSLWDWLRQ QRUP 326FHQDULRYV
content: (1) to changes in soil texture, which affecprecipitation P was increased by 10% at an
the hydraulic and thermal parameters of the equatic XQFKDQJHG DLU WHPSHUDWXUH QRL
of heat and moisture transfer, and also (2) to chan¢fourth, P increased by 20% at an unchanged air
in climatic norms of air temperature and precipitatico WHPSHUDWXUH QRUP 36FHQDULRYV
specified as parameters of the stochastic weatlresults are shown in figure 5. One can see that the
generator. The results of numerical experiments ¢assigned changes in climatic characteristics did not
shown in figures 4, 5. The experiments have shovhave a noticeable effect on the predictability limit of
that the predictability of the 1-meter soil moistursoil moisture content.
content increases for soils with a heavier textur Thus, an important property of the system
reaching 51 days for heavy loam (figure 4). To asseunder consideration is that its predictability depends
sensitivity of predictability to the climatic normson the internal properties of the system to a greater
(mean annual values), four numerical experimerextent than on the characteristics of the forcing
were carried out. First, the air temperature climatprocess. A similar result for a linear dynamical-
norm, T, as the weather generator parameter wstochastic system was obtained analytically in

LQFUHDVHG E\ f& ZLWK DQ X[Demchenko, Kislov, 2010].
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Figure 4. Predictability of moisture content of a meter layer of freezing soil, depending on soil texture
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Figure 5. Predictability of moisture content in a meter layer of freezing soil under different scenarios of
changes in climatic norms of air temperature and precipitation
Jbkmghtj_~kdzZam_fhklv \ezZ]lhazizkz f_Ijh\h]h kehy ijhfo jlZ xgsZjbylog\u |
baf g gbc debfZlbg_kdbo ghjf | _fi_jZImju \ha”moZ b hkzZ~dh

1. The predictability of the moisture content of
the freezing soil grows with an increase in the
The paper proposes a method for estimating tthickness and depth of the considered soil layer.
predictability limits of a hydrological system base: 2. In soils of light texture, the predictability of
on a dynamic-stochastic model with random inputmoisture content is less than in heavier soils.
The method is based on calculating the time 3. The predictability of soil moisture content depends
convergence of the variance of the state of the syston the hydraulic properties of the soil to a much
to its stable value. The method was applied to ass greater extent than on the parameters of the
the predictability of moisture content in a freezinmeteorological forcing (climatic norms  of
soil. Using numerical experiments with the developeprecipitation and air temperature).
model, the following is shown.

Conclusions

References Ebl _jZImjZz

% O | V F Ky@rofogic synthesis: Across process > _fqg_gdh | N DbkehihoZklbqg
places, and scale#/ater Resources Reseay@006, "“bgZfbdzZ ijbjh~rguo h[t_dlh\
vol. 42, iss. 3, W03S0: "\b"_gb_ b ] _hnbabg_kdb_
DOI: 10.1029/2005WR004319 F Barh =?HK k

%O|VFKO * 6LYB&I Oigs@s 0 >ufgbdh\ Mklhcgb\hklv b ij_"kc
hydrological modelling: A reviewHydrological dimighfZkrlZ[guo Zlfhkn_jguo

Processes 1995, vol. 9, iss. 3-4, pp. 251-2¢ F Bah B<F J:G k

DOI: 10.1002/hyp.3360090305 = evnzZg . GbgzZfbdhhoZklbqg
Demchenko P.F., Kislov A.VStokhasticheskay fh”~ _ebjh\Zgb_ nhjfbjh\Zgby |

dinamika prirodnykh ob"ektov. Brounovsk F.: BathGZ m#daan7. 278k

dvizhenie i geofizicheskie prilozheniya [Stoche

37

)


https://doi.org/10.1029/2005WR004319
https://doi.org/10.1002/hyp.3360090305

2020 | Vol.2, Iss.4

dynamics of natural objects: Brownian motion ¢
geophysical applications]Moscow, Publ. GEOS
2010. 189 p. (In Russian).

Douville H. Relative contribution of soil moistu
and snow mass to seasonal climate predictabili
pilot study.Climate Dynamics2010, vol. 34, iss. ¢
pp. 797-818. DOI10.1007/s00382-008-0508-1

Dymnikov V.P. Ustoichivost' i predskazuemo
krupnomasshtabnykh  atmosfernykh  protse
[Stability and predictability of large-sca
atmospheric processedfloscow, Publ. IVM RAN
2007. 282 p. (In Russian).

Gelfan A.N. Dinamiko-stohastichesk«
modelirovanie  formirovanija  talogo  stol
[Dynamic-stochastic modeling of the formation
melt runoff] Moscow, Publ. Nauka, 2007. 278
(In Russian).

Gelfan A.N. Physically based model of heat
water transfer in frozen soil and its parametriza
by basic soil datePredictions in Ungauged Basin
Promises and Progres®roceedings of the Sevel
IAHS Scientific Assembly (April 3-9, 2005, Foz
Iguazu, Brazil, 2006, pp. 293-304.

Kumar P. Typology of hydrologic predictabilit
Water Resources Reseayc®011, vol. 47, iss. !
WOOHO05. DOI:10.1029/2010WR009769

Lorenz E.N. Climatic predictabilityReport of the
,QWHUQDWLRQDO 6WXG\ &RQ
Rl &0OLPDWH DQG &OLPDWHt
10 August 1974, Stockholm)Geneva, GARI
Publications Series No. 16, 1975, pp. 132-136.

Shukla S., Sheffield J., Wood E.F., Lettenmaier |
On the sources of global land surface hydrol
predictability.Hydrology and earth system scieng
2013, wvol. 17, iss. 7, pp. 2781-27!
DOI: 10.5194/hess-17-2781-2013

Zehe E., Elsenbeer H., Lindenmaier F., Schulz
% O | V FRafderhs of predictability in hydrologic
threshold systemsWater Resources Reseay
2007, vol. 43, iss. 7, WO0743
DOI: 10.1029/2006WR005589

374

HYDROSPHERE. HAZARD PROCESSES AND PHENOME

% O | V FHy@rotogic synthesis: Across process
places, and scales // Water Resources Rest
2006. Vol. 42. Iss. 3. WO03S0
DOI: 10.1029/2005WR004319

%O|VFEKO * 6 LY Bcalb Oigs@es (
hydrological modelling: A review // Hydrologic
Processes. 1995. Vol. 9. Iss. 3-4. Pp. 251-
DOI: 10.1002/hyp.3360090305

Douville H. Relative contribution of soil moistu
and snow mass to seasonal climate predictabili
pilot study // Climate Dynamics. 2010. Vol. :
Iss. 6. Pp. 797-818. DOI10.1007/s00382-00¢
0508-1

Gelfan A.N.Physically based model of heat ¢
water transfer in frozen soil and its parametriza
by basic soil data // Predictions in Ungauged Ba:
Promises and Progress: Proceedings of the Se
IAHS Scientific Assembly (April 3-9, 2005, Foz
Iguazu,Brazil). 2006. P. 293-304.

Kumar P.Typology of hydrologic predictability .
Water Resources Research. 2011. Vol. 47. Is
WOOHO05. DOI:10.1029/2010WR009769

Lorenz E.NClimatic predictability // Report of tr
,QWHUQDWLRQDO 6WXG\ &RQ
RI &OLPDWH DQG &OLPDWHLO
August 1974, Stockholm). Geneva: GA
Publications Series No. 16, 1975. Pp. 132-136.

Shukla S., Sheffield J., Wood E.F., Lettenmaier
On the sources of global land surface hydrol
predictability // Hydrology and earth syste
sciences. 2013. Vol. 17. Iss. 7. Pp. 2781-2
DOI: 10.5194/hess-17-2781-2013

Zehe E., Elsenbeer H., Lindenmaier F., Schulz
% O | V FRa@erhs of predictability in hydrologic
threshold systems // Water Resources Rese
2007. Vol. 43. Iss. 7, W0743
DOI: 10.1029/2006 WR005589



https://doi.org/10.1007/s00382-008-0508-1
https://doi.org/10.1029/2010WR009769
https://doi.org/10.5194/hess-17-2781-2013
https://doi.org/10.1029/2006WR005589
https://doi.org/10.1029/2005WR004319
https://doi.org/10.1002/hyp.3360090305
https://doi.org/10.1007/s00382-008-0508-1
https://doi.org/10.1007/s00382-008-0508-1
https://doi.org/10.1029/2010WR009769
https://doi.org/10.5194/hess-17-2781-2013
https://doi.org/10.1029/2006WR005589

=B>JHKN?J:

M>D
<HAFH@GHKLB
DJ:LDHKJHQGH=H

HI:KGU? IJHP?KKU B Y<E?GBY Lhf2

I JH=GHABJH<:GBY KLHI

F:EHC J?DB K

<ud| 202C

DOI: 10.347534S.2020.2.4.375
PROSPECTS FOR SHORT-TERM

FORECASTING OF RIVER
STREAMFLOW FROM SMAL L
WATERSHED RUNOFF USING

BKIHEVAH<:GB?F F?HHK> MACHINE LEARNING METHODS
F:RBGGH=H H;MQ?GBY

< F Fhj %t*hB
> | KhehfZtbgA :

=Zihfzg

zdz~ _fbb gzmd ] Fhkd\Z

.

Vsevolod M. Moreidé, Boris |. Gartsmah

Kmaglbebg: Dimitri P. Solomatiné? Zoya A. Suchilin
'BgklbIml \h~rguo ijh[e_f Jhkkb !Water Problems Institute of Russian Academy of

Sciences, Moscow, Russia

2, +( 'HOIW Bgklblml h[jZah\Zgb 4HE Delft Institute for Water Education, Delft, The

\h~rguo j_kmjkh\ ]
moreido@mail.ru

cgghlZpbyklZliv_ bkke_~mxlky

> evnl

djzldhkjhgghl]h hi “h
ijh]ghabjh\Zgby jZkoh”~h\ \h"i
g_kdhevdbo f_Ih~h\ fZrbggh]
fh~r_eb fgh _kl\_gghc ebg_cgl
bkdmkkI\ _gghc g _cjhgghc k_
fghlhkehcgh]h i_jp_iljhgz b

bkdmkkI\_gghc g _cjhgghc k_1Ib
djzldh\j_f_gghc iZfylvx lj_
f_lh~u jZkrbj_gby gzZ[hjz ij_»
ihkljh_gby fh” e ¢ b bkke_ "m_
kemqgZcghlh i_j_f _rb\Zgby ojh
jy*"Z ij_"~bdlhjh\ *ey dZeb[jh\db
fhr e c dzd ih\urZxsZzZy m
j_amevlZlh\ ijh]jghaz < dZq
bkke ~h\Zgby bkihevam_ |ky fzZ
ihehku Jhkkbdz+ljhI\Z ]b~jhf_Ij
ihkl KrAK]hjv_ < dZq_KklI\_
bkihevamxlky jZkoh”~u \h~u gZ i
kmffu hkz~dh\ gZ lj_o

f I _hklZzgpbyo \ | _dmsbc fhf
kmldb b kh k*\b]hf gzaz”~ ~h
bg"_dk m\eZ g_gby [Zkk_cgZ
| _fi_jZImju \ha"moz b bki.
dhgdj_Ilghf ijbf_j_ihdZazgz
ihkljh_gby wnn_dlb\ghc
ijhlghklbg_kdhc kbkl_fu ”"ey c
ijhlghabjh\Zgby klhdz Bkke_*
ijb_fe_fmx ey hi_jZlb\ghc

Fhj_c "k F =Zjpfzg ; B

Gb

KhehfZlbg

Netherlands
moreido@mail.ru

Abstract. The paper addresses prospects for s
term (from 1 to 7 days) forecasting of ri
streamflow runoff based on several machine leal
methods: multiple linear regression (LM) mode
multilayer perceptron (MLP) artificial neu
network, and a recurrent artificial neural netw
with long short-term memory (LSTM). Methods
expanding the set of predictors for mc
construction are proposed, and the possibilit
random shuffling of the time-series of predictors
model calibration and verification are assessed
object of the study is the small river of Cen
Russiazriver Protva (Spas-Zagorie gauge). Cur
and lagged values of streamflow discharge a
gauge and daily precipitation at local wea
stations are used as predictors for the model, a:
as moisture index and evaporation rate. The obt.
results show the possibility of constructing
effective operational forecasting system for st
term runoff forecasting. The study revealed
applicability of artificial neural network mode
acceptable for operational practice, using
available hydrometeorological information on
catchment, as they showed the most stable resi
all lead times from 1 to 7 days. In contrast to
linear model, which efficiency decreases after
time of more than 3 days, the artificial net
networks models have higher forecast efficienc
to 7 days. The results obtained are robust fc

> 1 KhafhéghRIbA djZIdhk

ijhJghabjh\Zgby klhdZ fZehc j_db k bkihevah\Zgb_f f_IhAmbfZrbm
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ijbf_gbfhklv fh~_e_c bkd
g_cjhgguo k_I_c¢ bkihevamxsbc
]b~rjhf_I_hjheh]bq_kdmx bgnh

\h~hk[hj_ dZd ihdZaZ\rbo gZb][
j_ameviZlu gZ \k_o aZ[eZ]h\j_f
kmlhd Lzd \' hlebqgb_

HYDROSPHERE. HAZARD PROCESSES AND PHENOME

phases of the water regime, both spring floods
summer floods. The software implementation of
models is made on the basis of open soft
libraries in the Python language, which make
possible to widely use the methods for scier
research and applied problems.

ijhlghklbqg_kdhc fhr _eb w
dhlhjhc kgb Z_|ky gZ aZleZ
[he__  kmlhd fh”_eb bkdmkkl\
k_ 1 _cihdZaZeb \ukhdmx wnn_d

~Nh kmlhd Ilhemqg_ggu_ j _ame
"ey \k_o nZa \h~ghlh j_"bfz
iheh\hrvy 1Zd b e_Igbo izZ\h"d
j_ZebazZpby fh~_e ¢ \uiheg_ g:
hidjuluo ijh]jzffguo [b[ebhl_d
B\WKRQ qlh ihdzZau\zZ_I| \hafh

bkihevah\Zgby hibkZgguo f_|h?
bkke_ "~h\bgbhbdeZ”guo azZ"Zq

Dexg_\u_ kem\Zgheh]lbg_kdb_ i Keywords: hydrological forecasting, machi
fZrbggh_ h[mqg_gb_ ijh]lghau learning, artificial neural networks; runoff foreca
bkdmkkI\_ggu_ g_cjhggu_ k_Ib short-term streamflow forecasting; runoff modell

ijhlJghau jZzkoh”~h\ \h~ru fh”~_eb
<\_" gb_ kbkl_fu gZ f_lI_hjheh]bg_kdb_ \ha”"_
Bkihevah\Zgb_ fzI fzibq_kd \24P0 dZd ~djzldhkjhagh_  ijhlghabj
A . . . j_gghlh klhdZz mki_rgh Dbkihevamxlk:
ey jzkg_lz b ijhlghaz j_aghlh mijhs_ggu fh" _eb k\yaulZxs
"hklZlhggh ohjhrh jZajZ[hIZggri. - - -

_Ar_kl\mxsb_ gZ[ex”~_gby aZ j_qguf k
f I _h\ _ebqgbgzfb \ij_~ eZo j_qgh]h \lI
[mMm*msbfb \_ebgbgzZfb j_gqgh]h klhdZ :
N %HYHQ @ Lzdb_
hemqgb\rb_  gZalZgb_  ©q_jgh]lh ysb«
ijbgbg_ hlkmlkl\by \ gbo ~_1Zevgh]h h
gZmaguo b ijbdeZAguo aZrzq >D klhdhnhjfbjmxsbo ijhp_kkh\ J[ueb ba\_

. . N A (-K_j_"bguo ]h*h\ >Dmqf_gl =_evnZg
1993; Gelfan, Motovilov, 2009] L Z d ey —I{Nbabq_kdhc hkgh\hc ey gbo yley

jZkq_Ih\ ijhp_kkh\ nhjfbjh\Zgby j .. ° e
bkihevamxiky -ibak@hbq kdb  ft2\beh kbevgzy Zilhdhjj_eypby jy”h

]b~rjheh]lbb kmrb hiul dhlhjhc gZl}
[he [Emérton et al., 2016; Fatichi et al.,
Fhih\beh\ D@ GZ k_]h~
ba\_klgh ~hklZlhggh [hevrh_ qgb
kKljmdImj ]b”rjheh]bg_kdbo
ij_"gZagZq_gguo “ey j_r_gby

b
k
b
[

Kh~ j*Zsb keh gu_ iZjZf_kIhdZ b \ g_”dhlhjuc]_hn}:;Zlndblq_kdbo
. . . mkeh\byo dhjj_eypby klhdZ k hkZ"¢
hibku\zZ_ fuo ijhp_kkh\ b iha .. N .
. . ijhly _gbb ihke_~gbo e_| 1zdb_ fl
ijh\h~blv jZaebggu_ bo hp_gd
. . , gZoh”ylky gZ gh\hf \bld_ w\hexpbb
j_Zdpbx dhfihg_glh\ ]b”jheh]bqg_k>. . .
- ijhbkoh”bl [eZz]h~Zjy jZa\blb
baf_g _gby \ debfzZlbq_ KHdtichilebddl .
\ukhdhijhba\h~bl_evguo \ugbkebl _e
Fhlh\beh\ D Fhih\beh : : ;
: kbkl_f b jzZajzZ[hld_ gh\uo Ze]hjb
Beven, 2020] GZjy"m k wlbfb fh”_eyfl.
]A_ A _I1zZevgh_ hibkZgb_ ijh Kkh ihemgb\rbo h[s__ gZa\Zgb_ ©fh”*_eb fZ
- - an_ gb_ 1hp_ h[mgq_gby2® 3PDFKLQ fHalf® HRH,QLQJ"

g_ lji_[m_lky Z bkke_"m_IKy j_cupvoy 1 gy

Moreido V.M., Gartsman B.l., Solomatine D.P, Suchilina ZRAospects for short-term forecasting of ri\
streamflow from small watershed runoff using machine learning metHydsosphere. Hazard processes a
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Azmoodeh, 1993; Kratzert et al., 2018] LZdtfh~_e ¢ bkihevah\Zggu_ jy*u 7~Zggl
fhr_eb \ Ihf gbke_ h”"bg ba bo ihkljh_gby fh”_e_c¢c b f_Ih*u h[mqg_c
bkdmkkI\_ggu_ g_cjhggu_ BGK “ijh\_jdb ihke_ g_J]h ijhba\h”b
ihdZzazZeb k\hx wnn_dlb\ghklv khihklZ\e _gb_ ihemq_gguo j_amevlZI}
jZaebqguo ijbdezZz~guo azZz”~zZq ijtkh[hc
\j f gguo jy*h\ \dexqgZy j[Bgwh,c A
2020] < hkgh\_ IZdbo fhA e c e "t H{t_dl bkke_"hizgby
ljZzgknhjfZpby \_kh\ ijbk\Zb\Z_fti FZeZy j_dzZ 1jhI\Z jZkiheh _gZ \ Kkj.
"Zgguf ij_~bdlhjzf \ ijhp_kk ihehk_ ?\jhi_ckdhc Jhkkbb \ ij_~_eZo \I
hlghkbl_evgh]lh \dezZ”~Z dZ ~h]h bj_db <he]Z jbkmghd Z >ebgfz j_db
\uoh”~ghc jy~ ij_~bdzl Z lzd>_iehsZ”v \h~"hk[®WjzZ #d¥ Bklhd j_db
agZq_gbc wibo \_kh\ gz dz ~hf 1jhIN\Z gZoh”blky gZ f_""mj_qv_ j_db F
rney fbgbfbazZpbb p_e \hc nmgdjmigh]h ijblhddbtFhkd\[#ba Jhjh"Z
gZau\Z _fh_ h[jZlguf jzZkijhkljzg (Fh Zckd b \iz*Z_1 j_dzZ 1jhI\Z \ j_dm
fh~_eb [Werbos, 1990] G _ebg_clhjh?Z l[jhl\bgh ;Zkk_cg j_db ljh
ljZgknhjfZpby ijhbkoh”bl \gmljb (jZkiheh _g \ h[ezZklb -mf_j_gc
keh_ maeh\ Zdlb\Zpbb gZau\z _fdhglbg_glZevgh]h debfzZlZ k oheh”ghc
k\yaul\Zxsbo \k_ ij_~bdlhju b ij_~ mf_j_ggh | _ieuf e_|Ihf Hkh[_gghl

Ke_~m_1| hif_Iblv qlh fh~_ebl_jjblhjbb y\ey_Iky qgZklh_ ijhoh "
h[mg_gby b BGK \ Ihf gqbke_pbdehgh\ dZd \ oheh”guc 1Zd b \ |_iel
g _ijblyazZl _evghklvx d bkoh~guf ]h"Z K ijhoh™~_gb_f pbdehgh\ k\
dZd gh” _j°ZlI ~ 1Zevguo hibkZgb hkgh\gh_ dhebqg_kl\h 7h hkz~dh\
nhjfbjh\Zgby klhdZ b | _f kzfuf hj_ bf j_db ljhi\z hlighkblky C
hi g_hij_~_e_gghkl_c k\ya \hklhggh_\jhi_ckdhfm Ibim >AZcdh\
iZjZf_ljbaZpb_c lZdbo ijhp_kleZ\gZy _]1h hzZkkZgg _ ihehWetvky*
Ahklhbgkl\h \ijhg_f h~gh\j_f ggijbf_jgh- kmlhd < wlhl i_jbh” ijhoh”
bo ]Jez\guf g_~hklZldhf ihkdhev[he__ iheh\bgu Jh~h\h]h klhdZ HklZev
hkgh\guo ij_l_gabc ij_ A"t ]lhrZ ij_"klz\ey_|I kh[hc highkbl _
]b~rjheh]lbqg_kdbf khh[s_klI\hf d 1Z fZeh\h”*guc i_jbh” khklhystbkc_ bg_e_lg_
yley Ilky g_\hafh ' ghklv h[b abfg_c f_"_gb azZ bkdexq_gb_f g_[
bgl jij _1Zpbb bo kljabddiauet al., ih\ur_gby \h~ghklb \ dhgp_ |_ieh]h i_
2012]. \ualZggh]h hk_ggbfb ~h ~yfb

< gZklhys f bkke_"h\Zgbb i < kbem jzaf_jz \h~hk[hjZ klhd j_db
ihiuldz ijh~_fhgkljbjh\ZIv \ha\ I_ieuc i_jbh” Jh~Z gm\kl\bl_e_g d et
ihkljh_gby wnn_dlb\ghc hkz~rdzf Z \ ohahtgjbhZf hil_i_e_c¢ <
djzldhkjhggh]h ijh]Jghabjh\zZgby j klhd_ j_db IjhI\Z ~hfbgbjm_I kg_]
ihfhsvx fh” e ¢ BGK ~\mo khklZ\eyxsZy ijb wlhf Zdlb\
fghlhkehcgh]h i_jp[Haykigz1994] b mqgZkl\mxl ih~a_fgh_ b "h ~_\h_
fh~_eb k ~he]lhkjhqghc djzZlciblZgb_ jbkmghd | Kj_~gbc fgh]lh
i Zfylvx[Hochreiter, Schmidhuber, 1997] < jZkoh” j_db IjhI\Z \ mklv_ kBkdZ\ey _|
dZg_kI\_ h[t_dlIZ bkke_~h\Zgby >ey ~Zggh]h bkke_"h\Zgby [ue \u[jZg
[Zkk_cg fZehc j_db Kj_~g_c ihej_d_ 1jhI\Z m k_e&Z]Kjdk dhlhjuc
j_db 1jhI\Z k azZfudZxsbf Jb~rjhf_hk\_sZ_ | gZ[ex”_gbyfb iehszZ”v \h”h
kI\hjhf \ k_e -AKiJhkv_ ~ey dh4250df GZ |_jjblhjbb [Zkk_cgZ b [eb:
kljhylky ijhlghau i_qghlh JiZgbp jzZkiheh _gu |Ijb f_I_hjheh]bq.
azZ[ez]h\j_f_gghklvx *h kmlhiklZgpbb \_“msb_ gZ[ex"_gby azZ |_fi_
ihke_"h\ZIl_evgh hibku\Zxlky \ha"moZ b dhebqg_klI\hf hkZ%)dh\ jbkmg
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Figure 1. Map of the catchment area of the Protva riv&m(th the location of meteorological stations and
river gauges, daily hydrograph, (bottom), precipitation [, top) and temperature$, (middle) time-series for
the period from 2003 to 2015

Bkihevah\Zggu_ ~Zggu_ b i Ih~Thlh\dZ jy*h\ bkoh”guo “Zgguo
>ey ijh\_~ gby \ugbkebl _evg
GZ[hju bkohAguo "Zgguo Aedek'_be_glh\ [ueb ih ]_hIh\e_gu fZ1j
bkohcguo “"Zgguo k ih ]hn JZ
[Zkk_cgh)\ kha~Zgu gZ hkgh . .
) \uihegyebkv ~ey dZ " ~h]h *gy \ ]Th m G
klZzg~Zjlguo gZ[ex”~_gbc k kmlhq : . . :
: ANZin \uihegyeky ijh]lgha _"_"*g_\guo jZ
f I _hjheh]bg_kdbo klZgpbyo b ]t i ;
: . : \h~"u gZ hij_~_e_ggmx aZ[eZ]h\j_f_gg
ihklZzo Jhk]b”jhf_I1Z job\u Kkl -
ihAn i b\ZxIky \ \bA Z\IhfZIbahkgh\— bgnhjfZpbb ba\_klghc gZ fhf_g
- - ijhljghaz H[_ fZljbpu \dexqZeb gZJ[t

[Zau ~Zgguo BgklbIlmlzZz \h~gu__ .- 7, o <A
Jhkkbckdhe ZdzA _fbb gzmd °°i-"Pdihihijyeht = _"g_\guo agzq_gt

. . i_j_f gguo ihemg_gguo gZ hkgh\_ h]J
bgrr'nhjt;lilfebbAh\'éTAQ\‘fLi\bef—gghc ;kbkoh"ghc ]bAjhf | _hjheh]bq_kdhc bgnt
]‘qu“?f | Hihehlbq Kdhe bgnhﬁ< | 0o _fZljbpZo kh~_j'Zebkv b ih ij_
Fbjh\u_f_p gliht "Z_gguo tjy*h\ ijh]jghabjm_fhc ozZjzdl_jbklibdb |

Gz(hi 1.1 nihenlbq kdbo ‘MU keaZleZlh\j_f_gghklvx hl ~h km
\dexqZ | jy’\u_ _kj g km_lhqguo qbk(?h ij_~“bdlhjh\ \oh”~beb I|Z[ebpZ
‘harmoZz fK b Kmihgguo kmff _ @iZkoh~u \h~u \ azfudZxs_f kith
baf_j _gguo |lzd _ gz f_l_hklzZgp

Q2 Tk gz ~_gv \u”rZqb ijh]lghaz |
wihlh [Zkk_cgZ Fh'Zckd FzZ

Bkoh~gu_ jy®u gZ[ex”™_gbc

ij ~uklhj®x« kmlhd

Hlgbgkd aZ i_jbh2o15 [h£h\ Jz.szofﬁdhknb:ig{gu{k kamzlhqiguxukmpzfx—g
ki ~g_kmlhgguo jZkoh”h\ \hAu ka © kmihg = .
lhl *_ i_jbh~ \j_f_gb ihgZZepgufgbc

@kmlhggu_ kmffu [12,7dfff\ ih
hir _evguf f | _hklzZgpbyf gZ *~_gv \I
ijhlJghaz b azZ ij_~uRlkjbkmlhd

1b7jhf_ljbg_kdhf ihleli 2kZ]hjv _
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LZ[ebpZKljmdImjZ kljhdb fZljbp bkoh”guo "Zgguo
Table 1. Structure of the input data matrices

Ghf_j
Il j_ f ggu_ ihabpbk HibkzZgb
kljhd_
lj_~bdZlu
JZkoh”u \h"u 2-8 | Qw22 «
©>bgzZfbqg_kdb_2 ij_~bdlhju
JZkoh”u \h”u 9-16 Q2 2 «
FZdkbfZevgu_ kmlhgqgu_ baf_ g _gby jZ|17-23 04PDJ[ 2 «
Kmlhqgu_ kmffu hkz~dh\ ih Ij_f f_|_hk 24-47 Po 2 «
j = 27 509, 27 606, 27 61
Kj_~gb_ kmlhgqgu_ kmffu hkzZ~dh\ 48-55 P.o 2«
Kj_~gb_ kmlhqgu_ kmffu hkz~dh\ gzZd| 56-61 ™3 2«
©Bg_jpbhggu_2 ij_~bdlhju
Bg” dk ij_~r_kl\mxs_]h m\eZ g _gby 62 +
GZdhie_ggu_ hl gZgZeZ k_ahgZ kmffu| 63-65 ™o7 ™3, ™%
ihjhlh\uo agZg_ghbc b fK
KmffZjgh_ hl gZqZeZ k_ahgZ jZkq_Ilgh 66 -2'6
@kj_~gb_ ih Ij_f f_I_hklzZgphb: 448 Fpl>9 5 4 4
$, ff gz ~_gv \u~zgb ijh]gl 26L. 544 OOEEVEIR

ra OOFE vQ r
1" 2'6tkmffZjgh_ bkiZj_gb_ aZ kmldb
Rezijboh” kheg _gghc jZ"bZpbb gZ \_
liZgbpm Zlfhkn_ju <I

ij_Auklhj®x« kmlhd
@gzZdhie_ggu_ kj_~gb_ ih [Zkk
A2, ff az ij_~ukkhjoxkmlhd
- @gzdhie_ggu_ hl gZazeZ dZ " r.j ng kmihqgZy |_fi_jZImjZ \harm
i_jbh"Z kmffu kmlhqguo Afi_fX FZljbpu bkoh”guo ~Zgguo hj]Zgbal
tur_ ihjhlhiuo agzq_gbc P ihkijhggh kijmdimjz kljhdb ij_~klZ\e
@jZka_lgu_ agZq_gby 1Z[ebp _ < i_j\hc ihabpbb dZ'~hc |
j_rr_kl\mxs_Jh o mieZ" $ gbyff 7y ihez]z 1ky ©I_dmszyzlzr2ler 24 b
\ugbkey_fhJh ih “Zgguf h kj_"gbty gy jhf _glzevgh]h tijhkghaZhabpbb
hkz"dZo aZz kmlhd —ij_"r_kIYyijhdb jzkihez]Z_lky jZkoh” tiru gZ
\utZgb ijhJghaz ih nhjime_ i j f_go@y lhabpbb keQ\Zkhl ih

L o _ - aZgbfzZxl ij_~bdZ[lm™msb_2 jZkoh”~u \h"
L2%ET 2, Erawi2, Eraul 2, E ?th:J_&hO\IEI?Ing;E o KIJZ\Z]Z(Et:heZ]ZX
.0 g9 @4 ij_Ar_kl\mxsb_ jZkoh~u \hAu gz Jem
Erat i 2 Eras i 2. mqgblu\Z_fhc ij_"~uklhjbb \ Qhjytrd_ k
@9 a@s Q7 >Ze__ jZkiheZ]zZxlky fZdkbfZe
@gzZdhie_ggh_ hl gZqZez k_a\_ebqgbgu baf_g_gby jZkoh"Zz
bkiZzj _gb A2'6 ff ij_~klz\eyx ij_"r_kl\mxsbc i_jbh” hl Ah km
ihl _gpbzZevgh_ bkizj gb_ kmffzZj(G4PR¢GAPR[ >Ze__ ke_"mxl|l _ " _"g_\c
| ieh]lh i_jbh”~Z \ugbkey fh_ i hkzZ~db ih Ij_f klZgpbyf 7"ey dZ "hc
agZq_gWPET k bkihevah\Zgb f nkgZgqZeZ aZ |_dmsmx ~ZIm aZl_f ihke_
H ~ b Qudin, Michel, Anctil, 2005]: aZ ij_"r_kl\mxsb_ ~gb hl ~h kmlhd

ZgZehlbqghf ihjy*d_ jZkiheZzZ]Zxlky Kkj_
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[Zkk _cgm hkz~db \ h[hbo kemq:ho\Zlu\Z_ | agZq_gby \j_f gb ~h[_]Zg
ih 1j_f klZgpbyf RxP.KkIVAZI_f ke_“ex[h]h ba bkke_"m_fuo iZ\h~dh\

gZdhie_ggu_ kmffu kj_~gbo ih [Z] KemqgZcgh_ i_j_f_rb\Zgb_ bkof
aZ g_kdhevdh ij_~r_kl\mxébo*\Vng"Zgguo
(M3 ~h k_(f¥8 GZ wlhf aZdZg < khhI\_Ikl\bb k Ij_[h\Zgbyfb ih~]hl

khihdmighklv Jukljhbaf_gyxsboky AZgguo fh”r e c fZrbgghlh h[mq
dhihju_ fh gh gZal\Zlv ©"bgZ Bhattacharya, Solomatine, 20064 Z[hj ~Zgguo

bkihevam_fuo \ dZq_kI\_ ij_"bdlh/\he‘_g [ulv jZa” e _g gZ h[mgZxsbc b

>Ze__ ke_"m_I gZ[hj ij_"bdIFgz[hju ~hklZlhgghc “~ebgu b h[eZA:
fh gh h[hagZqgblv dZd ©bg_jpbkohrgufb klZIbklbg _kdbfb o0Zjzdl_jbkl
bgh_dk ij_"r_kl\mxs_]h  m\$Z 'Baaz klhozklbg_kdhc ijbjh”u j_qgghlh
gZdhie_ggu_ kmffu iheh bl_evgu jhke ~g lji_[h\Zgb _ dz" |
™T7\ur_ b fK Z 1Zd _ K|jmAgh\uihegbfuf ijb jZa”_e _gbb bkot
bkizjy_ fhklv ™3(7 LZdbf h[jZEdZe_g/\nguo jy~h\ gZ[ex” _gbc hkh[_g
kljhdZ fZljbpu bkoh”guo "Zgguo rey hilbfbaZpbb iZjZf _ljh\ fhnr_
kh[hc hi”_evgmx kljmdImjm pkihevam Iky f_Ih~ fgh]lhdjZlghc
\dexgZxsmx iheguc gZ[hj \Zeb”Zpbb lib wlhf f_Ih~_ bkoh"
bkiulul\Z_fuo ij_"bdZlh\ b ij_"bh[mqgzxsbc gz[hj ~hihegbl_evgh jZa" e
az"zZggmx "Zlm H[sZy “ebgZ dl jz\guo qzkl_c b h[mg_gb_ ijhba\h~
fZljbpu bkoh”guo “Zgguo khklzhd qzZklyo Z ijh\_jdzZ gz qZklb az

LZdbf h[jZahf ~bgZfbq_kdb_jhke ~h\zZl evgh f _gyxlky MdZaZggu._
mablu\Zxl bgnhjfZpbx gZ *_gv \U’fhIml| ijb\hAblv d kf_s_gbx klZlbklbqg.
b gZ ]Jem[bgm ij_"uklhjbb \' kmltgzjzdl jbklibd ijb ijhklhf jZa~ e _gbb bk
ij_"_evgZy aZzZ[eZ]h\j_f_gghklv \y[hjdb WIZ ijh[e_fZ [ueZ gZfb j_r_gZ
bkiulu\Zxlky f_lh~u ijhlghaZkemqzcghlh i_j_f rb\Zgby bkoh~gh]h
h[mkeh\e_gh khh[jZ _gbyfb qlh “Azgguo qlh agzqgbl_evgh mf_g
hij_~_e_ggmx azZ[eZ]h\j_f_gghkl'paf gqgb\hklv f_*~Am ih~\u[hjdZfb ~Z
ijb\e_qv bgnhjfZpbx aZ ij_~uklhjl jpkmghd
lZdhc ~_ "ebl_evghklb beb [h lib jZa~_e_gbb bkoh~ghlh gz[hjzZ ”
ij_"_evgh]h bgl_j\ZeZ kmlhd rey j db 1jhI\Z gz ihA\u[hjhd kemgq
ij_"\Zjbl_evgh \uiheg_gguf i j 1Zkh\dZ ihdZaZeZ kgb'_gb_ dhwn
dhwnnbpb_glh\ dhjj_eypbc klhdZ\zjpzpbb kj ~“gbo agZq_gbc ih~\u[hjhd
jZaebqguo bgl j\ZeZo \j_f_gl g Ah "ey g i j f rZgghec
\uihegyeky dZd dZq_kI\_99 i j f rzgghc \u[hjhd khhI\_Ikl\_ggh
khihklZ\e_gby hi®*_evguo ]b"jh[jz[hldZ bkoh~gh]h gZ[hjZ ~Zgguo \
]b_Ih]jZnh\ lzd b f_ Ih~hf dz ~Zy kljhdZ ij_~klZ\ey | jy» ©~bgZzZfb
dhwnnbpb_glh\ dhjj_eypbb klhdZp ©bg jpbhgguo?@ ij _~bdlhjh\  ~him
kdhevaysbf k?\bJhf \h \j_f_gb H[ ihAh[gh_ kemqgzZcgh_ i_j f rb\Zgb_ k&
koh?gu_ j_ameviZlu oZjZdl_jgh_| f kzfuf klZlbklbqg_kdb_ \aZbfhk\yab
\j_fy *h[_]Zgby "ey [Zkk_cg9Z jrzggufb [_a baf_g_gbc lhemq_
k_eh KAZhjv_ khklZ\egmllhd LZj j f rzgguc gZ[hj "Zgguo [ue jZa"_e_
hljZahf \u[jZgguc ey I_K ihM\u[hjdb A"Zgguo “ey h[mqg_gby |
ij_~_evguc bgl_j\Ze kmlhd rzgguo ~ey ijh\_jdb fh”_e_c
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JbkmghdKjz\g _gb_ bkoh”ghc g i _j f rZgghc b i_j f rZgghc \u[
Figure 2. Shuffled (orange line) and initial (unshuffled, blue) input dataset intercomparison
HibkZggh _ \ur _ kengZjmrzZ |ky b dzZ ~hfm agZq_gbx ij_
i_j_f_rb\Zgb_ g_ ijbf_gyehkv ijb khhI\_Ikl\m_|I agZq_gbc ij_~bdlhjh\
NZgguo Ney fh” _eb k Ahwlh]h I1Zzdb_  ©[ehdb? i j f rb\Zxlk
djzldh\j_f gghc iZfylvx /R€d kemqgZcguf h[jZahf azZ]jm Zxlky \ fh~"_
memor\ ihlhfm glh \ wlhc h[mg_gby
ij_"mkfhlj_gZ ~jm]Zy ijhp_"mjZ i_ Bkihevah\Zggu_ fh”_eb b f_Ih”u

[Abadi et al., 2016] < fh”_eb bkihev ihkljh _gby
7ij_~bdlhjh\ jZkoh® \hANi_jzZImjn o _
kmihqgu_ kmffu PkgZdhi\l hklzg ljhljzttgZy j_ZebaZpby

(=27509, 276086, >ey dZ ~hlh ¢ >ey bkke_~h\zgby [ueb ihkljh
ij_"bdZIQ . nhjfbjm_lky ih~fgh® 9_kdhevdh fh"_e_c fZrbggh]h h[m
ij_~bdlhjh\ kh kA\b]lhf ~g_c rz]lhkljh_gb_ fh~_e_c [ueh \uiheg_gh gZ
\j_f_gb b bkoh~gzy \u[hjdz3\WKRQ '\ Dbgl_jzdlb\ghc h[hehqd_
©gZj_azZ_lky2 gz ©[ehdb? Dbf_xs IRWHERRN k bkihevah\zgb _f [b]
> @ dz'~Zy ba dhlhjuo high fZrbggh]lh h[mq_glbarmnVRedrbgos et al.,
gZ[hjm ba ij ~"xhZlhbf xs f12011] bTensorflow [Abadi et al., 2016] Bkoh”gu _
jzaf_jghklv > @ Fh gh azdh®u fh*_e_c b gZ[hj ~Zgguo "hklm

ojhgheh]by bkoh~gh]h jy~z lzdbi_ihablhibb

YFhj_c*h < F Fh”_eb fZrlngghdby ~ey djZldhkjhgguo ijh]lghah\ jZkoh "K\iZk*u j |
AZ]lhjwWe dljhgguc |/ Gitdub@URL: https://github.com/esmoreido/protva_model$ Z1Z h[jZs_gby
15.12.2020).
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;ueb azZijh]jzffbjh\Zgu b hldZ eh]bklbg_kdZy nmgdpby kb]frt
g_kdhevdh hkgh\guo fh”_evguo Z]bi_j[hebqg_kdbc 1Zg]_gk ihemebg
@fh™_ev fgh™ _kI\_gghc e\uijyfbl_evguc we_f_gl 5H/8 b ~j <uo
j_li_kkbb NZggu_ k g _kjhdE f hlijz\eyxlky gZ

@fh”_ev bkdmkklI\_gghc g_cjhgke_"mxsbc kehc g_cjhk_¥fi F fq_kZfb
@fh”_ev k "he]lhkjhgghc djZlcK\yab ij_"“klZ\e_gu ebg_cgufb \_kZfb

1 Zfyvx g _cjhgzZfb gZij'fioijh[hagzZqZ_| k\yav
Fh™ _ev fgh _klI\_gghc ef_""mf g_cjhghk-ft g_cjhghf dhlhju_
j_li_kkbb gZoh”ylky gZ I#jt\lg_khhI\_IkI\_ggh

Fh”_ev fgh _kI\_gghc eFghlhkehcgzy k_lv ihdZaZggZy gZ jb
i li_kkbb ~zéeM_ #_ ~klzZ\ey | ngau\Z_Iky. iheghklvx k\yaZgghc ih
ebg _cgmx fh~A_ev hilbfbabjmxksdZ "uc g_cjhg gZ h~*ghf keh_ kl\yazZg ¥

\oh~guo i j f gc9 L F:9nmAart; 9g_cjhghf gZ khk_~g_f keh_ KeHb \\h"Z
ih f_ lhAm gzbf_gvrbo d\z~jzlh\ 9Zijyfmx klyaZgu kh \oh”Zfb b \uoh?
\oh~guo i _j f gguo fh~r_ev (ihwlhfm gZaul\Zxlky \b”bfufb kehyfk
hilbfbabjm_fuo iZjzZf_ljh\ hlebgb_ hl kdjuluo keh_\ ihk_j_"bg_ <

hij _~ eyxlky iml_f fbgbfbaZpbb p_c¢

Fhr_ev BGK ih |Ibim fgh]t . o
i_jp_iljhgz nmgdpbb gZijbf_j ih f_Ih"m gZbf_
Fhr_ev bkdmkki\_gghc g _cjh o 2riziht f_-om- “zggufb —jzkq_Iht
; " == o J gZlex"_gbc Iljhp_kk hij_~_e_gby \_kh
Ibim fgh]hkehcghl]h '—”p—gl—]m@gz—chau\Z_lky h[mq gb f Z bkihevah\Zg

nmgdpb_c ZdIb\Zpbb gZ KHaykin,o gZ[ex" _gbc "ey hilbfbaZpbb p_e _\hc 1
2009] a”_kv b n"Ze__ h[hMIFZA 1 enveb\z | gzalZgb_ ijhp _kkZ ihA[h
ij_"klz\ey_|I kh[hc h”gm ba fgr©h[mq gb K mgbl_e fa G7Zb
ZJO*?L—d'mJ BkGdK kEIk\gh\Zgguo g_i iZkijhkljZg_gguf f_IhAhf h[mg_gby y\e
gt gzo Bkdmkkll_gguc O-cLMh(jzigh_ jZkijhkljZg_gb_ hrb[db >5XPk
h[hc g_ebg_cgmx nmgdpbx DO @ dhlhjuc ij _~klZ\ey | kh[hc
Zijlmf_gl&byy cghc dhf[bgZpbb \k_f IhAZ 1jZ~b_glgh]h Kimkdz Y
kblgZeh\ B@kh tih"oh” d h[md_\".pophgm hrb[db h[jZlgh \ BGK

Ziijhdkbfzpbb nmgdpbc imi_f o 0230 o O EY e B
we f glh\ gZau\Z fuo g cjhgzft Lon\eyxs_] _ agZq_gby \_ g

(

f Am kehvf jzkqg_lghf rzZ]_ 1h kjz\g_gbx k ~jm
- ?-th Yo hA N f_lh~Zfb hilbfbaZpbb 1Zdbfb C
C-cihghemaiohtgu_ #2994 wihexpbhggu_ Zelhjblfu h[jZI

\_dIhjh\ bkihevam fuo ST I S iinkliZzg gb_ hrb[hd hq_gv wnn_
ijbk\h_ggufb bf \AjF“Jub \uqbkey[ez]h,\ij Abnn_j _gpbzZpbb b ebg
g_ebg_cgh_ ij_h[jZah\Zgb_ "€)ozjzdl_jm k_I_\uo kh_~bg_gbc Dhe
agZq_gby \ "bziZahg > @ g cjhgh\ \ keh_ gZau\Z_Iky rbjbgt

dZq_kI\_ nmgdpbc ij_h[jZah\Zgb ghepq ki\h keh_\ gzZzau\zZ Iky Jem[bghc
ZdIb\Zpbhggufb bkihevamxlky gZ1ijbt_]
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Jbkmgh#o_fZ g_cjhgh\ BGK ih Ibim 0/3 Z B11H[hagZa%TE Sy

\_dlhju i_j_f_gguo c¢ZE@gh\* kZ \oh~guo i_j_f_gguo
NxljZgknhjfbjh\Zggh_ agZq_gt>rkahEhhguc qe_g
fnefgrx\_KZ ljZgknhjfbjh\Zgguo i_j_f_gguo f_""m Kmhyfd_gjlghukgb
ke_"mxs_f \gmlj_gyg_#\ kelh] \u\k*A\oh”*ghc \_dlhj ij_~bdlhjh\ gZ \j_f_gg

rz] 22=1«Q rzZlh\ ih \j_hegifZljbpzZ \_kh\ g_cjhgh\ gZ \j] & gghf rz]_
k-oxfZljbpzZ i_j_f _gguo khklhygby gz %f ] dovefyt&j iZfylb
i £j Jmeylhj \dk}Zlmeylhj \uoh”Z
Figure 3. Diagram of a neuron of an artificial neural network of the MLP type (a), a recurrent neural
network RNN (b) and LSTM (c). Notatio¥; F T3 vectors of variables at the inp /& ranAtweights of
input variables' f ttransformed value in neurgn > zthias; f, fy) tweights of the transformed variables
between the layers of the neural netwdgkn, n+neurons on the next inner laygiis the output vector;
X+ 2 Zinput vector of predictors at the time st2@= 1« ntime stepshy-22PDWUL[ Rl QHXURQVY ZHL
time step2 k-2 xmatrix of state variables at the time st2p forget gatej input gatep output gate

Fh"_ev k "“he]lhkjhgghc djzZlcdhf[bgbjm_Ilky k \oh~gufb ~Zggufb
iZfylvx i_j_oh~zZ d ke_"mxs_fm \j_f_gghfm n
Fh~_ev k ~he]hkjhgghc djzIc511 hfmgzZxlky k bkihevah\Zgb_f Ze]
i Zfylvstong short-term memory ~Ze LSTM) hliZlgh]h jZkijhkljZg_gby [Wozej, f_gb
+ fhAbnbdzZpby j_dmjj_glghc 9_01989;Werbos,1990]thhjuc ijbf_gy_| h[jZlgh_

(RecurrentIHXUDO 1HWZRUN 511 JZkijhkljZzg_gb_ ihke_ i_jih]h jZa\_jlu
h[maq_glpchreiter, Schmidhuber, 1997]k k_Ib DZd b \ kemqgZ_ k 7jm]bfb Ze]
"hihegbl_evgufb i_j f ggufb h[jZlgh]lh jZkijhkljZg_gby nmgdpby

khojZgyxsbfb \_kzZ hl~_evguo JZkijhkljZgy lky \ h[jzZlghf gZijZ\e_gb
i_j_~Zxsbfb bo f_~m jzkq_lgufb hij_"_e_gby hfghle_gbc \_khl < i
h[mq_gbb g _cjhk _Ib _keb bo agzi_dmjj_glguo k_lyo h[jZlgh_ jZkijhklj:

kgb  _gbx hrb[db fh~_eb /670 klZedb\Z_ lky k ijhle_fhc bkg_aZz:
bgnhjfZpbx h khklhygbyo f_“Am lJZ"b_¢Hachreiter, 1998].< h[sbo q_WEDb

rz]Zfb b gZ hkgh\zZgbb izjzf_Ijh\iih[e_fZ fh"_| [ulv hibkZgz 1Zd ihkd
iZfylb hij_~ ey | dh]*Z dZd ~he] khklhygby ba [he__ jZggbo \j_f_gguc

bgnhjfZpbx b dh]~Z _z fh gh @az[fghlhdjZlgh mfgh Zebkv gZ \_dlhju
j_dmjj_glgu_ g_cjhggu_ k_Ib 511j_""_ q_f hgb \ebyeb gZ dhg_qguc j_
lhevdh \_dlhj h~ghlh ijhreh]h \ebygb_ h[jZlgh]h jzZkijhkljzg_gby g
jbkmghd [ Khklhygbh kyeqn_]‘cmmf_gerehkv wdkihg_gpbZevgh “~h ¢

izfylvx kbkl_fulhqiffoh bf gz khkll_ameviZi_ijhkiu_ 511 h[mqgZebkv
\ fh~_eyo Z\lhj_]j_kkbb < _dimj f_"e_ggh J_r_gb_f wlhc ijh[e_fu
mfgh Z _lky gZ h[mqgZ_fu_ \_kZjobl_dImj_ /670 yleyxlky ki_pbz
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jZajZ[hlZggu_ [ehdb gZau\zZ_ fu_ . 5 ~

\oh~"Z \uoh”Z b izfylb jbkmg 8 L S hlasecF &° ()
j_]meylhju dhlhju_ kZfb ih k_ c'd-38'|: 2% 4L sy 7)
g_cjhgzZfb k h[mqz_fufb \_kZfb & 55C ..

ihihd bgnhjfZpbb ey i j f _ggRc | tlc Aaxu (8)

lhke_ h[mq_gby \oh”ghc AgZq_gby ihd:f &l g&yoh”ylky \
dhgljhebjm_| dZdb_ \oh”gu_ ~"Zgbgl_j\Ze_ > ’ agZg_gby f_""m
\Z'gu qlh[u bo azihfgblv J_]mik\b~ | _evkl\mx!| h[ hlebgghf dZqg_kI\_ f
j_rZz_1 dzZd ~helh b dzZdh_ ijhreijh]jghaz 07 = ohjhr_f 1,0+ *

iZfylb "he gh o0jZgblvky <uoh”g m~h\e I\hjbl_evgHftdhigb]lh*rghf >ey
hij_~_ey_| dzZdZy qzZklv i_j_f_ogjzkq_I1Z wlhlh ihdZazl_ey lj [
bkihevam_lky 7~ey \_dlhjZ \uoh”™ibkihevah\Zgby ojhgheh]bqg_k
<f_klI_ hgb iha\lheyxl k_Ib aZ g i j f rZggh]l]h bkoh”~gh]h jy*Z gZ[e
i j_"Z\ZIv bgnhjfZpbx ba hf Ih"bdZ khihklZ\e_gby fh”r_e ¢ f_""m
ij_~u"msbo khklhygbc h ]lh ihfhsvx hibkZgzZ \ ke_“mxs_f jZa"_

g_kms_kI\_ggmx bgnhjfZpbx J_ameviZlu jZkg_Ih\
N
F_Ih?u hp_gdb dzq_ki\Z fh Ij_MZjbl_evgh [ueh iih\ _j gl

>ey hp_gdb j_amevlZlh\ ijh]ij ~iheh  _gb_ qglh i_j f rb\Zgb_ bkol
[ueb bkihevah\Zgu ke_"mxsb_ojhgheh]bg_kdbo jy~h\ ~Zgguo ijb\h
ijhlghah\ Kji_~g_d\Z?jZlbg_kdh_ih\ur_gbx mklhcgb\hklb fh” _eb gz
kfh”" _ebjh\Zgghl]h jynz hl Nnzh[mg_gby b memqr_gbx j_amevlZl
jZkkgblu\Zehkv dzd ijh\_jhgghc \u[hjd_ >ey wlh]h [ue ijh
5 xc " N wdki_jbf_gl k fM_evxh”_ wdki_jbf_glZz
5L 8 Afgd 3y F 3jo B) hagz b1z > Zjobl_dImjZ fh~_eb [ueZ ¢
KfhA_ebjh\Zgguc jZkohk \FP _”h_\—fj—iz k ih;hs_‘”‘_ fojggheh]bq_—
A g_t1_)j_t_rzgguo I_Jj_t_rZgguo ]y
Zlex”_ggh_ agZd gb_ f jZa™_e_gguo gZ h”"bgzdh\u_ ih “ebg_ h
b ijh\_jhggu_ \u[hjdb JZkq S kdjbl_jb_

A 35+
Si

!
0+rebgZ hp_gb\Z_fhlh jyrz

Wn”_d'b\ghk'v ijhlghalNse  jjhbalh~beky g _ihkj_~kI\_ggh
highkbl_evgh kj_"g_]h jZkkqblZgihemq gguf ijh]ghklbgq_kdbf Jy’\Zf b
Wnn_dlb\gthbK(Z\l/\de'CbnnZ gZ[ex" _gbc aZ dZ "mx azZ[eZ]h\j_ ggh

OS,LsFﬁ%_IFg?Egd @) jZkq_t ¢ "ey dZ ~hc fh”_eb [ueh \ay

Ag 1EY?2EVo agZq_=®€pbih nzdlbg_kdhfm jy"m KjZ\g._

>ey hp_gdb ij_bfms_kI\Z j_amevIZIh\ jbkmghd ihdZazZeh

highkbl_evgh ijhlghaz ©ih khihklZ\bfuo agZdjbdbpo \ dzZzq_klI\Z gz
jzkkgblu\Zeky ihdzazl_ev >;hjs NImaZxs_c \ufhjd_ gZ ijh\_jhqgghc \u
2015]: fhr _ev h[mqg_ggZy 9Z i_j_f_rZgguo
i ihdzZau\z | j_amevlZlu kms_ Kkl

- () ij \nkoh~ysb_j_ameviZlu fh~"_eb h[mq

]n_ 5+kj_~g_d\z~jZIlbg_kdZy hrb[0ihgheh]bqg_kdhf jyrm L2
3): kj ~g_d\Z”jZlbgq_kdZy hrb[dZ fh" e

& thidehg_gb_ ijh]ghaz ©ih i_j_f_rb\Zgb_f gZ \k_o aZ[eZ]h\j_f_ggl
ney dZ ~hc azZ[eZ]h\j_f_gghklb ki ~g_f emqr_ ¢zk ~hf 3 k{NSE
emqr_gZ \_ebgbgm f ée&bZ Z"™h
0,12).
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JbkmghdKjzZ\g_gb_ j_ameviZlh\ ijh]ghabjhMZIlg bk iithe ¥rah\&igb _f
ojhgheh]bg_kdh]h b i_j f rZggh]h jy~rZ
Figure 4. Comparison of the LM model forecasting results trained on unshuffled (red bars) and shuffled
(blue bars) time-series

< j_amevlzl_ ey jZkq_It é h LSTM_TP mqgblul\Zxsb_ \k_ bf_xsb_ky

"ey fh~_BbP 1Zd _ J[ue bkihevgZebqgbb ij_~bdlhju jbkmghd [
hibkzgguc \ur_ ih”oh” h[mqg_ghb LZd ey i_j\uo rzlh\ ih
i_j_f_rZgguo jy*"Zo ij_"bdlhaz[ez]h\j_f_gghklb \k_ fh”_eb [ueb ~hl
ihke_“mxs_c ijh\_jdhc gz i_j_f ZddmjzZlgu \ ij_~kdZaZgbb jZkoh”h\ \I
g_i_j_f rZgghf jy~_ ljhp_kk h\ujZz Zehkyv \ g_[hevrbo agZq_ ¢
ijh\_jdb fhALS&W [ue hibkZg \ur_ kj_~g_d\zZ~jZlbg_kdhc hrb[db oh
1Zd”_ iha\hey | ihemgblv ijh\_jhkh]eZkh\u\Zebkv k nzZdlbqg_kdbfb jy’
ojhgheh]bg_kdhf ihjyrd_ b khihkl\ukhdbc ihdzZazl_ev wnn_dIlb\ghklb
ijhlghaz ih djtt ébx ©ohjhrb_?2 agzt égby\ijhg_f djhf_

<A fh~r_eb /O GZ wlbo aZ[eZzZ]h\j_f_gg

Hlkm *_gb_ g_khfg_ggh wih  hltykgy_Iky \ul

Hp_gdz fh”_e_c gZ ijh\_jhdhwnnbpb_glhf Z\lhdhjj_eypbb H~”gZd
ihdzazZez qlh gzZblhe__ dZq_kl\gzgbgZyijkljghaz gz kmlhd dzq_
aj_gby hrb[db ijhlghaz b ijhlJghabjh\Zgby momA~rZehkv ih \k_f fh
wnn_dlb\ghklb hdZaZebkwlP flo*_ebrv 0/3 ihdZazZeh \ukhdmx wnn_dlb\g
Ilhgghklv \iehlv ~h k_~vfuo ijhl]ghaguo k
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z
JbkmghdzZdlbg_kdbc b ijhljghagu_ ]b”jh]jZnu j_[db ljhI\Z aZ i_jbh” k
20031h~zZ Z b j_amevlZlu hp_gdb dzZqg_kI\Z fh~_e ¢ gZ ijh\_jhggh
Figure 5. Observed and forecast hydrographs of the Protva river for period MaretMagp, 01 2003 (a)
and the results of the model quality assessment on the test dfitaset (

dh]~"Z agZg_gby 16( g_ miZeb gb g_ klhev kms_kI\_ggh Z gZebgb_ dhe
£ 6 "Z _ 9gZqZeb kgb Zlvky < p_ ih*t_f_ iheh\h”rvy dhgdj_Ilgh \aylh]h
hif _Iblv qgqlh ~\_ fh~_eb g_cjhbeexkljZpbhb ]h~rZ hljz >z _ | j_Zdpk
bkihevah\Z\rb_ \ dZq_kI\_\oh”~gtdhe_[Zgby |I_fi_jZImjgZAnha~*mo|_

g_ lhevdh ij_~r_kl\mxsb_ jZkoh”

| fi_jZImjm ‘ha’moZ b kmlhqgu Azdexq_gb_

ihdZzazZzeb [he__ \ukhdh_ dzZqg_KkI\ <uiheg_ggu_ jZkqg_lu ihalhebeb hp
ebg_cgZy fh”_ev b fh~_ev /670 [ ijbf_gbfhklv fh*_e_c BGK \ dZq_kI\_ I
< kemqZ_ k ebg_cghc fh~_evx ”"ey kbkl_fu djzZldhkjhgqguo ijh]ghah\ jZ
hitykgy_lky ijbk\Zb\Zgb_f [he__ \h”u \ j_gghc kbkl_f_ Kj_~g_c ihehku J
agZq_gbyf ij_~r_kl\mxsbo jZkohij_bfms_kI\_ggh kg_]h\uf iblzZzgb_f JZ
g_"“hklZlhqggh kms_kI\_ggufb \ihdZazZeb qglh BGK fh]lml Julv ijbf_g_«¢
ij_~Abdlhjh\ | _fi_jZImju b hkz~dh ijh]ghah\ ijb mkeh\bb bkihevah\Zgby

/1670 [_a | _fi_jZImpdkmlkI\b_f mbf_xs_cky Ib*jhf_I_hjheh]bqg_kc
\hafh gh]lh gZdhie_gby hkz~Adh\ bgnhjfZpbBZgguo h ij_*u"msbo jZkoh”
khklhygby hI\_gqZxsbo az i_j_j\h~u I_fi_jZImj_ \ha"moZ gZ \h~hk]
hkz~dh\ \h \j_f _gb dhebg_kI\_  hkzZ~dh\ Ijb wlhf kha

Ba ihemq_gguo ijhlJghaguo ]b \hafh ghklv ~ey [he__ mklhcgb\h]h \h
i_jbh” ijh\_jdb \b~rgh jbkmghd ijh]lghazZz q_f bkihevam_fu_ \ gZklhys_
fh~_eyf k\hckl\_ggh azZgb'_gb fh”_eb fgh _klI\_gghc ebg_cghc j_]j_kk
jZkoh”~h\ \h~u k m\_€ < oh”_ gbke_gguo wdki_jbf_glh\ ih
azZ[ez]lh\j_f_gghklb h~rgzdh ~ey fwnn_dlb\ghklv ih”]hlh\db "Zgguo k \de:
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©bg _jpbhgguo?® b ©*"bgZfbg_kdboh[mgZxs_ ¢ b
dzd kj_"g_kmllihdZazgh

\ dhlhju_ \oh”"yl
gZ[ex™_gbc az
oZjZdl_jbklbdzfb gZ
ij_~bdlhju

HI:KGU? IJHP?KKU B Y<E?GBY Lhf2

\h~hk[hj._
jZkkgblzZzggu_ gzkméfhgZoh”~blky gZ \ukhdhf
b jZaghklv agZq_gbc \ kdhevays kms_klI\_gguo ki_pbZevguo agZgbc

<ud| 202C

ijh\_jhgghc
wnn_dlb\gh_

]b”rjhf_I_hjheijh]lghaZz ijb 1Zzdhf i_j_f_rb\Zgbb
ljh]ljzffgZy ZebaZpby
mjh\g_

m\eZ g _gby aZ ”"ebl_evguc i_jb [Zah\uo gZ\udh\ ijh]jzffbjh\Zgby
ihl_gpbzZevgh_ bkizZj_gb_ k \h”lh[jZahf ke _"m_| ijh\h”blv
[ueh hijh[h\Zgh kemqgZcgh_i_bkke_"h\Zgby \ gZijZ\e _gbb bkihevah\:
bkoh”"guo ojhgheh]bq_kdbo jy*h\ ijh]lJghklbg_kdbo p_eyo \
ih\ur_gby \u[hjhgghc mklhcgb jZaebgguo ijbjh”rguo ahgZo
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:gghlZpblyb nhjfbjh\Zgbb j_qgh
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Abstract. When forming river runoff, as a rule,
maximum modulus decreases (reduction) as
catchment area increases. For catchments wi
area of less than 5 Kmreduction of maximur
drainage and runoff modules is not expressed, v
confirms the accepted assumption of equal drai
and runoff for small catchment areas. This is the
stage of the process of forming flood water runof
channel-free slopes. At the second stage, catch
with an area of 5 to 10 kKhtend to decrease t
maximum runoff modulus with an increase
catchment area. The reason for the decrea
drainage modules is a decrease in the effe
catchment area as a result of a change in the
cover area; for water flow modules - reduction of
effective catchment area and beginning of che
regulation. At the third stage, at catchments wit
area of 10 to 100 kfna decrease in the maxim
water flow modulus depending on the catchment
has a stable tendency, determined by che
regulation, a decrease in the existing catchment
and features of the increase in the catchment
along the length of the main watercourse. At
fourth stage, at catchments with an area of more
100 kn?, the reduction of the maximum module
water flow has a stable appearance and is deter!
by channel regulation and features of the increa
the catchment area along the length of the |
watercourse. For small watercourses, the depen
of the shape coefficient of the catchmeni) @ its
area reflects the process of development of
catchment from slopes in which the width of
catchment is significantly longer, to watercoul
where the width of the catchment becomes less
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dhwnnbpb_glZ nhjfu \h“hkhhjZ the length of the watercourse. In generaljsknoi

iehszZ”b hljz zZ_| ijhp_kk jZa\b sufficiently informative and does not reflect

hl kdehgh\ \ dhlhjuo rbjbg. features of the increase in catchment area alor
kms_ kI\_ggh [hevr_ "~ebgu d length of the channel of the main watercourse.
rbjbgz \h”~hk[hjZ klZgh\blky f  mainreason for using:kn analysis and calculatio
\h~hlhdZz < p_eahf g DhklzZl is the lack of cadastral data on the increas
bgnhjfzlb\_g b g_ hljz zZ | catchment area along the length of the r

gZjZklZgby iehsZ”b \h*hk[hjZ watercourse bed for all hydrologically studied riv
lez\gh]h \h~hlhdz Hkgh\gh

bkihevah\Zgby ijb ZgZeba_ |

yley_Iky hlkmlkI\b_ dzZ”Zkljh\

gZjZklzgbb iehszZz”b \h~hk[hjZ

]Jlez\gh]h \hMégz\k_o ]b”jhel

bamqg_gguo j_d

Dexg_\u_ kehf\ZdkbfZevguc Keywords: maximum unit discharge; shape fac
klhdz dhwnnbpb_ gl nhjfu of the watersheds; reduction coefficient; are:
dhwnnbpb_gl j_"mdpbb iehsz watershed; flood; drain layer; flow of water
iheh\h”Av_ keh¢Zklhd’Z \h~u

<\_ " gb_ ij_~klz\ey_| kh[hc dhwnnbpb_gl j_*

fZdkbfzevgh]h fhAmey kihdZ \ Kk _gg._
. A :
iiZ\beh ijhbkohAbl mf gvr gb  S—'9_Ih ~ihehih?vy "k mi_ebq_gb_f i

fZdkbfZevghlh fhamey ijb \hajzkl ‘" NKIFHZdf

\hAhk[hjZ WIZ az\bkbfhklv g_| Mous- L

IEAﬂllh;_z%ylzkg\ygs kjfv?befb?jgl’{(IZIZI\]A— maun £ fzdkbfzevgue fhimev klhe

hp_gblv j Amdpbx fzdkbfZevgh]n —<-99-1h ~beb ~e_lg_Jh - ihehih™
N - . A 2 we_ f _glZjghlh \h*hk[ldfZzdZAd ijZ\beh

:Jh f“ g\b—kagzg—};a&ih”\‘m"zfzg IJijhr:maxl%jZkkuIjb\ZxI 1zd*_ dzd fzdkbfZey

nh_jf_bjh\Zgby bgl _gkb\ghklv \h~hhl”rZqgb k [ _ajm

kdehgh\ \ jmkeh\mx k_|I
< dZq_kI\_ h[t_dIh\ bkke_ah\; 0c19 jmkenimx k_lv

Ft+iehsZAv \hAhk[hjz df
fZeu_\h~hihdb Fhkdh\kdhc h[eZk 'enssmv [hjz df
We f _glZjguc \h*"hK[hjjm&keh\hc

H dhwnnbpb_gl_ J_"kdehgh\uc \h~hk[hj lehszZ”b [_ajmk
fZdkbfZevgh]lh fh"mey klhdZ kdehgh\ \ [hevrhc kI _i _gb az\bky

His iibgylh_ \ujz' gb_ ©dh,debfZlba_kdbo 0Zzjzdl_jbkibd ihq\ ke
i Amdpbb kIhdze Kkiyazgh k {‘\N*hk[hi gZebgbb 1jZ\yghlh ihdjn\Z
fhame f kihdZ \_k_gg_]lh ihe \N"hk[hjZ delhabp'bb kdehgz
AhRA \uo iz\hAdh\ azAzgghec < [lZlebp_ bA_*_gu gZblhevr
ij \ur_gby JDZd ijZ\beh \ ]bAjhet!l_"_€Vgu_ agZq_gby iehszZ” c [_ajr
bkke _~h\Zgbyo \ dzgq_kI\_ hihjkdehghi —7ey -RZizZmZz = Jhkkbckdhc
\ _jhylghklv ij \ur,gby LZd \ rbth_"_ijbb ih ~"Zgguf jZ[hlu >G_"boh
ijbf_gy _fhc k]h~"Z j ~mdpbhgghc 1971D. _
> E Khdheh\kdh]kl_i_gghc izpzf_lj

lib nhjfbjh\Zgbb j_qgh]lh kI

2500 0

Tumanovskay&.F On change of reduction factor of maximum runoff modulus withease of catchmer
area Hydrosphere. Hazard processes and phenom2020, vol. 2, iss. 4, pp93-404. (In Russian; abstract il
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LZ[ebpZ GZb[hevrb_ ij_ ~ evgu_ agZq_gby iehszZ” ¢ [_ajmkeh\uo kdeh
jmkeh\hc wjhabb 2~&¥YiR "§hjlth j_]bhgZ Jhkkbckdhc N_"_jZpbb

Table 1.The highest limit values of the areas of riverless slopes (the zone of absence of riverbed erosion) for
the North-Western region of the Russian Federation

Bgl_gkb\ghklv Mdehg GZb[hevrZy ij_"_
ih\_joghklgh]h Kkl _q( A : : : : iehsZ”v [_ajmkel
\hAhhirzgb ff q ' nkihizl Lizlyghadjh kdehgz? df

Catchment Grass cover . .
Surface run-off rate (water VORSH Maximum limit area of
discharge), mm/hour absolute slope, km
M~h\e_I\hjbl_¢
20 ” _ 1,5-2,0
Satisfactory
M~h\e _I\hjbl_¢
10 i _ 55
Satisfactory
J_"dbc
20 ” N 0,2
Rare
J "Ndbc
10 ” 0,7
Rare
M~Ah\e _I\hjbl_¢
20 30 _ 0,15
Satisfactory
M~rh\e_I\hjbl_¢
10 30 _ 0,5
Satisfactory

<k_  fZeu_ \h~hk[hju k jzihg\m Ijb wlhf \ k\yab k g_agZqbl
ij_\urzZxsbfb ij_"_evgu_ ieijh~he " bl_evghklvx kdehgh\h]h b ijzZzdlb
ijb\_~ _ggu_ \ IZ[ebp_ bf_xI ~hlkmlklI\b_f jmkeh\h]h ~h[_]Zgby g_ ijh
mklhcqgb\h_ jmkeh \h~rgh]h h[t_dl\ebygb_ jZkieZklu\Zgby gZb[hevr_c k
iehsZ”"b dhlhjuo f g ijb \hegu iheh\h”vy
ij_" _evguo agZqg_gbc 0ZjZ Mgblu\Zy \ur_ijb\_"* ggh_ kmlhc
g_mklhcgb\uf f_klguf jmkeh\uf ]b~jh]jZnu klhdZz \h~u fZeuo \h”~hlhd
Bkoh”y ba IZ[ebpu fh gh ijbgylvklhdh\uo iehszZ”hd jEkkgEIjb\ZIlv dZd
glh \' p_ehf 7ey-AKZi\Ztgh]lh j_Tkmlhggu_ ]b”jh]jZnu \h~"hhl*Zgb |Zeuo
Jhkkbckdhc N_"_jZpbb gZb[hevkdehgh\ \ jmkeh\mx k_Iv

[ ajmkeh\uo kdehgh\ g_ if. \urz_| < jZ[hl_ >LmfzZgh\kdZy @ ijb\.
GZ fZeuo \h"hlhdZo \_k_gg_hj*bgZlu hkj_~g_gguo djb\uo j_"Nm

ij_~klz\ey_ | kh[hc g_kdhevdh kihlghkbl_evghc fzZzdkbfzZzevghc bgl_gk

nhjfbjh\Zgb_ dhlhjuo h[m\h~ hhlIrZqd:is L E:i; Ney azZ”"Zgguo

\gmljbkmlhgguf oh”hf |_fi_jZImjutbgl_j\Zeh\ \j_f_gb dhlhju_ \ "Zevg_cr_
k\vaZzgghc k gbf bgl_gkb\ghklvxijbjZz\g_gu d [Zkk_cgh\hfm \j_f _gb ~h[
ijh~"he bl_evghklv Zdlb\ghc nZaiAgZq_gby wlbo hj*bgZl ihemg_gu b
l_g_gb_ kmlhd g_ ij_\gZkhi\ \ur_mdZazZgghl]h mkeh\by h Khhi\_

Ke_"m_|I hif_Iblv glh ]b~jh]ljZznh\ klhdZ b \h~hhl*"Zgb gZz
]b~rjh]ljZnu klhdz \h~u fZeuo \lth[jZ[hldb b klZlbklbqg_kdh]h Zg.
i_jbh”~ \_k_gg_]h iheh\h~vy dhk\_fgh]lhe_Igbo *"Zg@gkdfZevguo kmlhqgguc
Zddmfmebjmxsmx jhev [_kklhggt]b”?jh]jZznh\ b kmlhqguo keh_\ klhdZ
gZ \h~*hk[hj_ b ihl_jb klhdZ gZ b (h J, ff fZeuo \h~ hlhdh\ \h”gh[ZeZgkt
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klZgpbc ?\jhi_ckdhc gZklb agZq_gbb kmlhggh]h k[E--y ffklhdz
N_"_jZpbb klhdh\uo iehsZ*dZo \ _jhylghklb ij \uregby J

iehsZ”vx f_g__z. df Ll'é,lf(.e (2)
GZ hkgh\_ jy~Z ij_h[jZah\z 6 o7
jZkkgblZgu agzZq_gby hlg osel —5 3)
f;dkbfZﬂe‘vg’uo fhrme_c \h”hhlI®]~r | +rebgZ \h~hlhdz df
#QO%E-L“"EQ?A""ey J” \ aZ\bkbfhk Ijxkj_~g_\a\_r_gguc mdehg jmkeZ j_
]bAjhfhjnhf_ljbg_kdhlh iZjzf_|j& (L(?:;‘?M([E-- @)
\j f_gb kdehgh\hlh Ah[_]Zgby _ 2 N
ij_ ~"klZ\e _gu \ IZ[ebp_ NhjfmeZ ijbgylz kh]leZk¢
K mqg_Ihf\ujz _gbc b > bkke_"h\Zgbyf = re_dk__\zZ Ney
@ [ueh ihemg gh mjz\g g ?‘ihi_ckdhc qZklb Jhkkbckdhc N_7_j
hij_~_e_gby iehsz~b \W~hkijzF® = & Z nhjfmez  ih+
khhI\_Ikl\mxs_c JbAjhfhjnhf_ijj_dhf_g~Zpbyf —J: G_"bohikdh]h
iZiZf Ijm jmke# Ne[ebp_  ijb ba\\n~hihdh\ \h~hk[hju dhlhjuo fh gh khh

k \halur_gghklyfb ohefZbb b m\ZeZ

LZ[ebpZAgZg_gby hlghkbl _evgh]h fZzdkbfZevgh]h fhmey klhdZz
Table 2.Values of the relative maximum flow modulus

<j_fykdehgh\hhj_]Zg =b"Ajhfhjnhf_ljbqg_kdpzf _IjmkeN,, fbg
%afbg Hydromorphology parameter channel N;, min
Slope running time, min 0 10 30 60 90 150 | 200 | 300 | 400
60 0,048| 0,038 0,036| 0,033| 0,029| 0,025| 0,022| 0,017| 0,015
120 0,045| 0,035| 0,033| 0,029 0,025| 0,022| 0,019| 0,016| 0,014
LZ[ebpzHij_"~ e _gb_ fhrmey klhdZ \_k _gg _]h iheh\h”Avy \j fy kdehgh\}t
Table 3.Determination of 1% of the spring flood runof%z60 min
N Z0- ff ff ff
! npﬁéu-- F dzf —«tz7a0" ? k de F de “«tz7a0" ? k de F d2f “etz7a0" ? k de
0 0,048 0 0,96 0 2,4 0 4,8
1 0,046 | 0,000 0,92 0,000 2,3 0,000 4,6
5 0,042 | 0,003 0,84 0,006 2,1 0,007 4,2
10 | 0,038 | 0,021 0,76 0,039 1,9 0,046 3,8
20 | 0,037 0,1 0,74 0,3 1,85 0,3 3,7
30 | 0,036 0,4 0,72 0,8 1,8 0,9 3,6
40 | 0,035 0,9 0,7 1,6 1,75 1,9 3,5
50 | 0,034 1,6 0,68 3,0 1,7 3,5 3.4
60 | 0,033 2,6 0,66 4,9 1,65 5,8 3,3
70 | 0,031 4,0 0,62 7,4 1,55 8,7 3.1
80 0,03 57 0,6 10,6 15 12,5 3
90 | 0,029 7,8 0,58 14,6 1,45 17,2 2,9
100| 0,028 | 10,4 0,56 19,4 1,4 22,9 2,8
150| 0,025 | 31,1 0,5 58,0 1,25 68,4 2,5
200 0,022 | 67,7 0,44 126 11 149 2,2
250| 0,019 124 0,38 230 0,95 272 1,9
300| 0,017 202 0,34 377 0,85 445 1,7
400( 0,015 440 0,3 820 0,75 967 15
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>ey gbaf _gghkl ¢ azZ\bkbfl AgZq_gtpiiw Tk df ~ey wlbo
nhjfmeu "he gZ [ulv ij_"klz\e_\Zjbzglh\ jzZzkq_lZ hij_~_e_gu bkoh-
o%L Ra8 ) nhjfmeu Uub Z‘bq:;:;I
JZkgq_lgZy nhjfmez “ey h faom- L (7)
agzZq_gbc Jb*jhfhjnhf_ljbqg_kdh]l GZ jbkmgd_ ijb\_~_gu aZ\bkbf
jmkeZ\Nnhjfme_ bf__l ke_"MXSquui=f(F dhlhju_ ~ey hq_gv fZeuo \h~hk
Eol—— 544h ® hliz Zxl 0zjzdl_j baf_g_gby \h~hhirz

. ~ Al ST
atiyo™ ¢alitY o

lj_o \ZjbzZglh\ agZq_gbc fZdkbfZe
1~ m f fbg 1B"jZ\ebq_kdpZf _1Ij kmlhggh]h kehy klhdZ \_jhylghklb ij_"

0ZjZdl_jbamxsbc r_jhoh\Zlhklv jnJ LZzd _ gZ jbkmgd_ gZg_k_qgu jZz

< 1Z[ebp ij_~"klzZ\e _gu agZq_gby fZdkbfZevguo fh*me_c klhdZ
iehsZ” ¢ mkeh\guo \Phklﬁﬂ@?fi\kghiheh\h/\vy jZkg_lghc \_jhylghklb ij_\u
ijb agzZzq_gbyo fzdkbfzevghlh k J Omax, 1% ihemqg_ggu_ 9gZ hkgh
klhcIf jzZ\guo b ff b acklZlIbklbg_kdh]h ZgZebaz fghlhe_lgbc
]bAjhfhjnhf _ljbg_kdhlh iZjzf jljza gZ[ex’\ gbc az fzdkbfZevguf klhdhf
|1Z[ebpu _k_gg_]h iheh\h*vy 7"ey fZeuo \h~"

Fhkdh\kdhc hleZklb :Zah\Zy ]b~jheh]
bgnhjfZpby ih wibf \h~AhlhdZf ij_~klZ\e
|Z[ebpZo b ><bgh]jZAh\ b A]j @

Jbkmghd&Z\bkbfhklv fhrmey klhdzZ \_k_gg_]h iheh\h”vy hl iehszZ”~b \
\h~"hlhdh\ Fhkdh\kdhc h[eZklb
Figure 1. Dependence of 1% of the spring flood runoff module on the catchment area for watercourses of the
Moscow Region
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LZ[ebpzZZah\Zy ]b”"jheh]bqg_kdZy bgnhjfZpby ih fZeuf \h*hlhdZf Fhkdh\kc
Table 4.Basic hydrological information on small watercourses of the Moscow Region

- >
3_dz 1brjhehlbq 27| tenszay 7€P84 Mdend
] ihklZ 47 df j_dbA Ol2%, hus, | o
River (hydrological post) Post Area, km? Length, River  kodf) -
y g P code ’ km VORSH
imq Fzeb@bdkel _on0, | g9 3.4 5 026 | 115 | 0,002
FZebpZz
i >m[gZ <i]j[bed]| 75079 | 2100 113 0,42 0,12 | 226 | 0,001
i G _jevih”he | 75093| 1810 100 0.4 0,25 | 257 | 0,001
) Hie %i? hevrhe ssss 96 22 16 046 | 246 | 0,002
i DZlur Lkhbpdh| 75428 | 705 148 5 051 | 252 | 0,002
| GmAheDmag_p| 75429 | 291 38 12 0,20 | 262 | 0,001
i FZe BKkIjZ
"Dbk e \p | 75430| 280 41 0,9 0,19 | 192 | 0,001
i F_~\ _gdEZibgHl 75434 10 4 71 1,06 | 259 | 0,004
: _ :
IoR_M\_gdzhevihl ooae | 18 7.3 5,9 1,04 | 202 | 0,005
KZj__\h
eh] EuaehGuaeh| 75437 | 1,76 13 183 153 | 137 | 0,011
I Azdazhevrh_| g, ag 17 6 6 044 | 183 | 0,002
KZj__\h
ima ljhhguhevrh oo 08 16 19,6 1,04 | 135 | 0,008
KZj__\h
eh] Ihe \hEuaeh| 75442 | 011 0.2 187 1,86 | 221 | 0,008
eh] E_kghEuaeh\| 75443 | 0,066 0.1 218 0,97 | 127 | 0,008
j ;hevrhc Ehfh
hor kI gkd] 79527 110 19 16 081 | 232 | 0,003
) Dey ?r\]/ ;';ZA\ Bhkd Zees0| 4550 184 0.4 014 | 187 | 0,001
i <hjy Flbrg_\h | 75559 | 947 88 0.6 0,22 | 205 | 0,001
i K_jzyGm\bgdh 75561 | 293 40 1 033 | 212 | 0,002
i Emo Epho | 75591 | 587 45 0.6 0,46 | 304 | 0,002
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Dh~

IliloI;lZ Q:;x,lz], Qman]i3 kli kml fng[e N, fbg e 2, fbg D,

code

75052 2,78 2,2 17 60 0,033 172 0,89

75079 262 260 11 1366 - 4155 1,56

75093 461 420 20 1089 - 3245 1,50

75335 43,7 33 30 286 0,017 814 1,71

75428 359 17 21 156 0,025 395 1,37

75429 58,3 52 15 486 0,014 1439 1,58

75430 52,2 46 14 594 - 1755 1,75

75434 10,6 5,6 48 50 0,034 129 1,10

75435 22,4 10 40 83 0,03 208 1,31

75437 0,87 0,83 41 19 0,037 43 0,95

75438 7,51 3,8 19 87 0,029 223 1,23

75441 0,83 0,23 25 32 0,036 70 1,81

75442 0,205 0,068 20 7 0,04 13 0,69

75443 0,064 0,025 33 3 0,044 8 0,46

75527 89 44 35 230 0,02 589 1,37

75550 636 636 12 1807 - 5508 1,65

75559 207 200 18 1009 - 3051 1,90

75561 96,5 78 23 491 0,014 1418 1,66

75591 270 250 37 488 0,014 1460 1,27

Ke "m_| azZf _Iblv glh gz Wlhl wlzi jZa\blby ijhkljZgkl\_
hkgh\gZzZy fZkkz lhg_d khhi\j _f gb ijhp_kkZ nhjfbjh\Zgby klhdZz
\hAhlhdZf  ijb\_A _gguf \ 1Z[\_k_gg _]h iheh\hAvy gZ [_ajmkeh\uo kc

jZkiheh™ gz f_""m ~“\mfy ebgbyfbhlkmlkl\bb \ebygby jmkeh\h]h j ]meb
Omax19=f(F  "ey agZhWwgBtguo ff b yley lky\uf< wlhl i_jbhke_ _~h\Zl _evgh
ff yleyxsboky ij_ bfms tjZa\b\Zxlky ijhp_kku kg _]hlZy«
ih]jZzgbggufb agZq_gbyfb kmlhggi\gmljbkg_"ghc Zddmfmeypbb bgnbe
h'is "ey jZkkfzZljb\Z_fuo \h~hlhdh\ \h~u \ ihg\m \h~*hhi~rZgb b kl_d
GZ hkgh\_ ZgZebaZ jbkmgdZ ih\_joghklgh]l]h b jmqg_cdh\h]h Ijb
\u\h” qglh “ey \h~hk[hjh\ iehsZ2v [hevrh_ \ebyghb_ ihfbfh debfZlbqg_
i_j\Zy ]jmiiz \h~"hdgdhlgb_ j_~mnzZdlhjh\ hdzZau\zZxl nhjfz \h~ hk[|
fZzdkbfZevguo fh me_c \h*"hhl*Zgwdkihabpby b mdehg kdehgh\ ihqg\u |
aZ\bkbfhklb b klhdz ih kIl \h~hk[hj Z 1Zd _ ohayckl\_ggZy hk\h
h[jz[hlZzgguf "Zgguf gZ[ex”_gbc Ijb kl_dzZgbb ih kdehgZf IZehc \h”u ke
yjdh \ujz" _gguf HIkmlklI\mxl b krih fbdjhjmg_cdh\hc k_Ib ozjzdl_j ~\k

jZaebgby \ agZq_gbyo wlbo \h~u yley Iky g_mklhcgb\uf k i_j_oh-
ih~AI\N_j"~Z | ijbgylh_ ~“hims_gb_ eZfbgZjgh]lh d Imj[me_glghfm
\h~*hhl*Zgb b klhdzZz "ey fZeu GZ \lhjhf wlg@Z \h~"hk[hjZo iehsZ”vX
\h~hk[hjz hi ~h 2. dflhjzy 1jmiiz \h~hlhdh\

khhi\_ITkl\mxsbo kh]JezZzkgh 1Z[ebp _ ag
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Ni\ *bzZizahg_ hl ~h fbg ihy GZ q_I\_jlhf wl@zZz_ \h"hk[hjZo Kk
b g_ yjdh \ujZz"_ggZy 1|_g”_gpb'iehsZ”vx [he__ 2 qdf\_jlzy ]jmiiz
fzdkbfZzevghlh fh”mey klhdzZz k \h*hlhdhy_"mdpb¥dkbfZevgh]lh fh” mey

iehszZ~b \h~hk[hjZ jbkmghd klhdZ \h~u azZ\bghfbH(d bf__I yjdh
>ey mkeh\guo \h~h\ujZ  _gguc mklhcgb\uc \b”® b hij_"_ey
khhi\_ITkl\mxsbo \_elhkgh\ghf jmkehfuimebjh\zZgb f b
]Jb~rjhfhjnhf_ljbq_kdh]lh izZjzf_|jZ hkh[_gghklyfb gZjZklZgby iehsZ”b \h”h
"bZiZahg_ + fbgml l1Zzd"_ t”ebg_ hkgh\gh]lh \h*hlhdZz
g_agZqbl _evgZy j_"mdpby fZdkbt >ey \ur_ijb\_" _gguo lj_o ]jmii fZe
\h~ hhl*Zqgb Ijb wlhf o0zZjzdl_j wl \h~hlhdhliehsZ”Avx f g 20ZjZdl_jghc
ney fzdkbfZevguo fh me_c¢c \h*hthkh[_gghklvx \h~ghlh j_ “bfz \ i_j

\h~u \ ijbgpbi_ yley Iky b~ glbgi\_k _gg _Jh iheh\hrvy y\ey Iky \gmljbk
ijbgbgu j_"mdpbb \h*hhl*Zgb b oh” klhdZ \h~u h[mkeh\e_gguc \gmljbl

wlbo \h~*hk[hjZo g_ y\eyxlky h[skoh~hf | _fi_jZImju \ha“mozZ b \j_ f_
ijbgbgZ kgb  _gby fh me_c \h*hhl[Zkk_cgh\h]h *"h[_]Zgby f_g__ kmlhd
mf_gvr_gb_f ~_ckl\mxs_c iehsz”" >ey hij_~_e_gby agZq_gby ieh

\ke _~klI\b_ baf_g_gby iehszZ”b ihd\h~*hk[hjZ \h~hlhdh\ Fhkdh\kdhc h[eZk
Z "~ey fh"me_c klhdzZh\hkagb 't gtkhhlghr_gb_ kjhqggh]h b kj_~g_kml
AN ckl\mxs_c¢ iehszZ”b \h”hk[hjZz fZdkbfZevguo jZkoh”h\ \h”u ijb[eb Z_

jmkeh\h]h j_Jmebjh\Zgby _"bgbp_ [ueb \uiheg_gu jZkg_lu >e
Gz Ilj_Iv_f wlzgZ \h~hk[hjZ \h~hlhdh\ ijb\_~ gguo \ IZ[ebpZo b
iehsZ”vx hl "h 2 |jdFvy ]jmiihij_~_e_gu ih nhjfme_ agZgq_gby jn
\h~"hlhdhkgb  _gb_ fzdkbfzZevgh]t\j f_gb ~h[_]Zéby 2
klhdZ \h~u aZ\bghikkiB bf_ | m Ryl %A ©)
"hklZlhggh mklhcgb\mx | _g” _gpb aliae ¥ itowe o
dhlhjZy hij_~_ey_Ilky \ hkgh GZ hkgh\_ ihemq_gguo agZq_gbt
nZdlhjZfb \u”_e_gu \h~hlhdh %k 2 fbg
1) jmkeh\uf j_Jmebjh\Zgb _f khhI\_Ikl\mxsb_\h~hk[hjZf iehsZ vx
2) kgb _gb_f n_ckl\mxs_c dhlhju_ [ueb k]jmiibjh\Zgu \ 1Z[ebpm
\h~hk[hjZ jbkmgd_ ij_~klzZ\e_gZ aZ\bkb-
3) hkh[_gghklyfb 9ZjZKIZgby qha /gmaxi | 2 ey wAltbohlhdh\
\h~hk[hjZ ih "ebg_ hkgh\gh]h \h" :gZeba jbkmgdz ihdZzau\z _|

Ke ~“m_| hif _Ibhhcgdbc nZdlhjgZb[hevrZy ij_"_evgZy iehsZ”v \h”h
\ gbke_gghf \ujZ _gbb hl fZeuo \h”hlhdh\ Fhkdh\kdhc h[eZKkl]
dhwnnbpb_glhf nhjfu \h”Ahk[hjZdhlhjuo \gmljbkmlhgguc oh” klhdZ aZl

jZkkgblu\Z _Iky ih nhjfme_ ij \urz_ | - d¥ qglh khhi\_IlkI\m_|I
LA ®) ijbf_jgh fbgmlZf [Zkk _cgh\h]h \j_f
* T pa Ah[_]1Zgby «&I90ZXbg

]* L+"ebgZ \h~"hlhdz df
F+iehsZ”v \h~"hk[hjZ2j_db df
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LZ[ebpZHij_~ _e_gb_ hlghr_gby fZdkbfZevguo fh\me b XKHhdEi4sZ ey
fZeuo \h~hlhdh\ Fhkdh\kdhc h[eZklb

Table 6. Determination of the ratio of the maximum water output modulgse(g) and drain (gax1%) for
small watercourses of the Moscow region

J_dZ ]b~jheh]lbgq_kdbc |Dh” ih}| lehszZ”v ?| L, w tp| Qins
River (hydrological post) Post code| Area, km? df Sk Qmax1%
imq FZeb@hdk&RebpZ | 75052 10,9 34| 089 | 172 | 2,26
i DZlur Lkhbpdh_ 75428 70,5 148 1,37 | 395 | 1,08

j F_"\_gdEZibgh 75434 10 4 1,10 129 1,55

i F_A\ _gdzhevrh_ KZj__| 75435 215 73| 1,31 | 208 | 1,16
j AZdazheNvrh_ KZj__\h 75438 17 6 1,23 223 1,27
eh] E_kghiua*eh\h 75443 0,066 0,1| 0,46 8 1,49

eh] Euaeh\tuaeh\h 75437 1,76 1,3 0,95 43 0,98
img ljh]jhguhevrh_ KZj_ | 75441 08 16| 1,81 | 70 | 0,86

JbkmghAZ\bkbfhkhv/ghax1s | 2 “ey fZeuo \h~"hlhdh\ Fhkdh\kdhc h[eZkl
Figure 2. Dependence of\ga%/gmax.19=f( 2) for small watercourses of the Moscow region
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Jbkmghd&Z\bkbflykhv/Ona=f(F ~ey fZ&hdhIhdhhkdh\kdhc h[eZklb
Figure 3. Dependence of ¢ 1s/Omax,10f(F) for small watercourses of the Moscow region
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Figure 4. Connection graph between the coefficient of the catchment agalKhe catchment area F,&m

400



=B>JHKN?J: HI:KGU? IJHP?KKU B Y<E?GBY Lhf2 <ué!| 202C

>ey g_I\_jlhc Jimiiu \h~ >ey \h*hk[hjh\ k dhwnrRbpb_glhf I
hikmlklI\b_ \gmljbkmlhqgh]h oh”"Z ozZjzdl_jghc nhjfhc \h~hk[hjZ yley
d mklhcgb\hc | _g”™_gphbb ]limr_\b~rgZy b ~Z°_ [he__ hdjm]eZy \

fzdkbfZevgh]lh fh may.klfdZzdf k gZebgb_f  [hevrh]h  gbkeZ  ~hklZl|
m\_ebq_gb_f iehsZ”b ¥h k[hp@Fkms_kI\_gguo \hAhlhdh\

kKihkh[kI\m_]I "hklzZlhggh Ke_"m_I hilf_Iblv glh d kh Ze_
hij _~ e _gbx dhwnnbpb_glZ dhwnnbpb_gl nhjfu \h~hk[hjZ g_"hkl.
fZdkbfZevghpt*mey klhdzZ \_jh'bgnhjfzZlb\_g b g_ hljz"Z_1 hkh[_gg
ij_\ur_gby J hljz Zxs_fm gZjZklzZzgby iehszZ”~b \h~hk[hjZ ih "ebg

oZjzZdl_j aZ\bkdpshkiE < Ih *_ \j ]JeZ\gh]h \h~hlhdz Hkgh\ghc ijbo
ke "m_1| hiIf_Iblv qlh “ey wlhcbkihevah\Zgby ijb ZgZeba_ b jzZkqg_l
0ZjZd!l_jghc gq_jlhc y\ey Iky rbjhdhwnnbpb_glZ ybey Iky hlikmlklI\b _
baf_g_gbc \ ag@&argYeyoh”ghc b I1dz”rZkljh\uo ~Zgguo h gZjzZklZgbb i
iehsZ~b \h~ hk[hjZ \h~hk[hjZ ih "ebg_ jmkeZ ]JeZ\gh]h \h"|
Hrgbf ba hkgh\guo nzZdlhjh\ \k_o ]b”jheh]bg_kdb bamg_gguo j_d

d klhev kms_kI\_gguf jZa[jhkZf y GZebgb_ 1Zdbo ”"Zgguo iha\hebe
\h~hk[hjZ \h”~hlhdh\ DZd mdZeihkljhblv djb\u_ K=b*100/L gZ
gZklhys \j_fy hkgh\guf gih~“h[bb djb\uo \_jhylghklb jzZzkij_~_e_g
ihdzZzazl_e_f wlh]lh nzdlhjz y\ey_ IFJ/F bL*100/L ij_"klZ\eyeb [u hlghkbl_evg
nhjfu \h*hk[hjZdblhjuc hij_~_ey_agZq_gby iehsz”_c¢c \h*hk[hjh\ ~ey hl
nhjfme _ GZ jbkmgd_ ij_"klmqgzZkldm\ \ hlghkbl_evguo _~bgbpZo
k\yab~ffF "“ey \h~hlhdh\ [Zkk_cg khhI\_Ikl\mxsbo bf ~ebg ]JeZ\gh]h jm]
<hel]b \dexgZxs_]h \h~hlhdb ijhp_glZo

h[eZklb GZ hkgh\_ ZgZebazZz wlbo aZzZ\bk
Ba jbkmgdZz fh gh k~_ezZlvihy\blky \hafh ghklv \ujzZ[hldb ijbgpt
\u\h”u ]Jimiibjh\dijbd ih ozZjzdl_jbklbdzf djb\u
>ey \h”~hlhdh\ iehsZ”vx f_¢k\yabF/F=f(L,*100/L b dzd ke ~kl\b_
aZ\bkbfhk#(FDhljZz Z | ijhp_kk jZ mlhqg_gb _ dhwnnbpb_glh\ j N

\h~hk[hjZ hl kdehgh\ \ dhlhjfzdkbfZevguo fhAme c klhdz

\h~hk[hjZ kms_kI\ _ggh J[hevr_ . : .

\hAhIhdZf ]2_ rbjbgZ \h~hk[hjZ AH 'hbdzazt:—f— Qb Ozjjg'—Jbsmbx
kms_kI\_ggh f_gvr_ ~ebgu \h~hl -9 _9PBXx bal_g_gby wnnbpb.
bgufb keh\Zfb kdehgu iehszagx ~Jm ghkib iheh\hévk m\_ebq_gb_f

ij_Aklz\ey | kh[hc \ulygmimx nhjfi€hsZ~b \h~hk[hjZ) ) df

ki_i_gb hib_glbjhiZggmx d < ghjfZlb\gutdndmf_glZo hij_~_e_gb
i_ji_g~bdmeyjgh  hkgh\ghfm  gjzkq_Iguo fzdkbfZevguo jZkoh”h\
ih\_joghklgh]h kl_dZgby \_k_gg_]h iheh\h~rvy \_jhylghklb ij \ur_

NhjfZ Ah~hk[hjh\ iehsZ”Vijhba\h~blky ih nhjfmeZf bkihevam
100df ij_~klzZ\ey_I kh[hc m _ mdhwnnbpb_gl ~"jm ghklb jhelthlivjug D

Jimr_\b*gmx nhjEm2- D J*_ rbjbjzkkgblu\Z_lky ba nhjfmeu ijb gz
\h~hk[hjz  klZgh\blky kms_kI\_¢j gzgzeh]h\ h[jZlguf oh~hf \ugbke _gbc
"ebgu \h~hlhdz . Alp . g

Q_f [hevr_ dhwnnbpb_g “ar L 1¢>¢. 30 (10)
Qe |_f [he__ \ulygmluf yley_| Dzd ijZ\beh \ nhjfme_ n izZjzf_

\"hev hkghighlh jmkeZ \h"hlhdZ |jzdim_lkyihdZzaz|_ev kl_i_gb j_~mdpb
ih~h[guo \h~hk[hjh\ oZjZdl_jgl k|v indzazl_ev kl_i_gb kgb ogby iZjZ1
y\ey_Iky hlkmlkl\b _ angbI_evgu m\_ebq_gb_f iehsZ”"Db I'-\h’ﬁhgkllqj_ligb_
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hij_~ ey _Iky gZ hkgh\_ ihkljh_gtjbkmgdhkehc kihdZ \_k_gg_]hhdheh\hAv
9L e 17-2jzZkkgblulZ _Iky ih nhjff m\_ebqgb\Z_lky
| folaa 1) < ]brjheh]bq_kdhc eblZfZlmj_

L- hif _gZ |ky gqglh \ ]Jhjguo jZchgZo keh
< nhjfmeZo D bRy~ ff £\ _k _gg_]h ihehhg vyf \hajzZklE |
kehc klhdz \_khal\hlhvy ~ey jz\gtm\_ebqg_gb_f kj_~g_c \ukhlu \h~Ahk[hjZ
ihem]hjguo j_d beb kehc Jh~h\tLZdbf h[jZzahf k mq_Ilhf ijb\_*_gguo k\

\ukhdh]hjguo jZchgh\ Kj _~g_c :alh[h[s_ggh fh gh aZibkZlv

\_jhylghklvx ij_\ur_gby J I Q- Lr\d(’(é. (12)
khhi\_IkI\_ggh &
- LDy *& 13
GZ jbkmgd_ ij_"~klzZ\e_g 1]j .[‘5 & . (13)
NhjfmeZ hljz Z | m\_ebqg_gb_

“JLE:(;rey \h~AhIFdKdh\kdhc h[ez ]
klhdz \_k_gg_]h iheh\hAvy k m\_e

gZ jbkmgdjZnhkd k Iy~ L E:(; _ _ ,
lh AZgguirhlhdh\ Fhkdh\kdhc '€NsZ7b Ah~hkihjZ Z nhjimedbq_gh_

K m\_ebg _gb f iehsZAb \h’\hk[lkehy klhdZ \_k _gg _]h iheh\h”vy k m\

ibkmgdm fzdkbfZevguc fhramey .K1="9-¢ ‘ukhlu Ah?hk[hjZ

iheh\h”Avgtaxis mf_gvrZ _|ky Z kh]eZkgh

JbkmghdjzZnbd k-{JL t:(; ey \h~*hlhdh\ Fhkdh\kdhc h[eZklb
Figure 5. Connection grap - £ L E: (;for watercourses of the Moscow region

402



=B>JHKN?J: HI:KGU? IJHP?KKU B Y<E?GBY Lhf2 <ué!| 202C

JbkmghdjZnbd khyab gg_1n inewftF)y*ey \h~hlhdik\ddh\kdhc h[eZklb
Figure 6. Connection graphihspring oo f(F) for watercourses of the Moscow region

<u\h”u \_k_gg_]h iheh\h~vy k mf_gvr_gb_f i
\h~hk[hjZz
Mgblu\Zy \ur_ hif_qg_ggu_ aZ\bkbf
khklZ\eyx-ddzZdkbfZevgh]h fh mey b k.
klhdzZ \_k_gg_]h iheh\h”vy ijb ]b”jheh
bkke_ ~h\Zgbyo g _h[oh”~bfh \uy
ij_ \Zebjmxsb_ nZdlhju \ebygby hl”*_ev
fZdkbfZevgh]h ImfiBdkpfZevgh]h fhA*mey
< 1b”rjheh]bq_kdb h"ghjh’\g|k|hdz_ AZI_f g_h[oh”bfh \uy.\.blv ke _
. . nZdlhju \ebygby b Ihevdh igb hlkm
jZchgZo Kkj_"gyy \ukhlZ \h~hk . 0 .
. 1Zdh\uo kljhblv azZ\bkbi-zL E:(hiZ
mf_gvrZlvky k m\_ebq_gb_f iehs. . )
< wibo kemgZyo \hafh gh m\ ebcbkdexqb\ ba jZkqg_lghc nhjfmeu dhwni
- j_"mdpbb fZzdkbfZevgh]lh fh mey klhdZz

Dhwnnbpb_gl j_"mdpbb
j_amevibjmxsbf ihdzazl_e f
hljz zZxsbf ozZjzdl_j jy~Z az\
fZzdkbfZevgh]h fh"mey b kehy Kk
iheh\h”~vy \ _jhylghklb ij_\ur_gb
m\_ebqg_gb_f iehszZ”b b Kkj_"g
\h~hk[hjZz
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BKDMKKL<?GGH=H =JYA": ARTIFICIAL MUDFLOW ON A
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:gghlZpby Z\]mkl _ ]h~Z [ue Abstract. In August 2020, an experiment v
wdki_jbf_gl ih baf_j_gbx conducted to measure the velocity of an artif
bkdmkklI\ _ggh]h k\yagh]h ]jye coherent mudflow on alaboratory stand. The sta
eZ[hjzZlhjghf kl_g~_ Kl_g” ijy a rectangular cross-section tray with a lengtl
ihi_j_gqghf k_q_gbb ehlhd “e 3.0m,awidth of 0.25 m, a depth of 0.25 m, sla
rbjbghc f Jem[bghc f racks were installed in the tray to measure
mklZgh\e_gu \_rdb nNey hydrodynamic pressure of the mudflow.
]b~rjhrbgzZfbg_kdh]h gZihjz movement of the mudflow was filmed by a hi
ehldzf >\b _gb_ k_ey kgbfZeh speed video camera. Velocity of artificial mudfl
\b”_hdZf_jhc Baf_jyebkv I were measured. Most of the mudflow mixture sc

kdhjhklghc gZihj ]Jjya_\h]h k_e' made up of particles less than 0.25 mm in size (3
[ueZz ijb]lhlh\eb@z”j_k\ggh_gbkl The density of the prepared mudflow mixture
wex\bZe®gax\bZevgh]h JjmglZz x kg/m®. Density of mudflow deposi
Qv k km]lebgbkluf azZihegbl_e_ x kg/m?. Despite the small values of f

kj_~gbc km]ebghd ~h i« Reynolds number, the turbulent movement of
_kl_kI\_gghf x3® 1dhlifghklv km] mudflow was observed. Comparison of the resul
X dl f >j_k\Z b s _[_gv ij_ the measured mudflow velocities with the veloci
Ze \jheblhf kj_~g_c ijhgghklb calculated by different methods of calculating
x d] ¥ lj_h[eZ”"ZxsZy mudflow velocity based on the structure of the S

lhgdh”~bki_jkguo njZdpbc ]jm formula (for Newtonian fluids) showed a strc
kf_kb iue_\Zlu_ qZklbpu jzZaf_ variation of the calculated values. The methods €

0,25 ff lehlghklv k_e \h greatly overestimate or, on the contrary, gre
x d]*f lehlghklv k_e _\uo underestimate the measured values. This is pro
khklZ\bez x 2 ddZjzdl_j ~\t due to the fact that the connected mudflow is r

ihlhdZlmj[me_glguc Kdhjhklv k  Newtonian fluid, but a non-Newtonian fluidhe
mqgZkldZo ihklhyggh baf_gyeZk closestphysical analogue of a connected mudfl

DzZzazdh\ G : ;h[jh\Z > : Bk&k2dhhAZyES kdhjhkib bkdmkkI\_ggh
eZ[hjZlhjghf kl_g~_ =bArjhkn_jZ HiZkgu_ ijhp_kku<biy\K0g4ly. .
DOI: 10.34753/HS.2020.2.4.405 40¢
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ihklhygghf baf _g gbb "bgZ a pseudoplastic (non-Newtonian) fluid wh
wnn_dlb\ghc \yadhkl_c ihlhdz viscosity decreases with increasing shear stress

mdZau\Z_| b oZjzdl_j h[l_  physical model of a connected mudflow, it
ij_iylkl\bc KjzZ\g_gb_j amevlZ advisable to use the Bingham fluid model, the f
kdhjhkl_c k_ey kh kdhjhklyfb j of which is similar to the flow of coherent deb

jZaguf f_Ih~ANbdkKdh\Zgguf gZ k flows and mudflows.

nhjfmeu R_ab “ey gvxlhgh\kdb

ih  \_ebgbg_ 1b”jh”*"bgZfbqg_k

ihdZzazZeh kbevguc jZa[jhk

agZq_gbc F_Ih*bdb eb[h kbe

eb[h gZh[hjhl kbevgh aZzZgb’z

agZq_gby < jhylgh wlh \ua

k\yvaguc k_ev g_ vyley_ Ilky

"brdhklvx Z yley Iky

g_gvxlhgh\k@hk[he__ [ebadbc r

ZgZeh] k\lyagh]lh kkeyhiezZkll

"brdhklv \yadhklv dhlhjhc mf

m\_ebqg_gbb gZijy _gby Kdhjh

k\yvaguo k_e c¢c g_h[oh”Abfh jZI

kdhjhklv ihlhdh\ g_gvxlhgh\kdbk

dzZzq_kI\_ nbabqgq_kdhc fh~_eb

p_e _khh[jZagh bkihevah\zl

;bglzfh\kdhc “b~dhklb | _g_¢

ih~“h[gh | _gq_gbx k\yaguo k_e_

lJjya_dZf_gguo

Dexqg_\u_ kel\yAguc k_ev ]jya Keywords: coherent mudflow; mudflow; mudflo
k_e_\hc ijhp_kk kdhjhklv k_ey process; mudflow velocity; mudflow tray; mudflc
k_ e \u_ hleh” _gby ]b”jh~bgZzZfLt deposits; debris-flows; a hydrodynamic pressure

<\_~ gb_ WIlb ijh[e_fu k\yaZgu \ i_j\mx hqg_j_
keh ghklvx bkke ~h\Zgby ozZjzdl __
k_e \uo kf_k_c \ gZlmjguo mkeh\byo

Bkke ~h\Zgb_ nbabg_kdbo ozZjzdl
k_e \uo kf_k_c b mklzZzgh\le_gb_ g_
aZzdhghf_jghkl_c azZ\bkbfhklb “bgzZfbdb
k\hckl\ k_e_\hc kf_kb \hafh gh ijb ijh\_
wdki_jbf_glh\ gZz eZ[hjZlhjguo kl_
dhlhju_  ~hklzZlhggh rbjhdh ijbf_gy>
bkke_~h\Zl_eyfb ij_bfms_klI\_ggh azZ j
[Wei et al DZazdh\ b *7j @ < K
k_e \u_ ehldb b ezZ[hjZlhjgu_ mklzgt
wdki_jbf_glZevguo bkke_~h\Zgbc b
k_e_c¢c kms_klI\h\Zeb \ g_kdhevdbo
bkke_ _~h\Zl_evkdbo hj]ZgbazZpbyo =jme
:jfGBB= GBB ljzgkihjlgh]lh kljhbl_evkl
F=M >Ne_crfzg @

G_kfhljy gz fghlhe_lgb_ bk
k e \uo ijhp_kkh\ fu ~h kbo it
hi\_Ih\ gz \hijhku h o2zZjzdl_j
nbabg_kdbo ozZjzdk_jgbKiba kf_k_
"bgZfbdm k\yaguo k_e_c \ Ihf
kdhjhklv

< qgqZklghklb g_ j_rzggufb
\hijhku h azZ\bkbfhklb kdhjhkl!
iehlghklb b \yadhklb k_e_\hc
aZzdhghf_jghklyo nhjfbjh\Zgby
hleh _gbc b khhlI\_IkI\_ggh h a
kljmdImju b KkljZlbnbdZpbb hl ki
iehlghklb b \yadhklb k_e_\hc fZk
b nbabg_kdbo k\hckl\Zo k_e_\hc

Kazakov N.A., Bobrova D.AKazakova E.N. Study of the velocity of artificial mudflow on a laborastaynd
Hydrosphere. Hazard processes and phenom2030, vol. 2 iss. 4, pp405417 (In Russian; abstract i
406 English).DOI: 10.34753/HS.2020.2.4.405
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G _kfhljy gz Ih glh bkkejza™ _ebeb ehlhd gZ mqzZkldz gZ
o0ZjzZdl_jbklbd k\yaguo k_e_c¢ gZbaf_jyeZkv kdhjhklv ihlhdz
k_e_\uo ehldZo bf__1I jy®» g_"hk >\b"_gb_ k_ey kgbfzZehkv kdhjh
"ebgZ ehldh\ fZeu_ h[tzfu b Jer\b”_hdZf _jhc k[hdm q_j_a ijhajZggmx
lzd ~Ze__  1Zdb_ bkke_"~h\Zgby k_e_\h]h ehldZ b njhglZevgh Kdhjhl
ihemgblv wdki_jbf _glZevgu_ hij _~ eyeZkv ih \b”_hktzfd_
nbabq_kdbo ozZjzdl_jbklbdZo k_e K_e \Zy kf_kv JueZ ijb]lhlh\e_gZ
h[sbo aZzdhghf_jghklyo "bgzZfk™j_k\ygh[_gbklh]h wex\bZevgh
ihlhdh\ g _h[oh~bfuo Ney n " ex\bZevghlh limglZz \hajzZklhf 4
fh”_ebjh\Zgby k_e_c < ]h*m km]ebgbkluf aZihegbl_e_f ez]dbc b
[ue kharZg \ KD; K:FB ><H J:Gkm]Jebghd “h iehlghklvx \ _kl_kI\
X' ghKZoZebgkd >DZazZdh\ b 7j aZe ]Zgbb x3 Ieéhfghklv km]ebgdZz

R o x d] ¥

F _Ih"bdZ wdki_jbf _glZz i K\z b s [ gv i AKIZ\e g

< Z\]mkl_ Ih*Z gzZfb [ueze \jheblhf kj _~g_c ijhgghklb iehlghk
wdki_jbf_gl ih baf_j_gbx kdhjh kI _kI\_gghf aZze ]ZgBb x d] f
liyva_\h]h k_ey gZ eZ[hjZIhjghf k_ lj_h[ez~"ZxsZy qZklv lhgdh”~bki_jk

Baf_jyebkv kdhjhklv b Jb*jh*tnjzdpbc ]jmglZz k_e_\hc kf_kb ij_ "kl
gZihj bkdmkkI\_ggh]h Jjya_\h]h kiue_\Zlufb qzklbpZfb jzaf_jhf f_g__

K_e_\hc ehlhd “ebghc f 1Z[ebpZ IhdZazl_evOoR5diiq_klb +
0,25f ]Jem[bghc f >DzZazdh\ b '=jmgl highkblky d Im]hieZklbgguf km]e
mklZgh\e_g k mdehghf f =jZgmehf_ljbg_kdbc khklZ\ bkot

< ehld_ [ueb mklZgh\e_gu ]jmglh\ ihdZazZg \ |Z[ebp_
"bzf_ljhf hl “h - HI rbjbgu lhihd ba ih”]hlh\e_gghc k_e_\hc
ehldz ih  dhlhjuf baf_jyeZk[ue ims_g ih ehldm lehlghklv ih~A]lhlh\
Ibrjh~bgZfbg_kdh]h gZihjzZz k_e k_e \hc kf_kb khklZ\béZIZkebpd] f
jbkmghd b hij_~_eyeky >ebgZ imlb k_ey khklZ\beZ f
\aZbfh”_ckl\by ihlhdZ k ij_iylkl\b_f < _rdb

Jbkmgh#&_e_\u_ h[fZadb gZ \_rd_ ihdZau\Zxl \_ebqgbgm ]Jb*jh*bgZfbqg_l
Figure 1. Mudflow coatings on the rod show the value of the hydrodynamic pressure of the mudflow
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LZ[ebpZ=jZgmehf_Iljbg_kdbc khklzZ\ ]Jjmglh\ ey ih~]hlh\db k_e_\hc kf_kb
Table 1.Granulometric composition of soils for the preparation of debris-flow mixture
=jZgmehf_ljbg_kdbc¥%khklZ\

=_heh]lbqg_ , "
\hajZkl b Granulometric composition, %
] g _abk _ lue _\Zlu

GZbf_gh\Zgl Geologicalage| S-L=9| 1=Ktz 1_khd azklbpy

Jhjghc ihjh~{ and Genesis Crushed | Gravel Sand Du.sty

Name of rock particles

JZaf_qzZklb
_ff _ 20-10 | 10-5| 5-2 | 2-1| 1-0,5| 0,5-0,25 <0,25
Particle size,
mm
>j_k\ygh
S_[_gbkluc ]jr
km]ebgbkluf
aZihegbl_e f
ki_"g .

iehighklb \eZ G & 18,2 |156]145|8,9| 51 3,3 34,3
Dry-crushed soil with
loamy aggregate up t
45%, medium density
wet

LZ[ebpzZOZjzd!|_jbkkb@éb\hc kf_kb
Table 2.Characteristics of the mudflow mixture

« E ° E y < GhjfZlb\gu_ agZq_gby
x 9 = 9| = - Standard values
(®)] (@] 4
B < < | = = = s | =
g | 5 £ =8 S| Ngl= glng|2
o 2 - 8 N = > -9 o Q| 3 E - < ®
x X | % = z X o © o S o | o g ~ 0
€ |og8les |23 |5 7513 £ 58 =
© 9 — O > 2 x 0 a © = = |—< 8| = E s 5
= ST = | N o 2| 22 5 |EN g/ £ 9 <
2 3 — S o GE) — O c 0 g o |E=- 8| % o O
>~ E x E | « § < o c 2 s g |27 8| » 0 — B
< %5 < 5 N3 - = DO. > = | & »w © o o
o 2 o S| = > IS O o Tl £ @ — 8
- £ = T = c = < <
S2 |s 2 S o ledls g 3| 2?
2 ] —_ g = = E w 9o >
) a) = N
1880 X 0,17 9,29 0,47 0,044 39 30 14,675
Dhwnnbpb_gl "bgzZfbqg_kdhc h+x]lem[bgZ ihlhdZ f
k_e \hc kf_kb jZkkgblu\ZeZkv itmdehg jmkezZ ]jz"
[=hgqgZjh\ ]: Uxkdhjhklv ihlhdZ f k
59y @ Dhwnnbpb_gl dbg_fZlbg_kdhc \y:
6l k_e \hc kf_kb jZkkgblu\ZezZkv ih nhjfm
" +7bgZfbg_kdzy \y&diklv ff L 2

l tiehlghkdve \hc kf_Rb d] f
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1" +dbg_fZlbg_kdZy \yaédhklv f]~_hygtkj_~gyy ]Jem[bgZ ihlhdzZ f
l+iehlghklv k_e_\hc Kf kb ] | tijh"hevguc mdehg jmkez ]jz"

Ih j_amevlzlzf wdki_jbf_g Kdhjhklv k_ey ih >Djxdh\ ;ml
ijh\_~_gh kjZ\g_gb_ baf_j_gghc 2013]:
kh kdhjhklyfb jzZkkgblZggufb it . 449 -
f IhAbdzf qzklh bkihevam fuf RL ssalools OB (8)
kdhjhklb k_ey ijbbgKengghzl_evk]® U + hlghkbl_evgZy ]b~jz\ebqg_k
ijh_dlghaukdZzZl _evkdbo jZ[hlZo dijmighklv \h\e_dzZ_fuo \ ihlhd dzZf_

Kdhjhklv k_ey ih \fZl _jbZeh\ Ney hi_jZlb\guo jZkq

]Jbrjh~rbgZfbg_kdhth gZihjz ijbgbfz_Iky jzZ\guf « f k \ gZrl
60,0 jZkgqzlZo ijbgylh jzZ\guf f k
7L~ @) . +kj_~gbc m]lhe gzZdehgZ k_e_\h]h
A

]~ 2D + kdhjhklghc ]bAjhAbgZf o _
gZihj hij_~_ey fuc dzd jzagt  Mazkj_"gyy lem[bgZ ihlhdZ f

hif_Idzfb ke_"~h\ mjh\gy h[fZadb J amevlZlu b bo h[km ™~ _gb _
lueh\hc gzZklb \_rdb jbkmghd
. xdhwnnbpb_gl aZ\bkysbc
k e \hc fZzkku \ kj_"g_f jzZ\gy_ Ik
Kdhjhklv Jjya _\uo b J]jya
k_e_c ih >=hem[ph\ @
RL ug [502%: (4)
]1*_hgjtlem[bgZ ihlhdz f
i +tmdehg jmkez A
Kdhjhklv k_ey ih B B 20 _jo
RL v L' 0OE 89 (5)
] _ hzxkj_~gyy ]Jem[bgZ ihlhdzZ f
. tkj_"~gbc m]he gZdehgzZ k _«

KharzZgguc \h \j_fy wdki_jbf_glz
fh gh hibkzlv dzd \yadbc J]jya_\hc |
Imj[me_glguf j_"bfhf |l g _gby jbkmghd

A
Kdhjhklv k_ey ih >Kjb[guc
aew, v
Rl T==, ©)

& i
]I"_mzdhwnnbpb_gl r_jhoh\Zlhklb
Rx]b”jZ\ebq_kdbc jZz*"bmk ihlt
| xijh~"hevguc mdehg jmkeZ ]j

i tiehlghklv gZghkh\ | f

lktkj_~gyy iehlghklv k_e_ \RAc Jbkmgh#& e \u_ hleh™ _gby
Kdhjhklv k_ey ih DoZggn Figure 2. Mudflow deposits
1969]:
RL zav[gd 444 7
1Jmdh\h~kI\h ih bamq_gbx k_e_XbéjhflhdhbaEZl k
27> -90. Jmdh\h~kT\h k_e_klhdh\uf kiZgpbyf b JE}ibyfZmbug kdbfj]ZgbazZpby |
ijh\_~ gb_ jz[h!l ih bamqFgbxt~jafcl hbanZl k
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Jbkmgh#1Z~bb "\b bgdmkklI\_ggh]lh ]Jjya_\h]lh k_ey \ ehld_ \j_fy hl gZq?Z
Figure 3. Stages of an artificial mudflow movement in a tray (time from the beginning of the movement, s)

JZkkgblZggh_ Ney kfh~_eagZq_gb_ gbkeZ J_cghev”kZ ijb i_j_oh
liva_\h]h k_ey qbkeh J_cghelmjime_glghfm j_"bfm ij_\umxzZ_| bh
IZ[ebpZ ozZjzdl_jgh ~ey eZfbgzZjg “ey d\Zabh~ghnZaguo k\yaguo k_e_c
l_g_gby HrgzZdh ijb gZ[ex~_dhlhjuo \ khlgb jzZa ij_\urzZ_I \yadhklv
\bamZevgh [ue hij_~ _ezg b-agZq_gby qgbkeZ J_cghev?kZ ijb Imj]

Imj[me_glguc g_kfhljy gZ fZeu_ ij_"bf_ ~\b _gby fhiml g_ ij_\urBlv agZq
J _cghev”kZ \ ihlhd_ gZ[ex"Zeh >Ne_crfZg @
\boj_\h_ ™\b" _gb_ | _j_f_rb\zZgt > ckl\bl_evgh ijb fZeuo agZqg_gby

kf _kb b i_j f_s_gb_ h[ehfdh3 KZeJ_cghev”"kZ I|1Z[ebpZ gZ hil~_evguo
khbaf_jbfuo k ]Jem[bghc b rbjb imlb kfh”~_ebjh\Zggh]l]h gzZfb k_ey \
ijhbkoh”beh gz ijhly’ _gbb \k_]h *gZ[ex”"Zehkv \ujZ ' _ggh_ \boj_\h_ ~\b"
lh  wlhfm fu kh]JezZkgu Kk i_j_f_rb\Zgb_ k_e_\hc kf_kb b i_j_f_
K FNe_crfZzgZ h Ihf glh _keb “eyh[ehfdh\ jzZaf jhfkf khbaf_jbfuo k
ihlhdh\ gZghkh\h”rguo k g_¢lem[bghc b rbjbghc ihlhdZ ijhbkoh"kt
\yvadhklvx “bki_jkbhgghc kj_~u ijhly _gbb \k_]h “"\b"_gby k_ey
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Kebygb_ jmdzZ\h\ ijhbahreh gZ mqZzZl
f_ " "m \_rdZfb «<««x g_j_a kK ih
jZa™_e_gby ihlhdZ gZ jZkklhygbb f
_lh jza~_e_gby qlh fh _I JTh\hjblv h ~h
\ukhdhc \yadhklIbD kflefy glm kebygby
jmdz\h\ njhgl ijZ\h]lh jmdz\Z m _ fl
\_rdm <«
GZ mqzZkld_ «x ihke_ \aZbfh~_cl
\_rdhc «x kdhjhklv ijZz\h]l]h jmdz\z
\hajhkez |Z[ebpgkh fh gh h[tykgblv
kgb™ _gb_f ~bgZfbg_kdhc \yadhklb
\ke _"klI\b_ _]h jZza®_e_gby gZ |jmdz\Z
dhlhjuo bf_e rbjbgm fijb Jem[bg_
ljb h[l_dzZgbb k_e_f \_rdb «x ihl
lzd"_ jZa”_ebeky gZ jmdz\zZ h~gzd
Jbkmghtdmj[me_glguc j_"bf Il_qgqjmdzZ\h\ ihlhdZ ijhbahreh gq_j_a k
gZghkh\h~rgh]h ihlhdz l[jb h[l_dzZgbb k_e_f \_rdb «x ihl
Figure 4. Turbulent flow regime of the suspended \gh\v jZa”_ebeky gZ jmdz\Z kebyghb
stream ijhbahreh g_j_a k m”_ ihke_Ih]h o
Kfh~_ebjh\Zgguc nghkh\hA!ijZ\Tj];‘ J'Ar\nbd\Z\ga;hkklt;]yc:EgrEcZ}Zekflwclj%Z )
. . N . <
:’jafgg’;dr}b&fnjshagguc Imilme_al\ \ 47fb <«  kdhjhklv k. ey | adl

- mf_gvrbeZkv
< oh”_wdki_jbf_glzZz JueZ - . . . .
kdhjhklv k_ey gZ jZaguo mqZkld; GZijhlb\ kdhjhklv k_ey ijb ih”oh
b bkke "h_\Zg 0Zjzdl _j 1h \az _rd_ «<x \gh\v \hajhkez g _kfhljy gZ
i inkI\_b f 1Z[ebpZ - - jmdZ\Z ihlhdZ kebebkv \ h"bg b “bgZ

J_amevizZlu wdki_jbf_glzZ I\yadhklv ihlhdz "he'gZ [ueZz \ha

. [Z[ebpZ
hdzZaZeb ke *
! Iike (€_TMXS__ Lzdbf h[jzahf fh gh \ i_j\hf
e_ ijhoh ™~ _gby k_ey b nh . S .
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LZ[ebpzZKjzZ\g_gb_agZq_gbc kdhjhklb ]Jjya_\h]h k_ey jZkkqgblZgguo ih jZ
Table 5.A comparison of the values of the mudflow velocity, calculated by different methods
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2 1,00 1,19 1,90 1,59 0,70 1,55 2,89
3 1,64 1,34 1,66 1,54 0,61 1,36 2,48
4 1,90 1,74 1,56 0,64 1,42 2,60
Kj_"g_ 1,59 1,74 1,56 0,64 1,42 2,60
KjZ\g_gb _ j_amevlZlh\ bhdZaZezZkv [ebadZ d kj_"g_c baf_j ggl
kdhjhkl _c k_ey kh kdhjhklyfb jzZl~ey \k_]h ehldZz
jZaebqguf f_Ih"bdzZf ihdZaZeh « AgZqg_gb_ kdhjhklb k_ey hij_"_ez

jZaebqzZxlky f_ "~m kh[hc [Z[ebpznhjfme_ B B O_jo_meb”a_ \h \k_o
AgZg_gb_ kdhjhklb k_ey jzigzfgh]h gb _ baf_j_gghc

\ _ ebgbg_ ]b"jh~*bgzZfbg_kdh]h g: AgZq _gb_ kdhjhklb k_ey hij_ ™ ez
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-h[km " @iscussion)tdjzZldb_ blh]b jza”~_eh\ klZlvb [_a “hkeh\gh]h ih\Ilh]

LZ[ebpu b jbknmngdhfeyxlky [_a Z[aZpgh]h hlklmiZ k \ujzZ\gb\Zgb _:
hi”r_eyxlky imklufb kljhdzZfb hl_dkgakghlbbkmgdb “he'gu [ulv fZdkbfZe
dZzq_kI\Z < 1Z[ebpZo "himkdZ_lky bkihevah\Zgb_ h~bgzZjgh]lh f_"~mkljl
f_gvr_lh jzaf_jz g_pt_gDZz ~"Zy 1Z[ebpZ b jbkmghd “he gu bf_Iv ghf_j
ZjZ[kdb_ pbnju b gzZa\Zgb_ <k_ ih~ibkb d 1Z[ebpZf b jbkmgdzZf ~he ¢
bgnhjfZpbb az bkdexq_gb_f kekhlgZ*"Zdgu VXA H§b

?"bgbpu baf_jighydklm klZlvb mdzZau\zZxlky \ f_""mgzZjh~rghc kbkl_f_

> kylbggu_ qgdXkE@4zxlky q_j_a aZiylmx gZijbf_j

[[i_\bZImju b khdjzZsthebgu [ulv jZkrbnjh\Zgu ijb i_j\hf mihlj_[e_qgb
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lZdbo we_f_glh\ fghlih &hzZtaxhegblv kibkdhf khdjZs_gbc k jZkrbnjh\dhc

Nhjfmedhe gu Julv \klZ\e _gu dZd h[t_dIl OLFURVRIW (TXDWLRQ b
nhjfme_ :RUG jZkihezZ]zZIlvky ih d_gljadakpgabipuhlklimiz khijh\h ~ZIvky
gmf_jZpb_c¢ ihijz\hfm djzx Z IZd _ bf_Iv wdkiebdZpbx jZkrbnjh\dm hJ[l
mihfbgZgbmdzZazgb f ~bgbp baf_j gby

<dhgp_ klZlvb[Ohymilib\_* ;eZ]h~Zjghklbdhlhjhf ke_~m_| mihfbgZlv e:
dhlhju_ ihfh]Zeb ijb jZ[hl_ gz”™ klZlv_c bklhggbdb nbgZgkbjh\Zgby

HlkuedZ gZ azl_dkbl&bh]jZnbg_kdb_ kkaedtlky ih |I_dkim klZlvb
d\Zz~jZlguo kdh[dZo iml_f mihfbgZgby \k_o Z\lhjh\ ijb ZNkbgadlfb d éB[hqgg
i_j\h]h Z\lhjzZ b keh\et@2b2"j RjbChlkued_ d bklhgqgbdm k b [he__ Z\Ihjzfb
Kkuedb gZ g_kdhevdh im[ebdZpbc h”rgh]lh Z\lhjZ aZ h”~bg ]h” ihf_qgzZxlky
barZgby < kemqZ_ hlkuedb gZ g _kdhevdh bklhggbdh\ hgb ijb\h”*ylky \
jZa™_eyxlky lhgdhc k aZiylhc

NhjfZlu hnhjfe _gby hkgh\guo \b”Ah\ azZl_dklh\uo [b[ebh]jZnbqg_kdbo k
KkuedZ gZ dlgdpmeby BNHeZ\b_ dgb]lb K\_~ gby hlghkysb_ _ky d aZ]eZ\bx
h[ hI\_IkI\_gghklb gzZijbf_j j_~Zdlhj F_klh barZgby ]hjh~? BanrzZl_e
kljZgbp \ dB®l] _

KkueddZ ~bkk_jlZpbx beb Z\NJfmelj¥l| BAH]eZ\b_ "bkk_jlZpbb Lbi "bkk_]
F_klh barzZgby ]hjh~ ]1h” Dhebq_kl\h kDQ@gbp \ "bkk_jlZpbb

Kkuedb gZ klZIvxNzdgkepby BAHeZ\b_ klZlvb AZleZ\b_ dgblb K\_"_gby
aZleZ\bx dgb]b K\_~_gby h[ hI\_IkI\_gghklb F_klh barzZgby ]hjh”" B
KljZgbpu kIROVDb

Kkuedb gZ klZlvx \ i_jbh”bq: N&Hb eolmy* Bydbije Z\b_ klZIvb AZleZ\b_ "mjg:
Lhf <« KljZgbpu B@:lvb

Kkuedb gZ fZl jbZeu \ k[hjgbd Ndhlgemby B\Hjlez\b_ klZlvb AZlezZ\b_ k[
dhgn_j_gpbb K\_~ _gby hlghkysb_ky d azZ]ezZz\bx k[hjgbdz f_klh b ~Zlu
F_klh barzgby ]hjhr Ba~zZl_evkl\h Jh~ D@If KljZgbpu klZlvb

Kkuedb gZ we_dljhggulN oflblélyy BdH e Z\b_ fZ1_jbZeZ >We _dljhgguc j_kmjk
hlghkysb_ky d aZ]eZ\bx AZbkZhiggbdgd jgh?t kha~zZgby j_kmjkz 85/ Z
NZ1Z h[jZs_gby

< aZl_dklh\u_ [b[ebh]jZnbg_kdb_ kkuedb \dexqgZxlky Ilhevdh j_p_gabj
ba gZmgguo "mjgZeh\ fZl_jbZeu dhgn_j _gpbc jZa”_eu dgb] b dgb]lb 2l
ghjfzlb\guc ~“hdmf_gl eb[h gZ klZlvx \ ]JZa_|I|_ |_dkl gZ kZcl_ beb \ [
bgnhjfZpbx h[ bklhggbd_ \ kghkdm ih hkghXghfkdhin djkemxkk¥ [ kll\haghc
gmf_jZpb_c¢c ih \k_fm ~hdmf_glm ZjZ[kdbfb pbnjzZfb < kghkdZo ihfbfh I
Aim]Zy “"~hihegbl_evgZy bgnhjfZpby L_dkl \ kghkdZo hnhjfey_Iky [
\ujzZ\gb\Z _Iky ih rbjbg_ jzZaf9gtrjbnlz %

Djhf_ ITh]h h[yazl_evglZ\ihflzdaky kijZ\HE™ _j " ZsZy bgnhpffhphk_o
Z\lhjZzozfbeby bfy hlg_kl\h imegghlgkilvxkl_i_gv H_&VAgkd{hlu k mdZazZgb_
"he ghktithglZzdlguc |_e-maihg@\Ihjkdibg”_dku

GZZglebckdhf yauHd[yazZl_evghf ihjyrd_ ijb\hewmg¥y bgggalzZgby
|Z[ebp b jbkrgdM\*ZjghikbbgZeb;gbtbl _jZImMKE"_j"ZsZy dzZd ljZgkebl_jZpbx
i_j_\h™ gZ Zglebckdballyjkuddy KkijZ\azZwlhf Zglehyauqguc \ZjbZgl Zggh
(Abstract ~“he” _g [ulv bgnhjfZlb\guf g_ kh”_j ZIv h[sbo keh\ hjb]lbgZevgu
jmkkdhyauqghc ZgghlZpbb kh~_j zZI_evguf hljz zZlv hkgh\gh_ kh~_j Z
bkke_~h\Zgbc kKljmdImjbjh\Zgguf ke _"h\zZlv eh]lbd_ hibkzZgby j_z
©Zglehyauqgufb? gZibkZgu dZq_kl\_gguf Zglebckdbf yaudhf dhfiZdlgu
AR50 ke h\

Ih~jh[gu_ ijZ\beZ ijbhitps/hydw-sphere.ru/index.php/hydrosphere/requirements
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