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Estuarine Process in $avigable Rivers with Re&ulated Flow 7

A. V. Seryebryakov

Chapter I

Hydrologic Regime of Rivers in the Tailraces of Dams

From time innemorial , man has been using water for transportation ,
as a source of energy , as a natural defense line against enemies, etc.
The water supp ly of the Earth is enormous. However, the distribution of
water resources on the face of the Earth and in time is quite irregular.
Different types of hydrauIi~ structures mus t be built to redistribute
water resources and use them more fully in the national economy.

Hydraulics has been a branch of engineering for many centuries.
However, hydraulic works designed to influence channel formation processes
were begun only in late XIX century. The first studies of estuary pro-
cesses also belong to this period. The works of Dubois (1873), who wrote
ma thematical equations expressing the “drag force” of detritus, arid by
Farge, who determined the tirs t laws of river channel structure and
development , should be mentioned. In order to solve the practical problem
of how to define a navigation channel , Cirard analyzed internal currents
of flow within a river bend.

One of the founders of free river hydraulics , V.M. Lokhtin9proved in
the late XIX century (43], that the type of river channel development is
closely related to the features of geogra~~it~ environment. As a first
approximation , he postulated three factors

A~
etermtne the features of a

specific river (water content , gradient , and river bed erosion rate) and
provided a well—known expression for the coefficient of channel stability.
Lokhtin determined how channel bars (shallows) form and grow and proposed
a method for improving navigation conditions in shallow reaches by building
correctional structures in the channel.

lrmnediately following Lokhtin , N.S. Lelyavskiy noted [40) the peculi-
arity of channel forming mechanisms — how configurations (shapes) of a 8
channel direct the flow of river currents , but are themselves affected by
the distribution of these currents. This dialectical interrelationship of
channel and current is the basis of the modern science of channel processes.
Lelyavskiy like Lokhtin , realized the need to study channel processes in
nature , without which it would be impossible to find a theoretical solution
for the problems of rive r hydraulics.

Later , as dredging technology developed , V.G. Kleyberg studied the
peculiarities of river channel forma~ion during seasonal changes of water
levels and established and proved itfractice (on the Volga) how to maintain
navigable depths in rivers by transrt dredging. This method , which consists
of preventive dredging of navigation channels in shallow regions during the
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high water  per iod , was wi d e  lv accep t ed .

The proponents of  dred g i ng d id  not renounce the theory of channe l
p rocesses , but  con t i n u e d  to develop and impr ove i t . For example , t he ’ id~’.i
of a r t i f i c i a l l y  induc ing  secon dary  cur rents  in a s t r e a m  Is Kleyber g ’s ,
while another adherent and t h e o r e t i c i a n  of dred g i n g ,  V.? .  T imonov , estab-
lished the first river channe l hy d r a u l i c s  l a b o ra t or y  In  Russia.

The det ailed s tud y ot  channi ’l processes in I t o l d  and labora tory , .ts

well as the a c c u m u l a te d  pr a c t [cal  r esu l t s  ot  work on r ivers  C O n s t i t u t e d
the beginnings  and deve lopmen t  of the  modern method of improve ment ot
navigation conditions on th e  r ive r s .  This  method consists of dredging
operations in shallow areas  t h at provide the necessary channel shapes ,
while the s t ab i l i t y  0! t h i s  c o n f i g u r a t i o n  Is na int a ined  by bu i ld ing  a sy s t e m
of st r u~ tu res to c o n t r o l  th e  movement of w at er  and d e t r i t u s .

Many studies of channe l processes have been made 1w Soviet and fore i gn
scientists in recent V&~.I rs . Con t empor ary the’orv .tnd prac t Ice of r i v e r
cha nne l hydrau l i c s  makes i t  possib le to e s t a b l i s h  a w e l l  enough founded
theo ret t ea l  exp l ana t  ion o t  t he v ar i a t  tons  ot  channe l processes in r i  vor s
a f t e r  t he i r  f low is r e g u l a t e d  by  large  w at e r  r e servo i r s .

The theory of ~‘han nt’ 1 processes de al s  w i t h  cur ren ts  whose u n s t ab l e
st ruc tu re  r e su l t s  f rom cont  I nuous v a r i a t i on  of the r i v er  channe l shape .
The gradually progre ss ing e~ro s lona l—d ep os i t i ona l p rocesses act ive ly
in f luence  channe l f o r m at i on  conditions , but  cha nne l p r ocesses , which r e s u l t
from chan ge in the s t r eam st r u c t u r e , p rogress much more slowly than v a r i a t  i o n~
in r iver  f low . Consequent lv  , a s i t u a t i o n  who re th e s t ream moves thr ough .t

channe l whose shape s t i l l  conforms  to the p re ’ce~~tng  phase of the r iver
flow , is typ ic al • Linde r u n c o n t r o l l e d  r iver COflu I t tons , the chan nel reform-
at ion process never roaches t h e’ stage of comp l et e  correspondence between
th e s t ream and the channe l • The cy cle  of f o r m a t i on  and el imination of
this  incongruency is an i n her en t  peculiarit y ot the  channel process.

Co rrect quant  i t  at I ye and qual  i t  at  ive’ ova I nat  ton of channe l processes
can be obtained only t h r o u g h  a na ly s i s  of cur ren t  s t r u c t u r e . Va r ia t ions of
current  s t r u c t u r e  r e s u l t  f rom var i a t i ons  of i t s  q u an t i t a t i v e  p aramet ers
th rough t i m e . In a d d i t i o n , t h i s  s t ructure ’  Is a lso  in f l u e n c e d  by changes in
cha nn el shapes (configut-atton ” . Consequent lv , tormation of a channe l can
be viewed as the resu l t  of i n t e r a c t i on  of ind iv idu a l condit ions of the
stream and channel. The water flow is the p ar t  ot  the channe l process t h a t
determines the q u a l i t a t i v ~’ asp ect  of the stre a m , w h i l e  the  channe l w i t h  i t s
features is the form of the  process.  Be ing dependent  on the stream , th e’
shap. of the channe l activ ely Influences the’ con t e t t t  of the channe l p rocess ,
but is relative lv stab t o  t. I ndcpe’ndent )  • even when the character of the’
internal currents of th e ’ s t r e a m  changes . T h i s  la t t e r  feature  exp lain s  t h e
laggi ng o channe l process  beh i n d  changes In t h e  st r eam s t ruc tu r e .

The s ta te  of the ch ann e l  is determin ed by i ts  morphologic parameters ,
among which are w i d t h  (B ) , depth s  (1) , top—view shape char acter ized by t h ’
radius of curvature (R) and r a t i o  (3/R) , cr oss—sect ional  shape (T/T max ,
T/B , T/R ) , type o f f l ood  bed , e tc .  The s t ream is characterized by the
i ndices of i t s  movement , among wh ich  are’ R eyn o ld ’s n umber (Re ) , Froude

_ _ _  _ _  _ _ _ _



numb er (Fr ) , grad ien t  ( I ) ,  tu r b i d i t y  (p ) ,  tempe rature (t °) ,  etc.  At any
moment in time , in any sector , the  channe l p rocess is determi ned by the
si multaneous i n t e r a c t i o n  of a l l  the liited parameters and many other
hy d rologi c , hydrod ynam ic . and morphologic f ac tors .

On d i f f e r e n t  r ivers , under d i f f e r e n t  specific conditions in time and
space among the m u l t i t u d e  of con t inuing  i n ter a c t i on s , the re are the main
i n t e r ac t i ons , which determine the main direction and dimensions of channel
processes , as well as secondary interactions . The problem of the resear-
cher has been reduced to determination of the main interactions by mean
of an analysis made ’ under specific conditions and , knowing these conditions ,
caus i ng the channe l process to  develop in the desired d i r ec t i on  through
appropriate hydrologic measures . The t rans f o r m a t i o n  of the main in t e rac t ions
into  secondary ones and vice versa is q u it e  possible in a channel process ,
as tn a ll natura l  p rocesses . For examp le , cha nne l deform at ions  of regula ted
rivers are significantl y influenced by such factors as modificat ion by f loods
(general pattern) and diurnal regulation of the flow by hydroe tectric works
(individual feature of the sector near the dam). When diurnal water leve l
t iuc t uattons are in s i gn i f i c a n t  in the taitrace and the temporal variation
of the disch arge ( 2 Q / 2 T )  is low , diurnal regulation of the flow only
slightl y influences the channe ’ process ; during large diurnal water leve l
f luctuations and correspondingly sign .ticant values of 2Q/2T, diurnal
re gulation of the f low can become the  d e t e r m i n i n g  fa c t o r  of channel fo rm—
a ti on  near the dam .

Individua l features can be the determinant in river channe l formation 10
in certain reaches, but this does not mean tha t  knowledge of such fea tures
al low s one to discard the general rules of channe l tormation . Knowledge of
individua l peculiarities is only a necessary supplement for more exact
determination of the general rules app licable to specific conditi rns.

In order to provide theoretical bases for the continuing reformation of
a river channe l, one must use only the cotmeon method of analysis of the
channel processes themselves , but also synthesis of thoroughly studied in-
dividual factors that influence channel formation . For rivers with regulated
f l o w , such a complex method seems to be the only feasible one, because on
such rivers initial data for general morphologic analysis are quite often
insufficient. At the same time , creation of large reservoirs on these rivers
causes a considerable alteration of their channel regime. There one should
mention N.J. Makkavevev ’s conclusion th at “aterstion of the flow regime
from the water shed territory leads to alterations of river relief , just as
the building of structures that mechanically influence the stream .”

2. Water Flow Regime

Under conditions of the socialist planned economy , large wa ter
reservoirs created on rivers with significant average annual water flow
are designed to solve complex energy, improvement , water transport, and
other problems . In spite of the frequent appearance of conflic ts of
interes t of individual branches of the national economy in th. use of
rive r wa ter resources , the main purpose of regula ting river flow is the
same . It is the storage of river flood disch arge for later •ffici.rt t use .
.~et present , the creation of large water bodies for a single purpose with—
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out r..olving the comp lex ot other problems is unthinkable. Thus,
modifying flow regimes is similar in the outfalls en all large reservoirs. 11

Current hydraul ic construction is characterized by an increase in the
size of hydraulic structures and reduction in their construction time . As
th. sizes of these struc t ures increased , their influcence on the hy d r a u l i c
and channe l regime cf the river increased sharply. This can clearly be
seen f r om analyst s  of changes in the  hyd ro log ic  regime In the upper and
l ower sections of reservoir  0! d i f f e r e n t  vo l umes. For e xample , a f t e r con-
struction of the Volkhovskava Hy droe lec t i c  S ta t i o n  ( l IE S) ,  be cause of the
smal l  sire of the st r u c t u r e ’ and the rese rvo i r  created by it , cha nges In
the ice breakup , floo d p rog ress , and r iver  load regime in the upper and
lower ends were insignificant. The reservoir created as a result of con-
struction of the Dueprogea lIES (Lake’ Lenin) , a l t h o u g h  th i s  r ~ervoir c o n ta i n s
less than 10 pe rcent of the  average annua l Dutepr ‘~1ver flow , caused ve ry
signif ican t changes in the natural rt ’glmc of t he~ r i v e r .  The Ice regime a t t h e
upper end (of the lake) and below the dam was changed completely. The
stream temperature regime changed and water entering the t.Llrace was dis-
colored.

Fig ure 1. Grap hs of ave rage ’ long— term cha rac t e r i s t i c s  of a s t ream bef or e
(so lid line) and a f t e r  (dashed l i n t ’ ) r e g u l a t i o n  of t he  r iver  flow .

s z ! r ’ a ! a I A I a j i h a  f i i~~v m e r i ~~ I a s ,  :

~~~~~~~~~~~~ _ _ _ _ _ _

a. Water and load discharge ’ ;
b. Cradients of free water surface and stream temperature

Large modern reservoirs  on r ivers are comparable  in size (volume) to the ’
total mean annua l flow . Such water hodtesd not only completely regulate the
water and ice flow regime s of t h e i r  p ivers hut  a lso drast ica l ly  change
their load and therma l r eg imes .

An example of change’s in the m a i n  hy d ro log ic p arameters  of a s t r e a m
due to regulat ion by a large’ reservoi r  Is shown in f i g u r e  1, which gives

~~aphs of average long—tern water discharge (Q), sediment load discharge

~~~~~ surface water slope (I), and stream temperature gradient ( t°) for one
of the hydraulic sections of the Don Rive r (based on Rydroute teorological 12
Serviée data~. Curves showing events prior to construction of the Tsiml—
yansk ’reservolr ’ (on the Dn) appear as solid lines , dashed lines depict
e~~~t~~’dfte*~thè &~nstr~ictton of this reservoir.

4



Most h y d r o e l e c t r i c  s t a t i o n s  belong to ln t e r gr a t e d  en e r gy  sys tems
tha t  i nclude therma l and o the r  (types o f )  e l e c t r i c  p ower s t a t i o n .  They
work under v a r y i n g  L oa ds  d u r i n g  any one’ day and are sub j e c t  to th e ’
sc - c a l l e d  “sha rp pea k r eg im e .” The i r  load inc reases sharp ly d u r i n g  the’
peak hours of ene rgy  c o n s u m p t i on  and drops to a m i n i m u m  d u r i n g  t h e  r es t
of the day . Such a liv J rot’ 1cc t r i t ’ s t a t  ion Opt ’ r at  ion  cy c l e  causes a di st I
t lye i r r egu l a r  t low i i i  t h e  JO t o  ‘ O—ktn s ec t  ion ct the r i v e r  downst r eam
from the h y r a u l i c  s r e i c t u r e  t h a t  i s  c h a ra ct e r i z e d  b y p e r i o d i ca l ly  recur-
r i n g  and r a t h e r  s te e p  wa vt ’~ cepr e’se nt  ~ ug the  max imum w a t e r  re’ lease p e r io d .
In w i n t e r  • the ~~~ vo l  r u sual  lv  makes i t  possible to  p.iss w a t er  th r ough
lIES t u r b i nes a t  an ave rag e ’ d i s ch a i ge r at e  t h a t  is Se ’V e ’t a 1 t ime s  higher than
norma l .  The’ i r i e g u l a r  r e g i m e’ of t h e  st r e am  and the ’ i n c re a s e  in  w i n t e r  wat~ ’r
f low c re a te’s a d r a s t i c a l l y  d i l t e r e n t  r eg ime  iron  the n ormal  h y d r o l o g i c
regime ’ of the  r i v r .

As the  s l  ~es o f  h y d r a u l i c  s t r u c t u r e s  i n c re a se ’ , the volume s of the  powe r
p r i sm s  of th e  n a v i  g a t  ion  locks a iso increase . These prisms become c mpa r—
at~ I c to  t h e ’ v o l  u~s~~ e I t h e  n a v i g a t i o n  channe ’ Is ad j o i n i n g  the  locks s i t u a t e d
in the reservoir e’n t  r ances  and ex i t s .  Shor t , h i g h  waves are c r e a te d  i n
the channe l s  t ’v t h e  f i  i I i  rig and d r a i n i n g  e I t h e  locks . These waves c r , i t  e

a d d i t i o n a l  nay I g. t t  l ena  I d i  f I i cu l  t i~~s on the  a p p r o ach e s  t o  t h e  lock —
e t a  l i v  i f  the  w ave s  . lr e ~ U pe r l f l q) oSe’d on t n t ’ d i m i n i s h i n g  w a t e r  l eve ls  c i u ~;e ’d
by the di urna  1 opt!r at  on cvc  le of t h a t  lIES

These c han g e s  in  li UES d i s c h a r ge  depend less on the volume of t h e
r e ser v o i r , t h a n  on t h e  degress  t h e  re ’servot r r e g u l a te s  r i ver  f low , i .e .
on the r a t  to ( V / W ’ ) 

• w h e r e ’ V is t h e  u s e f u l  vo l ume’ of t h e  r e s e r v o i r  and W ’
is the mean l o n g — t e r n  I low d u r i n g  the  s p r i n g  I i  cod. The r a t i o  \‘/ W ’ =

~ is ca l led  t h e  in d e ’x ot  degree ’  of 1 tow r e g u l a t i on  by a r e ser v o i r .
Reservoirs are ~io s c  r i b ed in  t ab  Ic l , ba sed on t h e  degree of  t low r egu l at  I on

The regulation capacit y o water reservoirs in table 1 can be app l i e d
d i r e c t l y  to the downs t ream r i v e r sec to r s  o n ly  i f  t he re  is a s i n g le  reser—
voi r . However , i t  there is a series of reservo i rs above the gi yen  reserve i t
the deg r ee of f l o w  r e g u la t i o n  can be d e t e rm i ned  as t h e  r e l at i o n s h i p  of t h e
u se fu l  vo iiunes ot c l i  t h e ’ r e servo i rs of the  se r ies  (EV) to the mean v a l u e
of the meat ’ v a l ue  oi ,ç~~t e ’ f l oo d  f l o w  in the  hy d r a u l i c  s e c t i o n  of the lower i t
h y d rau l i c  s t r u c t u re  C’ i i ) .  Both of the above values  can be der ived from
t a b l e  1; the f i r s t  i s  o b t a i n e d  b y add ing  the  u s e f u l  volumes invo l ved , w h i l e
the second is the sum c f  the  lowest hy d r a u l i c  s t r u c t u r e  f lood f low and t h e
vol umes of the u p s t r e a m  reservo i rs .

Fo r example , t h e  degree of r e g u l a t i o n  of the lowe r Vol ga is B — 7t .l),lNI .
— 0. ‘.7, where  lb km~ Is the  to~ al u s e f u l  volume of a l l  the  rese rvo i r s  ct  t h e
Vol ga and Kama , w h i l ’  160 .7  km is the  c a l c u l a t e d  t o t a l  f l o o d  f low i n t o  the ’
Volgograd  reseVo [r  (~L~ km 3

) and the  u s e f u l  volumes of a l l  the ups t r eam reser-
vo I rs (66. 7 km ) ,  w i t h  the  excep t ion  of Volgograd reservoi r .  For the V o lg a
below Gor ’k ov hydraulic installation,B 21 .7/30.9 0.76 , etc.

For a series of reservoirs , it is sometimes practical to determine the
regulated flow , not lyt compar ison t o  norma l conditions , but  compared to con-
ditions prior to the’ construction of a given hydraulic installation. For



Tab le 1

Reservoir Useful Vo1eis~ Flood Runoff B
________ ________________ 

V. (3) w’. (Kn3) — _________

Volga Vvan ’kov 1.0 4.1 0.24
Uglich 0.9 5.8 0.16
Rybin 16.7 17.5 0.95
Gor ’kov 3.1 12.3 0 .25
Euybyshev 34.5 122.1 0.28
Volgograd 9.3 94.0 0.10

Kama Kama 8.4 30.2 0.24
Votkin 2.1 31.9 0.05

Don Tatislyan ’ 12.0 16.5 0. 73

Dnieper Lenin Lake 1.3 29.4 0.04
Kremsnchu~ 9.0 26.0 0.35
Kakhov 7.6 30.2 0.25

Irtysh Bukhtarini n 31.0 11.0 2.80

Ob’ Novosibirsk 5.0 25. 0 0.2u

Angers Bratsk 28.4 38.4 0.73

example , the difference in construction dates of the hydraulic structures
above Rybinsk and Cor’kov on the Volga is 15 years. Consequently , it would
be more practical to determine the degree of regulation of the Gorodets—
Cor’ki sector compared to the  preceding fifteen years , i.e. to conditions
existing after construction of the Rybinsk dam. Consequently, for this sec-
tor it would be more sensible to assume that B = 3.1/12,3 — 0.25 , and not 14
0.76, which includes all the upstream reservoirs, For similar reasons, the
degree of regulated flow of the lower Volga should be compared with cond i-
tions after construction of Rybinsk dam and assume this to be 0.40 instead of
0.41, which includes all the upstream reservoirs.

Below we will discuss the river regime features in the outlets of
reservoirs that,having a capacity comparable to the flood flow of their rivers
(V~~0.1W’), not only redistribute the flow in time , but significant ly alter
the sediment load and temperature regimes of the stream.

The changes in the water flow regime are quite large , not only in the
tatirace of the dam, but also at a considerable distance from the dam and
even below the mouths of large tributaries . For demonstration purposes ,
table 2 contains long term mean ten—day water flow rates in the Roador
hydr**lic section of the Don River before and after flow regulation. This

6



h ydrau l i c  sect ion is 150 km from Tsimlyan ’ dam and lies below the t s t u ~,r .
of the t r i b u t a r y  Sev ernyy Donets .

Table 2

Pe riods 10—day M o n t h l y  r a t e s  of w a ter  f l o w  ~n 3 / s e c )
(v r s )  periods I I I  I l l  IV V IV V I I  V I I I  IX X I x  Y~~1

1 238 280 595 1721 3995 1064 351 269 2 32 220 254 27~
be fore 11 259 !, 18 956 2186 3324 567 331 262 23 1 232 26 7 2I~

UI 2 58 1 388 3185 _ 1939 47 2 297 247 2~ 8 ~96 17

r c &u l a t i o n  _________________________________________ -~~

1952— 1964 1 390 518 b93 l~~50 1370 906 680 620 595 62~)~~~~~ I / a ) 1
a : r e r  f low II  427 628 7~.8 1608 1427 800 667 6 0  598 62~~~~ h~~ ~
r~’~~u 1 a ti o n  I I I  548 764 ?~65 1495  1109 728 649 602 580 O i ’  b ,

The data  in t ab l e  2 show tha t  d u r i n g  any one y e a r  th e d i s t r i b u t i a ‘~
f low var ied mainl y in th e  direction of a decrease in flood f l o w  and a mor~
even d i s t r i b u t i o n  of the m o n t h l y  f low . If  before  r e g u l a t i o n  of t he  f J ~~ t~-
r a t i o  of the maximum to t h e  m r n i m u m  mean t e n — d a y  f low rate was 3995:l77
then a f t e r  f low r e g u l a t i o n  th i s  r a t i o  decreased to 1608:387 . .2 ; or a
decrease . The change in t h i s  t y p i c a l  va lue  is the most irn~’a rt~v~t h ’. d re  I~~ :
f e a t u r e  of a r egu la ted  r ive r and de t e rmines  the alteration of the rive r r~~~i r
as a whole. In a sector  of a r iver  located above the inflow of large tri o ,-
t a r ies , the change In the f low regime is even more p e r c e p t i b l e .  One s h o u l d
note that  the increase in w in te r  water  flow resu l t s  f rom the increase in  t~n~
lIES load . At Tsin l yan ’ dan , th is  increase is re la t ive ly small , d o u b l e d  on
the average . On o ther  dams , the increase in w i n t e r  wa te r  f low is much ~~~ r -

5 to 6 fo ld  at Rybinsk dam and up to 3—fold  at  Kuybyshevsk dam.

Figure 2 presents  hydrographs for  typ i ca l  years be fo re  (dashed line) ,in,~
a f t e r  (solid line) regulation of the o u t l e t  flow of Tsimlyan ’ dam. The gr ~~’~
shows that during the flood period , the curves of regulated flow (solid l l u ~ - - )
differ more than the curves of normal  condi t ions  (dashed l i n e s ).  At  t h ~ s~~
time , the r e l a t i v e  v a r i a t i o n  of h igher  water  f low ra tes  became less s i g n i f i -
cant during the dry period ; this can easily be deduced from comparison of  t ” ~
long—term mean dai ly  water  flow prism curves ( f i g .  3) for pre— and p o s t— r egu -
lation periods. After f low regula t ion, the f requency  ra te  of d ry—per iod  f l o w

7
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inc reased so much that it can be adopted as the  rc fc rence f o r ma t i v e  f l o w
reconiaended b y N .l. Makkaveyev [SOh

~~~i,C &/dM~- ~~ o. ~~~ ~~~~

Figure 2. t yc: 

-

(so l id  l ine)  r e g u l a t e d  f low . ~ 
_
~

__. _4.
j ’ 

~
-I

_

_‘ L~iiTFT~

Figure 3. Me an wa te r  f low p r i s m  ~~~~~~~~~~~~~~~ ~~~~~ ‘

before  (dashed l i n e )
and after (solid line) — — — —
regulated flow. -

D 21 1

The high degree of app l icab i l i ty of the reference formative discharge
increases the depe n d a b i l i t y  of existing hydromorphologic and h y d r a u l i c
calculation methods in building structures on rivers with regulated flow .
One should note tha t  in the Tsimlyan ’ reservoir ( the above example) is 16
one of the highl y regulated reservoirs.

In Ryêinsk reservoir , w i t h  an even greater coefficient of flow regu-
la t ion , the f low regime changes are even more pronour~ced. On the other

hand , in reservoirs wi th  less regulated f low , the cha nges in the outle t
regime are less pe rcep t ib l e , but  of the same charac ter .

Figure 4. Hydrograph of a regula ted  
— — — 
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Ol urnal and weekly r.~gtil at ion of f l o w  is t h e  f e at u r e  i t  the  w a t e r
regi~~ at the outlet ot !~~st dan~~. In figure 4 a ex a m p l e  ot w e t k l v  r t ~~t i 1—
ation appears in the  form o t  the mean diurnal discharge graph  ol  !‘ i v l o v
lIES on the P f a  R i v e r .

Observation s made a t  t h e  out  let ot .c r ‘ key lIES h v  t h e  Vs I g , i  bi ~ i i i  ~
S e r v i c e  sho w t h a t  t h e  week l v  (water release) waves v i s i b l e  p r o p . 1 i . i :  I
t h an  300 km . I’t t e  peak lIES load regime is ~ne of t h e  serious , but p r a t  t i v
unavoiddhle , inconvenien . es i n  n a v i g a t i o n  and e x p l o i  t a t  i o n  , i I  a l l  t v t l i ’~ ot
water routes , ports , r~d o t h e r  h v d r a u h~ str iR tur es , m ’st l v  due  t o  1 f l t c !~ -~~ vi
v a r i a t i o n s  in water l e v e l  c i i  cu r r e n t  speeds .

The 1950—5 1 and 19b0—6 I studie s carried out by t h e  i’~~ie p e~ .ci i Vs
B a s i n  Rou te  S e r v i c e s  i t  tl~ c ut  l e t s  of D~~’pr ov , Kr emt uc h u g ,  and R~~h i  n~~k
lIES , as w e l l  as r e g u l a r  ob s e r v a t i o n s  of t h e  T s i m l y an ’ lIES ( 1 9 5 1 ) ,  ~.h
t h a t  ds one goes f a r t h e r  ron the  dam t h e  I r r e g u l a r i  t v  of t l i t  w i t
f l o w  a t  f i r s t d e c r e a - :e s  r ~~id 1v , b u t  t h en  th e~ r a t e  of a t t e n u a t i o n  it r e . i - ~~-~~,
and t h e  d i u r n a l  (and  ev e n  mo re so the  week l y )  J i s c h . i ~~e~ wave (wit h a s’~. i i  1
amp lit ude) rep a gat e s  t or  s e v e ra l  h u n d r e d  k i i  one t e rs , f o r m i n g  t h s o — c  a 11
t r a n s  i en t  f l o w  meve~~~n t  .!s t i e . H o w e v e r , a si ~ni t i c a n t  t low I r r e g u i s r i  t v
c h a r a c t e r i z e d  by the t a ct t h a t  t h e  r e l a t i o n s h i p  Q = f (Hl i s  t o t  u n i ~ .~ .ini
the individ t~il points deviate from the mean v a l u e  by  more  t h a n  + 5’ 

•

pti r cept  lb le OV C ’ r te 1 at i Vt l v  s h o r t  dis tances f r n  the dam . In t h e  l ow er  s i lt  l~~t
s
~ the  T s in l . a n ’ lIES , t h i s  d i s t a n c e  is 20 km , w h i l e  d o w n s t r e a m  f r o m  :h  1 ’

Ry b~~~k lIES o u t l e t  i t  is 50 km . The g r e a t e r  the a b s o l u t e  d l i  f e r t i i , e  h e  t ’.~ i s ’

the  max imtm~ and minimum water t low rates and t h e i r  diurnal durat isn , t h e
longe r is the i r r e g u l a r  f l o w  .tone .

The variable water flew regime of a r i v e r  af ter ilow rt ’c, a t  i o n  ca1o- e~-~
in t u r n , changes in  O t l i e  r hvdro logic .in~ morp h o l og i c  , ‘h , t r i c  t c r is i ci~ S t  i ..

r iver. In the literature 1 it is conunon t o  d i v i d e  a r i v e r  w i t h  r~~gtt l i t ~
w a t e r  f low into two zones ;  an i r r e gu l a r  reg ime zone , w i t h i n  w h i c h  t h ~ i~~~li-
t ude  of w a t e r  leve l f l u c t ua t i o n  exceeds  20 cm;  and an c v e n — t  low r t ’~~ i::~, . , ;lt

w h e r e  t he  i n f l u e n c e  of d i u r n a l  r e gu l a t i o n  has no p r a c t  i c a l  s igni t ican~~
A mere thorough a n a ly s i s  of f e a t u r e s  cit a r e g u l a te d  r i v e r r , ’ i~ i r’ii - show th a t
such a d i v i s i o n  is too a r b i t r a r y .

Because of t h e  f l a t n e s s  of the d i u rn a l  r e g u l a t i o n  w av e s , t h e  l ow e t p i r t
of the unsettled regime zone d i f f e r s  verY little , in the e f f e c t  of
act ion on the channe l , from the settled flow zone . However , i n  t h e  l a t t e r
zone , the hydrologic and channel regime can be differ ent due t o  t h e  i~ ’ r ~’ .i s in c
i n f l u e n c e  of the downstream t r i b u t a r i e s .  In the  e s t u a ry  s e ct o r  of t h e  r i v i  t

i t s  regime depends m o s t l y  on m a r i n e  i n f l u e n ce s .  Consequently , f a r t h e r  down-
s t ream , we w i l l  adhe re to our d ivis ion of r egu la ted  r i v e r s  i n to  f o u r  p .u t ’ :~~:
the secto r near the dam w i t h  c l e a r l y pro nounced h e t e r o g e n e i t y  of  Q =

r e l a t i o n s h ip;  s tab l e  f l o w  reg ime  sec to r  above the  c on f  luence  of  a t a r ~’te ri b u—
tary (including the lower part of the unstable 11ev  ‘ o n e ) ;  s e c t o r  b e l e w  t h e
confluence of a large tributary ; and (4 )  the e s t u a ry  s e c t o r  of the  r i v e r .

3. Su rface  Water  Levels and Slop e s
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On a regulated river , the water level regime varies depending on
fluctuations of the f low regime . The f requency of high flood water levels
decreases , while the frequency of higher leve l dry—period water leve ls
increases. Winter water levels also increase considerably. For example ,
f i g .  5 shows graphs of mean l o n g — t e r m  w at e r  levels of the Volga R i v er  b e l o w
Ryb inak  lIES be fore  and a f t e r  r e g u l a t i o n  by Ry b insk  reservoir.  For the flow
reg ula tion , we adopted the  per iod be fore  the exp l o i t a t i o n  of Gor ’kov dam.
These graphs show that the influence of reservoir flow regulation on t h e
water level regime is significant downstream from the dam for  mere than  500
k~~, even though in this sector the Volga receives such large tributaries as
the Un~ ha and the Oka , whose spring flow we will compare to the spring flow
of the Volga . However , the  Influence of the tributaries is significant , 18
as can be seen f rom the graphs for the Yaroslavi ’ (above iinzha es tuary )
and Chkalovsk (below Unaha estuary) stations . On the other hand , on sectors
without tributaries , the regulating influence of the reservoir is espec Ia11~’
ev iden t and depends very l i t t l e  on the length of the sec tor . For examp le ,
after construction of the Vo lgograd dam , the water leve l variation on the
lower Volga is entirely similar at all stations from Volgograd to Astrakhan ’,
a distance of 600km.

FIgure 5. Graphs of mean > ‘avo5I~v(’ ___________________water level on 
~~~~~ 

r ~~~~~ i I

differen t hy d— F —~-~1—- i ‘

raulic sections 
,~

. _ ij _ i 
— 

I 

,

of the Volga i l l  ~~~~~~~~~~~~~~~~~~
below Ryb insk 

~~~HES (dashed line  3 _ _ L ~~~~~_~~~~ t ’ ’ _ ä -  ~~~~~~~~~~~~~~
1916—1940 ; so l id  -L_ .~ ______ 

I •

l ine — 1941— 1953) 2 —r~ 1 
T ~ 

, 
\ __~_j_ i : :_

J l i J f f ~~~F~ J 1fl 7 1f f I 1 7 f l  ~
/i~ u - I —

~cJ \L ~7 J 4.. I
~~C ’7O~~~ 0 / 1 .! ~~ F U f ~ I ~Y U

;m~t~m 1 1 ! .
I i l I P~~I171l!
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Regutat ton  ot the  I t ow Is eve n luore net  I ca i ’ !e  on t h e  S i e d i t t y  ~~~ h . t

1 rty~ h , where there art’ U t ’  large tributar ies t o t  I , ‘tO0km t r em ~u k h t  c i i ’ ’
iD~S to  Oma k • This phenomenon Is well t i t u s  t rated I n  t he r e p o r t  w i t  t t  en
V . V . t~cgt v a r e v  and ~. F. t usev L 16 1.

the ~itst ingutshtlug tt’ature c i t  the  w a t e r  l e v e l t~ - g t m e  ~‘i a
i ~‘e i I ~i a si  g u l l  I ~‘a t t t  dec i’ e.t~ie In  t h e p e r  t ed  ~‘ i t t oed  s tile-. t t i s i i ~ t a l i t ! ,
a ltuo~. t comp lete e I t  ml nat I on cit the shall ow dciwu5 l o p i n g  i’~’’ I s ’t I h is ’ ~.‘a 1 . 1

level c urve that t - .  t v p l . .- a l  c i t  free p l a i n  t t V e F ~-. . T h I s  1- . s t g i t t t t 5 a t t t  I I I  I ’ )

h ’  I or lual  t o l l  o t t 1w i i i  ~ e asou rivet’ channe l • On t t ee t 1 vs i -. , I he t I
dcii s - . ee  p e r i o d  t~~ u~~eJ  t o p r ep ar e  f o r  r edrt ’ct g l u g  t h e  c h a u n s ’ I”  I ! i t s e i ~~P t  - i i
. i t  l ow- . ( t ’a r ~.) . C e t  t a l i t  I’ s - c u t  i . t t  t t l s s  c i t  t i l t ’ W , l t t - I  i c Y s - 1 t s - g t  flit - a l t - I i — .o
.1 ’  ~.t •  I Ve il e lur  tu g  t t i e  ~~~~ t an t  uni t and p resp  r i n g  !)s

~~
i t eds  c ’ i i  t s - g i c  t a t  ed i I t ’  i i

lute I it gent ~~~~tt c i t  I t t e s e  t e a t  ures Is  ye rv impor t  ant  in  h a y  i gal  ion

the spe~ t a t  t ’!t~-, t~t~ ~. I t i c !  1 tn-i c i t  hvdi ci leg  t e ’ a t l ~I l i e i s - g i  tile I e s  t i i l  - ,

t h e  w a t e r  r ou t  e~, ~~t t i t e ~ RS FSR ( Russ t an  Sov Iet F~-~ i e i  at  c it  Sot ’ t i l t - i  i~e h l t l t .  - 1

show~ J that , d u r i ng  t h e  pci-. t a u t u m n  li s t  t o ~I , w a t t - I  1 s t t  I s  Oil r s ’gt t l a t 5 ’ .I I

e x c e .-d t he  r e t e t ’ t -n ~ e dry ~.s -ass ’ll wate r levels , w h e r e a~ un der n orma l ( I L I t  t i l t !

~- end I t  t ~‘ns , Wa t c i  Ic ye l i-i i ’ l l  t ’ It t i e  s ’i~~ siSt ’ ~t u r  I ii~ I it  is per ( i ’d  Att  e \ s  i i  1 e l i  1 - .

the l ower  l)en . W a t e r  l s~Vt ’ l~. L u  !‘~~I m l v a i t s k  i’ e s C t \ ’ t ’I r d u r i n g  i t — . p e t i t  ~~~. I -  I c
c i l s e r a t  ten r e g i m e  have  be e i t  l . a —i t ’ d c’n c a l c u l a t e d  I c ’ n g — t e t ’ m  coud i  I l e n -  ot  L~~
ljt e’el t low . In t a c t , th ~- i sn-. t ’ t v ol  r has net  h a d  v ito ug h W 51 1 C L  ~h i , i ( l i t  ‘i 1 s ’

t t i e  y e ar s  t o  n~~t t t t a t t t  norma l uav t gat I t ’l l  e c i u t d i  t i c ’te ’  b~- l ow  t h e  s t i l l .

Water levels a Fe ’ l ower  t i t a n  r e t  ~‘ r elI ct ’ dr v s ean ~’It I eve  I I n  outs - ~~, i l

Jtir t ug the p res pr in g l i s ~ t ’ I id on t~ c t o rs d i  re -c - I lv  be’ low t he ~latu  t ip  I c t h
t r i b u t a r y  I toe d b a c k w a t e r  t ’x t  i i t c ’t  t on  1s ’lk ~ • HoWever  • lowet’  i t - v . ’ i i

c-as t ty he e t l m t n a t e d  i t  sonic  cttaiigt ’s at’ s - ua~lt i n  t i l t ’ I t ow  t e g i l l a t  t o n  r I  1. - -
A n a l y s i s  of  t h e  warel l e v e l and I low r e l a t  t o n sh i p t ’ t i r y s -~. Q — t ( I t )  l i t  l s ’- . t
h y d r a u l i c  sec t  I c i l t~. c ’t  t’t’gu iate ’d t I V C F S , cXc t u d i n g  5~~i t  St’ s n e a t  11w i i i ’ ,

i n d i c a t e s  t h a t  t Its ’i4 e c ti rve s  arc c lose t o  t h o s e - b e t  c ’ t t ’ r e g u  t a t  I o t t  c i t  I h-
low . However , t h er e  a l t - so me d l  f t ~~ren -~ • For examp le , a f t e r  ~,evs -t  i t  t

It’s s v ears and , ~ c i U s t s !  l i t  ut l v  , s one - c ~‘nve t’gt ’ i t t ’ s ’ c ’ t  t i l l . dep ths  i i i  d c i i’ a l l . i

1 low set -t o t S  0 1 t i t e ’  t vs - i  ch ann e l ;  a slight s t i le - ,  t d e u~’ t ( I i ’ 10 _ ‘O ~ ‘~0 , ‘t  t i t ~-
Q — I t H )  ~

‘ h i V e ’ is  Se’t ’ I t  • ilowevt ’ F , at  Icr a subsequen t  h i  git I 1 c ’cSt I l k -  1
I t u d i na l r iv e r b o t t o m  pr~’1i ls~ became une ven  ~l g a i i t  and th ~ Q I ( I I )  e t i t  s. .

_ i s st ine -d  Its f er u ~~r s! lal ’ s - . t h e r e - t o r e , one may assum e t h a t  .11 t e l  I low s , i t l
ion , as under  norma  ~ ~~c i t t c t  It Ions , w a t e r  I I ’V e ’ Is may vary at a g I \ ‘ett v ~‘l  t i t h e ’ , ‘ t

w a t er  d i s ch a r ge  wIt I cIt  ~t. ve I is d e ter m i n e d  by the va r  tat ion i n  v at  s t  l i v e ’
d u r i n g  t ti e ’ I to ed 

~
‘ t ’ r t  cii . It shou ld  bc n o t e d , that t h i s  proc e-i. -. t ~. oh - c - i  t i

net on l y  on hvd ran  l I t  St ’ c l i o n s  f a r  ron the ~la nt , b u t  c d f l  .1 155 c ’s s l i t  i t t  I I  i t
FL gur e  ri show s t ,t t (H )  cu rves  or d i t  I e r en t  v e ats ii el ow e o  I ‘ h~ ~~~ J cu ,
on standard ohservat tons i~roce ’sst-d by P .A ,  it  sovsk iv  • S Int l t a r  gi  l i s l e - i  Si ~
a l so  pre sented t o t  t he ’ -it - ct o ts  below Novc’stb I rsk ~tt ,h and l’s t n t  v a n - -h  ( t t  •~ ‘0
clams • The downs L o p e  ot  t ti e Q — 1( 11) cu rve  rei s t i l t s  i i  ~‘m t h e  t i t ~’ i c -a - , - i l l

cha nne l  vo I time he - low ttw dam and is c t ear lv pe ’ r e t - p t  lb  1 ~i .‘n lv I n  t t ie ~ I .‘c.’~’ i
p a r t  ot  th e  curve , i • • dtit t u g  low w a t e r  cendl  t t ens

I I



H 

‘- _ _ _  ~
rn.

,

~

, 

________ 

_ _ _ _ _  
-
~~~ 

_ _ _ _ _

_ _

_ _ _ _ _  

~~ 

_ _ _ _ _

‘

~~:66~~1i ~~~~~~~~~~~~~~~~~~~~~
~~ ~~~~~~~ ~,a -~~~~~ ~ IZ9O~ &/t’~ir ? ix .~j ~~ ~~~~~~

Ft gur e 6. Annua l vart.itlon ot  Q — f ( H )  cu rves fo r the reaches bela’-, ( e r ’kov
(a ) , Novos t h i r s k  (h )  , and T sim lya nsk ( c)  dams .
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Figu re 7 . Annua l  v a r i a t i o n  o f  — f (h1 ) ~Curve - s tor sector cit the Don 

~~~
., —

R I ~ t’i near tlte’ dam .

:b3 aFj JSI

- 

_ _ _ __ _ _ _ _ _ _ _ _ _  
vs z~s usaz,.~3 —J• !]HTZt] _(

~~
— Figure 8. 

~~ k v ( t — t o )  cos cu rve .

-, — L/
I_ _ _ _

—~s —y 0 •~
‘)

~ :‘~

This fac t  can be eas i ly  deduced f r om f i g ur e 7, which is a graph of Z — f ( H ) , 2 1
the  r e l a t l o nh l p of the w a t e r  level drop fo r  the r ive r
sector near the dam to the water levels o f d i f f e ren t yea rs o f f low regulation .

Beca use of steep waves below hydroelectric stations (HES) operating In
peak regime caused by diurnally regulated flow , the relitlonship Q — f ( H )
becomes multi—valued there , because water flows which  correspond to the same
water level , but occur during different stages of its rise or fall , are sign—
Ifican tly different . According to V .A. Galkov ’s obser vations below Kreuten ’ ch ug



HES, whose regime is characterized by a sharp peak load , at the same water
leve l mark, the water  f low was 5 ,000 m3/sec du ring the water  leve l r i s ( -  - l l ) ( ’

2 ,200 m3/sec du r ing the drop . Dur ing  a s table  regime this water  level
corresponded to a discharge of 4 ,000 m3/sec. Such var iat ions of wate r  f i c i w
at the same water  leve l are caused b y va r i a t ion  of the free wa t er  su r f ic,-
slope dur ing  the rise and f a l l  of the water  level.  In the e xam p le ’ g i v e n ,
du r ing  the w a t e r  leve l r i s e  the  s lope inc rease  is 2 . 5  t imes t h a t  ob served
du r ing a stable reg ime . On the o ther  hand dur ing  the water  level drop the
slope decreases almos t to zero.

On the average , some decrease in dry season wate r  slopes caused by t i l t ’
d rop of the Q = f ( H )  curve  is t y p ica l  fo r  the  sec t ion  nea r  the  dam. In
the  o ther  par t s  of a regula ted  rive r , the slopes inc rease s i g n i f i c a n t ly
d u r i n g  the dry  period. I n  sp r in gs the slope’s even out to some degree and th e ir
values approach those of t he  dry period . C o n s e q u e n t l y ,  d u r i n g  the n a v i g a t i o n
period the slope t y p i c a l ly  becomes more even below the dams of regulate !
rivers . An exception are the river reaches above the inflow of trihutari~~o .
As the flood moves down the t r i b u t a r y , the s lopes in these reaches dec r e ase
si gn i f i can t ly due to the decrease in water flow through the dam caus e by t h e -
backwater  created by the  tributar y flood at the c o n f l u e n c e  w i t h  t h e  ma i l)
s t r eam.

S i g n i f i c a n t  v a r iat i o n  of the w a t e r  leve l and slope regimes is observed
near the  estuary sec tors  of the rivers . The pre—estuary sector of  a r i~ - . - r
is a sector where the  slopes of the f r ee  w a t e r  s u r f a c e  decrease n o t i c e~ih l ’
tow ard the estuary . The pre—estuary sector can be more than 100km long .
Dur ing  the f lood  p e r i o d , slopes increase in the estuary sector; at the same
time , the greater the distance over w h i c h  steep slopes extend in th e  d i r t s - t h u
of the sea , the  g rea te r  is the r ive r  f low d u r i n g  th is  period.

These f l uc tua t i ons  and the corresponding water  su r face  slopes cre ’ , i t e d
by them depend mainly on the speed , direc tion , and d u r a t i o n  of w i n d s .
Special standard measurements with more frequent , three—hour observations
(during Q = const.) made in the channelized Alitub sk region of the lower
Don (80 km from the estuary) revealed a statistical relationship between 22
the water leve l accretion values A2 and the water level during calm
weather and at different wind speeds and durations in a given direction.
As shown in figure 8, this relationship is guite clear. Its equation can
be written as follows :

A Z  — kv ( t — t o )  coS

Where ~ is the ang le between wind direction and the river channe l .txt-i

Prior to construction of the Tsimlyansk dam , wind—generated tidal water
leve l fluctuations were observed along a 150—km sector (up to Melckhovskava
village). The amplitude of these fluctuations reaches 4m, while diurn al
water level f l u c t u a t i o n s  dur ing  rapid changes in wind spee d and d i r e c t i o n
exceeded 1.5 m.

After the Tsimlyansk reservoir regulated the river flow and consequentl~-
Increased the dry season water flow , slopes increased near the e s t u a r y  of t h e ’

13
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Don , and a I th~ ugh (It I -  Iii c I . - a- ..- In  flk’~ n 1 cupt ’s I s not  , In  it se I . ~~ 
- u v

sig n i t Ic - a n t  wht ’ui t h e  - i t i r t s  .- w i t e t  Is calm , it tnt t ue-need the w at t -u L y e -I
regime . thur I ng I a~. t I ‘ ‘ ~

-e  a t - . $ h~’ amp l i t ucle ’ ot  w I utel — I nducecl wat  c i  l i v . ’ 1
f l u e  t u at  ions did not e xce - t -d  2 ut ne-ar t tie i s t  cua r v , I - . - . t tu e ~urnp I i  t i t l e ’ ct .  - -
cre,u-ie’d by 2 t i nies.

-. . Con t t u t -  11cc c i t  a Rc~~~ 1 - t t  ed R i v e ’r w i t t u s i r l h ut a  Fv

At t he’ con t I uene e of two river s cW .1 t t  Ye I’ and  i t s  t u - I  t i t i t  ar~’ , ~‘ut . ’ cii ’s~ ’ I ‘c ’ s

the i r  mu t ual  I n f l  ue’n ce - , ‘ I l  t i l t  b l \  ~I t c i l  og t I ~-g i flit ’ , Re ’ gc i t a t  ion  c it  .1 1 1 vt -i

d r a s t i c - a l l y  , l l t c ’t  t t t e  .‘ t  1 , - c t  s t  I t s ’  - “ i l l  uuuu - e - g c u l 5 i ( e e t  t r t h u i t ~u u - t e ,  ou t
reg l n ~’. The ~‘c i i  I i  I a t  i~~ ’ i i - ~ t ’ t - t w c ’ect t h e ’ I low c i i  .1 r i v e r  and the  e ’ o r u , ’s b - s s i l s l  1 i l ~~’,

Low o I i t s t r ii ’ c i t  a t ’ t t -~. ~u i t - ~t I t  e t t - ci • Ih  c lower re’ ach e-s of  t i l e ’ t r I t ’  c i t  a u i. --
change’ t ron h ac k— p i i  s-i  t u t  . - i t t  o “ non h a t ’ k ’- p re --is u r t ~ st -c t  or-i (ae - e-ou -d in  g I .
N • 1 • Makk ave v e- v ’ -. t e m u  no 1. ‘~~~ ‘ )

in  ire -as wh e ’ Ee t h e  I I Yet’ tnt’ L g C ’i~ w i t  it its I t t  bu t  I t ’  i t s  , t h e ’ flies I t I I t —
c ’ S nt  e ) t a u t g e-s in  !uvct rc ’ log !’ re-gime occur d u r i n g  the- I l oOt1 p er i od , w i i i - u i  I i i . -
rese rvo i t  is he’ I ng t i i  I cci h i d  i t  ~ W i l t  t’ t I lOW dec te’J S e S  by Si ’ vi - i i i  I t file -~

w h i l e ’  the flood f t  o~ o f  t h e  t r i bu t  at - t i -s remains unchanged. Be’ I t ’  re’ ti 50 L i t  I OIl
cit a r i v e r  i t s  t low i ’xc ’eetl.- tI • a-i r u l - , t h e - t low of  I t - i  r i b u t  a t ’ c ’  ~hit I t l e ~ t h i s

t’nt i r e ’ t t Oo th  pe- r loci , heut at  t s t  ‘- egoist lo ut L i i i ’  I l OO t !  I l t ’tc’ O f  t i t t ’ I i i t ’ c t t  Ii

\c ’ i t - c I .  t i l t S i to ed I low o f  L i c e  t t ‘ c i i ’ d c i i  I i t g  ci t’ V uuiel  h i t ch t tifi t c i t \  V e S t ’ - • 1 , 1
e -x ampi e  , a t  t h e ’ co t i t  lcue uie t~ c i i  t u e  VI  I v u v a  R i v e t  w t  t h u  I t s  t r ( b u t  s ly  l b . ’
Ma rkh a  Riv e ’ r, be ’ t  ore V ii v  t l V s k  IIFS was hu l  I t  , i i i . ’ Ut ’ Lit I on tu I r c i t  t i l e ’ I

i ow of h u e  r i ve’u ~ , (Q p ) , t - ‘ those  c i t  t he  t r t h i c i t  s t y  , ~Qt - p , v a t  i eel w i t  I i i  n
1 • ‘ to • 

() I I  ml  t s , w i t  I i .‘ L i i . ’ h t k l X  ( mum vs I cue ’ o t t h e ’ t~~p -‘e~u ’ p t a t  h o  c,’~u~ I ‘
. \ I ~- i - ‘

1’ low re’gu tat t on , c i t  lie  V i l v  t i v . u  R I  vi- r , t It I -i ra t i ~ s che ’c u’ ’,u~i - d  t ci 11 . t — i I • -
- 

t •

Qp became sma ti ~’ r t i t au t  Qrp  • Su ch ci i i  lv  d o t I n g  e’ s p e e ’ i .11 lv  w a t e r  i-i cii ‘ c c ’ I

Qp : Q rp ri - at-t i  -‘

During cop I otis w a t t - i ’  ‘c o a l s , at  t h e’ ic e - g i n n i n g  ot  f l i t ’ spt- l ng I I s~oci • t i l e ’

w . l t e ’r f l ow c i t  t i i t~ t r i b u t  i t - v t x ce c ’ ck t h a t  0! t h e ’ m a i n  u - Ive’r ant i  on lv  d cii ’ i w,
t he sec’oncl h a  U c i t  t t ie 1 L O O t 1 !‘e’t’ led cIti es t h e ’ t i  ve t’ I low he ’c-o mt’ I at ’ce ’u t iu in

l u s t  of the ’ t r I h ot  ~u r y  • Tb. ’ i n  I I u enc - t - of t h e  a t ream I low on ( h i ’ i c -c . in .-
c i t  i t s  t r (b u t  avv  5und t h e ’ I c i w — \~’St  i-r r eg ime  is  c h L t t a ~’ t i t t  . ed  icy t h e ’ i t i c t  i i ~- t e l
h ~t c k— up c i t  v a t  e’ r in  ( h u t ’ I OWe I Fe Seth -S of t he t r i b  ci t ~t t i es  •

Based on a s ccmuna t•V 0! ~i tie t ~l i i  ed _ uuia  vs is c i t  I ong I t - n f l  hivet  no l o g i  ‘
-

c~h i Se ’ 1 v i t  ions made’ i t t  s i c ’ t o t ’  c’ t t i t t ’ Vol  gil and Oka uttcl  a t  I he’ Doti Silt1
SeVe’ r sk j y  Done’ h - i  0011 1 ( cii ’ l i c e ’ S $ and h~~~e’d on $pe ’e’ i a 1 .1US1 V L I  t~ • I h u i I I she Fa t  i i

5 t uct it ’s c ’t  t ite’se Se’ c t  c i i ’ ~ fll~hh i ’ by Lt’ng [p rorecit I u - in s , Got ‘ k I v  lu s t i t  o t t ’ c c l
W a t e r  I’ r _ i n s i c t c t - t  i ’n g i t l i - i ’i  -i , t o N i  I EVT , a nd t I t o  l’ i t n sp t ’r t  at  I t ’n S e r v i  c e o  ot  t i l t ’
lion and ~‘e I ga B as in s  , t i t t ’ I ci (lowing t c .ts I c couic I us I outs a I t  iflSeli ’ au ~‘t i  t ( l i e
h u t  I uOnc t ’ c c l I I ow regcu ha t i c i i i  c’n t he eg I file ’ c ’t  ~i t 1  ve ’r and i t  t i l t ’  c ut  au i es
in regions of their cen t l cue ’nc~ ’.

Al tet’ re-gui S U out e I a u - I Ye 1 , he’ gr~hcI h t ’nt ~-~ in  t h i ’ se’ d ot ’s abt ’vt ’ t i l e ’

con ft ut’nce’ v i th it s ti- I btu t 5t r v dee ’ V t ’  as,’ t t ’i lS I tie’ rat’ lv clue’ t c ’ ni V.’ I’ W . 1  t i )

h ack ed  up by wa te rs 01 t h e  t r i b t i t  -t i - v .  A t  t i l e ’ s uite t i nto , In  t i l e ’ lowet
se c t o r  ccl tilt ’ t r t h u t ~t t - v , g r u ~h t e ’ u u t s  i u i t ’ t ’ t ’ ao t - t ow ard  i ts n uoci th  H gture ’  Cl
shows curves of t h e ’ I re’e’ s cit - I i t t ’ e~ t t he ’ Dim h i d  i t s  t n  bu t  ~t t ’ c  Se’v.’ t- sk

I - .
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Donets before (so l id  l ine) and a f t e r  (dash ed l i ne )  lion flow r e g u l a t i o n

Figure 9. Curves of free water surface —

along the Don River (1) and
i t s  t r i b u t a r y  Sever sk iv  Donets ,• C  —

(2) b e f o re (sol id  l ine )  and z
after (dashed line) r e g u l a t i o n  ~~

- _-\

~Js — —--——-— —‘

~~~~~~~~~~~~~~~~ 
I L,Dg I.I 4;

Comparing the two curves of the Severskiy  Donets  $ one shou ld  n o te  t i t e l  r
di vergence due’ to -i s ha rp  in e -rease in the wate r  sur face  g rad i en t  t o w a r d
the mouth. Because of t h i s  decrease in w ate r  leve l , one sees th at t h e
t r ibu ta ry  s t ream narrow s , and is con f ined  to the low— w at e r  cb .-inne’ l t V t  ‘i

dur ing large wa t er  f low . Consequen t l y ,  the speeds of f l ow in t h c ’ t r i b u t - i r v
increase severa l  f o l d  causing an increase in st r eam compet ent - v , and ma k i ’s
nav igation more d i f f i c u l t .  In the lower re’aches of the Severskiv l)onets ,
veloc i t ies  p r e s e n t ly  r e-acl u 3.5 rn/sec during t h e  spring flood , w h i l e in  the
Samara Rive r sector s a Vo l  ga t r i b u t a r y  below the Kuvbvsh -v HF-S , the I low
even reaches 5 . 5  rn/sec according to P A  Llsovsklv . No such l a r ge i 1o’-~’ -

‘

veloci t ies  ex is ted  in t he e  above sectors before flow regulat ion . TI t e  - p r  I
flood usually beg ins earli er in the tributaries than in the  ma in  r i v e r .
Af ter regulation of the  ittain river flow the flood wave moves f a s t e r  i i  ong
the tr ibu tary and r e ,te ’he -s  i t s  mou th earlier because’ of t h e’ i n c rease  i n  t t ’ i

bu tary gradients . Tite ,’ e’ i r l i er  arrival of t r i b u t a r y  f lood w a t e r s  i n  .i re ’ 1~l I-

lated river causes the  decrease in the flood water temperature .

Figure  10. G rap h of the r e l at i o n s h i p  
__________________2 f ( Q l / Q 2) based on - _______________

obse rva t ions  on the  Vo l ga - ‘
~~~~ h

(1) and Oka r iv e r  sector
(2) above t h e i r  conf luence .

_I~Ii-~ $

— Fi gure 11 ~raph of t h t  I c  I i t t  ‘I I  i l ~+ — - - 

~ 
— Z f ( Q I I Q 2 )  based on

- ot’cse’rvatj ons on the  Pout
L4 ~~~~~~~~ 

( 1) and Seve rsk I v Dofle’ I
I - 

(2) see’tors above ’ t i t e ’ t t’
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Analys i s  of g rad it ’nt  ch a n g e’s in the con f l u ence sec t  I ons of a utcimh t -r
t r i b u t a r i e s  (Volga  and Oka , Don and Khoper . and (kin and Sev er sk i v  Douie- t s) $

as we 11 as ca lcula t  lout s b y t h e  au t h o r  in  1956 for a t h e o r e t i c -a l  mode’ I o f  - i
c o n f l u e n c e  region of two r i v e r s  w i t h  a p r i s m a t i c  bed , in d i c a t e  t h a t  t he
g r a d i e n t  on shor t  se’c t o n s  o I t hese’ r i ver s  is f u n c ’ t ions 1 Iv re 1 . t ted n o t  t o
t he i r  abso lu te  w a t e r  f l e w  v.uI ut-s $ b u t  t o  their rat to , i .e~~ lnp  — I ( QP / Qr 1c
wher e’ Imp is the g r a d i e n t  in  tile’ l owe r si -c -t or  c i t ’ t h e’ t r i h u t  ar v .  An I u lv t - r o t ’
r e l a t i o n s h i p  between the  amp l i t  ode of  the  grad t e n t s  on th e’ dl f t o  re-it t  r i v e r s
and the r e l a t i o n s h i p  ci t  t h e  m u x  1 mu itu lciod f l o w  c e f ’ t h e ’  r i  Ve’ r and i t s  r i b  ci t  a rv
was also discovered.

Figure  10 graphs the’ dependence of Th(*n w a t e r  l eve l  decrease ( A ~ ) on
the  r e l a t i o n s h i p  b etwoe’n the ’ w a t er  f l o w  ct the  ~‘ol ga (1)  and Oka ( 2 ’h i n  [bl e-
St’ c t on - i  above the  I r con f 1 ut ’nc e • The’ amp lit ude’ e ’ I t he  me an var ! at  ion i n
wat e r  leve l decrease on t i l e ’ Vet I ga and Oka is p rac t I cat  ly i d e n ti c a l  when t h e ’ i r
maximum f lood—per iod  t low v .u lues a re  a p p r o x i mat e  lv  equal and are I t o  h cu ~
A s intl 1 ar phe nomenon is elise rved at the’ i O u  f I ue’nce,’ of the Don wi th i t h e  Ki t c ipe v
Howeve r , at  the j u n c t u r e ’  of  t h e ’ Don wi th Se - Vt r sk iv Done t s , w h e r e  the  max  i t~iur~
f l o o d  f low is a p p r o x i m a t e ’ I y ~ t i m e s sniu I It ’ r thu an t h a t  e f t h e  Don , t he- ‘imp l i t  udc-
of the mean v a r i at i on  in  w a t e r  leve l dec - re . u sc - of t h e  latter is ( f i g  1 1 )  ~~.

t c )  -~+ .() cm/km , whil e on thue Se-v~-rsk i v  Donets  i t  i s  .‘ t o  20 cm/km ( I  e ~ t i m e -s
t h a t  of the Don)

The channe l (be ’d) g r a d i e n t ,  u s u a l l y  is  gre ’s ter  in  t h e ’ t r i b u t a r i e s  t I , ~ i t I i
t h e  r iver  i n to  w h i t - ha t h ey  f l o w . Ceins ’q uen t lv , t h e  hack  :at or Zone’ c r e st  ~d ii

the t r i b u t a r y  of tb. ma i n  r i v e r  i t  a give- n vs I Ut’ c i t  r i v e r — t o —  t rihut arv WS t e i ’
f l o w  r a t i o  (Qp/Qrp)  is she r t ’r  t h an  t h e ’ back— up ze~ne c’ re’a t ed on th~’ r i ‘c’c r  l iv
the t r i hu t ~crv at a s im i  I ar  Qrp /Qp r a t  j e t .  For e xampl e - , when the  r a t  I c c  e c I ( t i e ’
Don w a t e r  f l o w  to that, c i t  the’ Scverskiy De’ne ’t ~ i s  10 t o  12 and the  . ibsec l  c i t e ’
Don w at e r  f low is 7 ,700 n L 5~-0 I~ ~c 1) , w a ter  h acked  up on the Seversk i v  ll e’ne ’ I s
f or  30 to  40 km. \ t  th t~ s anto ra t  i c~ c i t  the St ver sk iv  l ionots f l o w  to t h a t  of
the  Don and the Se’ Vt’ r sk iv  Decut ’ t s f l o w  of  3300 m3/se’ c (I ~h ‘c 3 ) th e-  Don v a t  e’I ’ S
were backed up for  110 t o  I 20 km above’ the  Severskiv Dont’ts confluenc e.

The’ increase d comp e ’t eiic ,’ c~ t t h e  spring I’ lc ’cid fl ow in the’ sector ,Lt c c,cVe ’
t he ’  t r i b u t a r y  mouth c-a r u~ i . - -i a I argo quan t  i t  v of de ’t n t  us i t t  t o  th t ’ r i v e r be’ low
t h e  tributary . Th e’ I arg.- n sod i me’n t f r a c  t ions • wh i t oh are’ q u i c k l y  de ’pos I t e c h

the bottom, c r c - a l t - lo~’ .i I c ic ’ ct in to n t ae’c’umu l ;i t i o n s  t h a t  c ause  some - re ch i o t t ’  I b i , —
t [on of the g r a d I e n t s  • I n t h i .  t r ihut,irv 5c ’e~ t o n  I mme’eJ ISte’ lv  ahov - t h i c ~ ct ’tt t I cue’u tce

the  gradients do ~• re-ase - sot  --t ~’hi ~~t he’ c-a else’ t h e ’ s ’ d irn t’tl t dep os i t s  b ,ick up t t ie  w a t e r ,
wit ti e he low the’ c-on f  I uo n e ’ e ‘“ t he  nit In r ive’r $ t i l e’ s I Opt ’s i n c rea se  I 01- .i (115—
t a t t c ’ e of S to 10 km.

In 1956 $ the ’  [s t n o v  l, ul c c ’r~ii orv of TsNI I EVT , under tile’ di  re’c t tern c c l  ,\ . I
Los iycvsk iv , st u d i e ’d t mc ’cli ’ 1 ot  ~-enf l uenc e ’ of two rivers wi th i  d i  II ere’itt e o n—
f luence angles and d i i ’ f e r ~’ i t t  r at  I ci of the ’ r I v e r  water f low (Qp’) t c c t n b c  c ut  t r y
water f low (Qrp ) . The’~~o st  cud i t’s showed the format I cifl cii’ power fe i l  Vet t e x e cunl ’e n  I s
in the confluence’, wheise’ ci tm&’ns tons and in t e ’t s  i t  v depend on the ang le c c l j  c a n t ’—

t ure of the s t reams and ti l e’ r a t  I o of t h e i r  w at t’ r f lew .

Resul t s  of the l a h o r i t  ec r y  s tudit ’s  ar e’ p resen ted  in  f i gu re’ 12 , wh i t e’h ‘1’
shows p lan views of thic • mod,’ I w I  t h t  su r f . i c - e’ f l o w  t r a l ec tor l e s  and s e d I m en t
deposits • The g rea t e’ r the  an g l e  of con f l ut ’nce’ he ’ tw , ’e’n the r i v e r  and t i t , -

‘ - - ‘~~~~~~~~~~~ - 
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t ributary the greater is the lateral compression of flow in the river
channe l below the tributary and the greater the intensity of vortex current
forma t ion where sediment  introduced by the t r ibutary  is deposited.

Figure 12. Plan view of the
surface flow tra— 77~”- - F
jectories and sed— / - ‘

int ent  depos i t s  fo r  /
d i f f e r e n t  angles ot _______________ 

- ‘ 

-

Et~~~~
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~~~~ ~~~~~~~~~~~~~~~~// 
_ _ _  _ _ _ _ _ _

~~~~
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The prel iminary laboratory tests  were conf i rme d b y exper iments  car r ied
out in 1955 on a mode l of the Volga and Oka junction under the leadership
of A.K. Pyazoke at the laboratory of the Gor’kiy Institute of Water Trans-
port Engineers. However, the vortex currents are different in the more
complex stream junctions with braided channels.

Figure 13 shows the location of vortices in the junction of the
Severkiy Donets and Don corresponding to different ratios of their discharges
based on data of the 1953 river channe l studies. Comparing figures 12 and
13, one can see that in simple junctions (such as the confluence of the
Oka and Volga) the variation of the water discharge ratio of the merging
rivers causes variation of the vortex dimensions and corresponding shifts of
the vortex boundary across the width of the river during the flood period.
However , in complex junc t ions , In addit ion to the changes in dimensions and
direction of the vortices , there are also quantitative and qualitative changes
in the process. The formation of comp lex vertex currents at stream junctions 27
makes naviga tion very diff icul t, especially where channels branch and vortices
can affect almost the entire width of the river. These difficulties are
caused by the vortex currents and the large amounts of detritus deposited in
the navigation channel.

Figure 13,9lan views of surface current flow lines in the Severskiy Donets
estuary corresponding to different ratios of Don and Severskiy Donets flow.
(Figure is illegible and will not reproduce).

The phenomena discussed above , which occurs at the confluence of tribu-
taries with a regulated river, leads to the conclusion that one of the most
iuçor tan t factors determining the hydrologic regime of such a river are the
tributaries. The role of tributaries Is even more important , because they
change the sedimentation and thermal pat tern  of the stream flow . Recognizing
the pract ical  importance of evaluat ing changes in a river ’s hydrologic regime ,
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18

— -~~~ -



_ _ _  - ‘

t ha t , a f t e r  f l o w  r e g u l a t i o n  in 1956—1962 , the mean annual turbi dit y of t h e ’

st ream decreased , compared to the 1935—1955 peri od , from 77 to 83 g/ 1w3 t e e

15 to 31 g/m-~, i.e. to approximately one—thir d , although the annua l wat e r  h o w

(volume ) remained unchanged. Such a decrease in s t r eam t u r b i d i ty  a l t e r
f low regula t ion  is caused by sediment  deposi t ion in the w a t er  reservoi r  t t t i c t
indicates that the stream picks up sediment very s lowly d u r i n g  t u e  f i r s t
se”~,era l tens of kilome ters below the reservoir.

Farther downstream turbidity again increases and at the Lebyazh t vi - e r es — -~
section , 913 km below the V .1. Lenin lIES , mean annual turbidit y de’crc -asu - d
only 10 percent  a f t e r  flew regulation. On the Don Rlve’r, at the R a zd or sk a v~a
cross section located 150 km below the Tsimlyansk lIES, mean annua l tur-
b i d i t y  decreased only  4~ ( f r o m  182 gIn 3 to 175 g/m~) after flow regulati on.
In this  case , one mus t consider  t ha t  the  Razdorsk se- c t i o n  is below t h e ’
Severskiy  Donets (Don t r i hu t - i r v ) .  How ever , f l o w  r e g u l a t i o n  has r e l a t i v e l y
little influence on the amount of  t u r b i d i ty , b u t  causes significant chang e s
in the seasonal d i s t r i b u t i o n  of the sediment burden.

Table 3 presents HvdromC’teorologic Service observation data on t i t i ’
month l y suspended sed imen t  load at the Verkhne—Lebvazh ’ ye iu vdro me t r t ~’
section on the Volga (446 km below the XXI I Congress of KPSS lIES) and at  c , ’
Razdorsk hydrometric se -ct ic cn Ofl tile’ I ) out.

Table 3

Hydrometric Periods Mon~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ —

section _______ ....L ..LL. ..JJJ ..J! JL. iLL. ~ i. !LIitIL. .L.. ~L. ~ .1 ~~~~~~~~~~~~~

Verkhnyaya 1947—
—1955 26 31 57 830 3100 810 266 110 83 130 140 24 46 7

Lebyazh ’ye 1956— 78
—1962 78 98 122 581 1755 1035 254 121 138 102 97 39 3o8

Volga R.

Razdorskaya 1945— 8 35 365 705 425 44 15 9 7 6 7 7 136
—1951

Don R. 1952— 170 240 190 645 145 4~ 35 32 27 24 25 20 128
—1958 -

a I t  fo l lows  fre e ’ ’ ta ’e l e ’  3 t ha t  t u f t e r  f l ow  r egu la t ion , the sediment  load
increased s i g n i f ic a n t l y in winter  and during the stunumer dry season , but
decreased during the spring flood , i.e. monthl y v a r i a t i o n  in sediment
burden decreased. In this respect , the changes in the sediment load regime ’
caused by regulated flow in the Volga and Don are similar. However , the
annual sediment discharge of the Volga decreased by 20%, but only 5~ i i i
the Don. This d i f f e r e n c e  is explained by the morphologic features  of t h e ’
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two r i v e r svs t eu ~ ; t a . ’ l o w er  Vol ga , u n l i k e ’ t h ea 1 over Dci i i , hiss no large-
tri but -iri e’s.

More ’ thorough  In a I v s  is e e l  t hu ., - sed i une ’nt flow regime’ In  se ’l ec ted  v t - I rs
he fo r t ’ and a f t e r  regu l at ion s e t  t h e  w a t e r  I low m d  I e at  os t h a t  the se i :~~~~

- a~burden  i n c  re.is.,-s Un eve ’ au l v  . e ad _ ah r eap t l v  at  t he ’ n u c i u i t h s  of  t r i be cu t  ar ’ — - t r e eta - , 
-

I- I g Ur e ’ 14 . Cr apt is o h  w i t . - r low ( s o b  Id  I i  ti e ’) —
~~~~~~

— ::s:
and st’ eh as -at I I s ’.ItI ( J . ishoel  I I fle’ I ‘

v a r ist  I e t a — a  s t a i r  1mg  t h e ’ 19S I spr i tag ‘“ i -

I c )Oei a t  t h a e  R , e  . d 5 ,e rsk huv d r e — a _ , . ‘

me’t r I ’  S e e ’ h i  ten on the Don. 

- I

V i g u re ’ l~. ‘ .~ ~t r ’ -u; ’h 4e1  ~‘ar  ist j outs i n  w at e r  f l o w  sai d se - d i m e n t  ~ L t ! S C  a
th ur i n g  t fle- 14’, sp r I t a g  I I c e c ’d at t i l e ’  R szdorsk  hv drom c t rio 5e~ ’ ion on t i l e -
: > s ’u . In  sp r i n g  c ’t t h a t  v . - a r  L iu e  s pr t n g  f l o o d s  on th e’ t r i b u t a r y  and t h a t ’
r i v. - r  ~‘ccur . -d at  d i t  t e a t - n t  t I m e ’ s .  That ’ f i r s t  w a t er  f l o w  p eak i n  ,\~~r i  I
was c~uus e d by t Ii. ’ I e ’s ’d on t t i e  So Vt r sk iv  Don e’ t s , w lue u  t i l t ’ wa t t ’ r t low
t h a r oug l u i s  imIv . iu i s i - ~ 1 , O t t  e.’ ,t~ c ) ! I 1 V  lO’ . ot  t h u i t  s e t t h e ’ Se -v e -r sk  iv  l)onets . h i t ’
Se’c t e t i d  pe ’~~k tat May r~- - - a a I t  e ’~~ f r om  the  i a i e -r c~ust d w a t e r  d i s e i c a r c ~e,’ f r o a ’ t  i’e ~. aaa ’- , c ’ c
r e se rvo i r  - By th a i ~ t i t t .  , t i e ’ I I c~e~d c’U tile’ Se’ve’ r sk  i v  :~~~ ns - t ~-a 1usd pa ss t -d , ‘ i i i

t h e e  w a t e r  f l o w  o h  t h i — - r i~ ’.-u - 5l~’c re~u sed to  10 t o  15 ’ . c i t  t h e  Don I low . ~~t t 5 ’

durati on and m aximu m w.u ci ’ I 1 ’~. o f  t h u e  i i  r st  and second f I oe ’d wav~ s 5 h i  I t o  r. ’d
by cmlv 1. 5 t i m e s • }(,~w, v. r , d e a r  in g  t h e’ f i r s t  f 1 a c te d wa I v e , t h e  sc iehl  m ont  I c i i
was a 1 mees t 7 t lmcs t h at  o h  thet s t O  5’nd f I c eos .i W SVe . Such ~i d i i  f er ene -  c i s  du ~’

ci th e different or  i g I its O h  t i l e  tw O I hood waives and d~- ;tie ’ais t r a t  t-s I . ’ I it ’ 5 ’

ro le of the sediment c a r r i e d  b y  t h e ’ t r i b u t a r i e s .

T h e  data in table -. show t h t e ~ mean monthl y w a t er  f l ow  and se’d i m e - n t  I ~~~
during 1963 at two he\ - ttr eme~~~rio s ec t  ions of the  lower Don ; N i k o l a i v e ’ vok
l c C c ] j t O d  65km f rom t h e  dam .and above t h e  m o n t h  of thea Seversk iv  Dont ’ i s  and
R.uzdersk section below the  Se -ye rsk iv Done t s  con f I Ue!fl c ’ O • Cc et t t’ 1 at i c’uS s ’t  t h a t ’

me an annua l  water flow ut the downstre am and up s t r e a m  cross  s e c t i o n s  is
11 38/793 — 1.4 3 , vii i le  t h a t  ~e f tIa ~ se’c l i m e n t  load Is  1 St) ~~~ = 3. 10 .

Table 4

Sections Monthly water discharge, na~3/sec (numerator) , and
sediment 1g~ cj,. kg,Lsr uo~~j  — — ____ — — —

____________ 
I II III  IV V VI Vij ~j J !~_ ~~~_  xI_ XII 

____

Nikolayevsk 261 -~84 200 530 ~~~~~~~ 1400 7Q~ ~~ ~~~ 61~ 454 793

5.2 4.1 7.8 50 430 56 32 27 25 24 22 13 58

Raz dorek 337 395 684 ~180 4450 8 810 702 678 699 728 516 1138
10 95 160 L,100 530 64 51 38 27 27 22 13 180
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Table 5 presents detailed data on the water flow and sediment load
during spring flood periods for a nu ith er of y€ars before and after flow
regulat ion on the hydrometr ic  sections. Analysis of table 5 data makes i t  32
possible to i d e n t i f y  some fea tures  of the sediment load regime dur ing  the
spring flood.

During regula t ion  o,~, the r iver , the volume of suspended sediments
does not decrease propor tionally to the spring flood flow, but decreases

F less than the l a t t e r , consequently increasing the mean t u r b i d i t y  of the
stream. The increased turbidity is caused exclusively by the tribu tary
flow , whose mean tv r b i d ity  dur ing  the flood has increased from 300 to 500
g/~~ ( i. e .  by 707.) a f t e r  regulat ion of the Don , whi l e  the mean turbidi ty of
the Don River above the Severskiy Donets decreased from 210 to 130 g/m3 ,
i.e. by 38%. Consequently , atter regulation of the river f low the relation-
ship between the sediment load of the river and the tributary changes more
drast ical ly  than the re la t ionsh ip  between the i r  respective water  f low.
Before  flow regu la t ion , the spr ing  flood flow of the Severskiy Donets averaged
18% of the overall Don flood flow and 24% of i t s  sedimen t load , while  a f t e r
regulation of the Don the contribution of the Severskiy Donets to the water
flow increased to 35% ( twofo ld)  and i ts propor t ion  of the sediment load
increased to 61% (amost t h r e e f o l d) .

Graphs of the relationship of the sediment load (WFB) to the overall
water flow (W) before and afte r regulation were constructed from table 5
data (fig.lS). One can see that after flow regulation the ratio changes at
a regular rate. Average turbidity of the stream during the flood period
increases in most cases and decreases only during extremely dry  years.

Figure 15. Graph of the  rela tionsh ip
— f ( W )  for the Razdorsk -

hydrometr ic  section of the
Don before  (solid line) and
a f t e r  (dashed line) f low
regulation.  :

2g

, a

(S

I Z 4w,~,*~~~T ie,t s~ I l ~~
d”.&r...s f ~~~~~,

From table 5 , one can also see that after the regulation of the river
f Low the monthly f luc tuation range of the sediment load and mean tu rb id i ty
values of the flood flow increased in the river section below the inflow of
the large tributary. Correlation of the maximum and minimum spring flood
sediment burden was 4.7 (7.6:1.6) before regulation and increased to about
28. ,S (5 .7:0.2)  after regulation , becaus e of the decrease of the minimum sedi—
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Table 5

Don R. Razdo~~rsk. hy drometric  Severs kjy Donets , Belaya Ka l i t v a
section hydrometric section

Year

Water flow Sediment load Mean Turbidity Water flow Sediment lead M.~-aa-.
T u r b i d i t y

W (kin3) WTB (106 to ns) (yin 3) W (kin3) WBT(l06 tons) (g/n3)

1938 11.1 2. 7 240 1.4 0.03 20
1939 12.1 3.6 300 3.1 1. 4 450
1940 23. 7 7.4 310 6.0 2.8 470
1941 39.4 6.8 170 7.9 2 .2 280

24 .9 4 , 3 180 5. 4 1.2 22( 1
1948 26 ,4 4 .2 160 1.8 0 .3 170
1949 8.6 2.0 230 1.5 0.3 200
~950 6 .9 1.6 230 1.7 0.2 1-40
1951 24 .9 7.6 300 4.2 1.8 430

Mean for
t he  sec— 19.8 4.5 230 3.6 1.1 300

Mean above
cribu— 16.2 3.4 210
t ar  y

1952 4.5 3.3 730 2.7 3.2* 1180
1953 14.4 5.7 390 4.6 4.8* 1040
1954 3.6 0.2 60 0.8 0.04
1955 9 .7  1.6 170 4 .2 1.0 240
1956 13.7 4.9 360 4 .3 1.8 420
1957 10.7 1.3 120 3.1 0.8 260
1958 13.9 3.6 260 4. 2 1.9 45 0
1959 6 .4 0.8 130 2 .0 0.5 250
1960 10.5 2.0 200 4.3 1.6 360

Mean for
the sec— 9.7 2.6 2/0 3.4 1.75 ~,1Otion

Mean above
— t r ibu— 6.3  0.85 130 — — —

t ary
(~nonth)

* Sediment load for these years was measured at the Severs key Donets lower reaches
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ment  load . In a du l t  t on , a L t e r  t i ow  r e g u l a t i o n , the maximum t u r b i d i ty  of  t l a . ~
f lood f low in i n d i v i d u a l  years  can be triple the mean value. Betoret f i c i w
regulation , the maximum turbidit y was not ~~ re t han  35~ more t h a a n  toe mean
V a I eke .

As a l r ea dy  m en t i o n e d  abov e , th at’ d rv-~~eas5 ’n sediment L oad increase-s
a f t e r  re g u l a t i o n  of t he  w at er  t Low ; at the  same t ime , the sediment load
increas~~~ap p r o x i m a t e a 1 v  p r o p o r t i o n a l l y  to the’ ia ’.cr .- .as.’ In water flow , i.e.
dry—season turbidity rea nuilts at  th e  r e g u l a t i o n  l eve l .  A n a l y s i s  of the
turbidit y of w at e r  samp les made ~ u r l n g  the  dry se-ason in d i f f e re n t  r l v ~-r
sectors I n d i c a t e s  t h a t  the stream~

’
~~hose turbidit y was reduced by deposit i - t i

i t t  the r e ser v o i r , In c  re-a s c i i  ~aga in  ove r a d i s t a n c e ’ of several tens of
kilometers below the J a m . On rive-rs characterized by stable (non—eroding)
b anks , the section what -r e the’ stream becomes saturated with the increase in
t u r b i d i t y  ( s ed imen t  load ) migra tes  down st ream after several years oh flow
r e g u l a t i o n . This  is a t t r i b u t e d  to b u i l d i n g  up of the bottom ot a r e g u l a t e d
riv er and the dee-r~’as~-d slopes in the sector below the dam.

Evaluation of th e sed iment  load of the lower ~ -ctlon of a tributar\-
stream is important in c o n s t r u c t i n g  h y d r a u l i c  works  on r e g u lat e d  r i ve r s .
t ;iven below is a condensed p lan for approximate calculation of the s e d i m e n t
load of a t r i b u t a ry  !eased ott  a h y drologi c regime prognosis  for  an expec ted
spr ing fl ood.

To prepare data for t h e  c a l c u l a t i o n s, one mus t f i r s t anal yze th . - w a t e r
leve l reg ime ar J ca l cu L a t e  the  c o o r din a t e s  of the  lrp f Qp/Q rp  curve .
The following method  is used to construct computation graphs of Q — f ( t )
f o r  sect ions of the r i v e r  and the tributary. When the sp r ing flood flow
p r e d i c t i o n  Is made w e l l  in adv anc e , one d e t e r m i n e s  the  ove ra l l  volume of
w a t e r  released through the  dam , (W) and its duration (t flood) a rea d et c r m i n c~~.
The r iver  f low (Qp) d u r i n g  the s p r i n g  f lood is assumed to be cons tant ,
i .e .  Qp — W re 1eased~ ~~1ood during the spring flood . When the forecas t
for the tributary is also made well in advance, the hydrograph On + f ( t h
of the same reliabi lity as the long term f lood volume is used for the cal-
culacions . Nat~ra11v , the calculations of hydrogr aph s  of d i f f e r e n t  r e l i~i h i —
l i t y  and c o nst r u ct i o n  of long—term f l o w  r e l i a b i l i ty  curv e mus t be made i i i
advance.

When the forecas t for the tributary is not re l iable  enough to  ev a l u a t e
the sediment load the Qpr - f ( t ) graph is constructed from the maximum
f requency , i n d i v i d u a l l y fo r  each phase of the flood. The closer the Qpr = t’ ( t )
curve , constructed by this method , is to the  ac tua l  curve , the smal le r  is
the f l u c t ua t ion  of the spring f low maximum.

The relationship Ipr f(t) of the equation is based on Q — r ( t )
graphs for the river and tributary and the lpr — f (Qp/Qpr) curve. ~‘e tng
the Ipr — f ( t )  r elat :on sh ip as well  as data on variatio n of the ri mr ’
channel width B depending on the water level (z) B f(z), one determines
th e-hydrologic parameters for each interval of the flood : hydraulic radius
R , chezy factor C , and f low speed V.

Assuming that in each comptutation interval , the stream movement is
stable and even and the channel roughness value is constant (n consr . ) ,
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one can w r i t e  the  f o l l o w i n g  fo r  two moments of t ime t1 and to :

(2
U)

Qt = 
_ _ _ __ _  (2)

For low values  of  t = t1 — 
~~ 

and  a p a r a b o l i c  channel , one can
teasonab ly  assume that R = 2/ 3  (Z~ -- Z0)~

Divid ing expr ession ( 1) by (2) and n o t i n g  t h a t

- 
Z = -

~~~~~~~~~~ 
-

~~~~~~

B~ ~~~~ (
~~~~~ ii kfl

V

A R/P?’

and then f ind n , Co , and Vo by using generall y accep ted equa tions4 Based on
original da ta and us ing  A .V.  Karaushev ’s equat ion Ps l 3 4  x icr’ ~~~3~~~513

for examp le , one can determine the_ flood period mean sediment load as a sum
of the sediment load of intervals  WTB ~~~~~~~~~~~~~~~~

Sam~ple calcula tion. This problem deals with the sector of the
Severskiy Donets above its confluence with the Don under average flood
condi t ions  for th is  rive r and minimal  f requency of use of the Tsimlyansk
dam navigation locks , i.e. Qp = 400 m3/sec . The flood period is 40 days.
For calculation purposes i t  is subdivided into 8 f ive—day in tervals.  Values
of Qz for each interval have been determined from the flood hydrograph with
a p r o b a b j lj t y  of 50% and some rounding o f f .
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Slopes were determined using the 12p~ 
f (Qpr ) curve construc ted

from observe d data for the lower reach of the Seversk iy Donets (f ig.  15)
The mean_water elej~at ion for each interval has been determined by calcula-
tion ôç Z • Z3 + ~~ , where Z3 ,  the water level in the lower sector , was
calculated from t h e Q3 = f ( H )  graph , while Z was obtained from calculated
values of 12 and the distance between the hydrometric sec~ions,_ The values
of B werealso determined from the previously constructed B f(Z) curve.
The mean diameter of river channel bottom sediment particles , d = 0.5 sin,
and mean water temperature , t 5°C, were used in the calculation.

All the calculated data have been compiled into a table (tab l~ 6)~

Table 6

Inter— Op Opr ‘2prX Z B LJR R v c x io
_6 

~~~ ~(m3/sec) (iO~ m~

400 800 18 6.60 170 3.08 1.53 65 2344 172.0
+0.87 1.93 67 5888 535. 0

2 400 1600 21 7.90 210 3.95
—0.27

3 400 1300 20 7. 50 195 3.68 1.81 66 4467 376.0
—0 ,60

4 400 800 18 6~,60 170 3.08 1.53 65 2344 172.0
+0.27

5 400 1000 19 7.00 180 3.35 1.63 65 2951 223.0
—0.27

6. 400 800 18 6.60 170 3.08 1.53 65 2344 172.0
—0.34

7 400 600 15 6.10 160 2.74 1.37 67 1514 105.0
—0.40

8 400 400 13 5.50 150 2 .34 1.14 65 725 47,0

1802.0

Comparison of the calculated flood sediment load for the lower sector
of the Sever skiy Donets with actual values for a series of years (table 5)
indicates that the proposed method guarantees acceptable accuracy by cal-
culations.

Finally , one should note that during the first year after flow
regmiation by the reservoir , usually no flood waters are released while
the reservoir is filled to capacity. Only during extremely rainy years
can excess flood wa ter be released , but in such cases it usually is re-
leased after passage of the floods down the tributaries. Consequently ,
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for the firs t year Qp is us u a l l y  constant &p const.) and does not exceed
the minimum permissible value  r egu i red  for  the’ maintenance of navigat iona l
and sanitary needs.

6. Variation of the Temperature Reginx- of a Stream

Variation of the temperature regime of a stream below the water
reservoir is controlled by the specific therma l regime of the reservoir.
During last decade , great attention was given to the therma l reg ime of
water reservoirs and t h i s  problem has he-en w e l l  enough studied at the
present time . A encies of the  fly d rom e t e r olo g i ca l  Serv i ce  made m u l t i f a c e t e d
in s i tu  investi  ations in  a n umber of w a t e r  r e ser v o i r s .  The therma l featur&-s
of Tsimlyan Reservoir have been studied most thorough ly. Suamnarizing the
results of these studies , the following features of the therma l regime of

• large wa ter reservoirs can be listed briefl y .

When ice format ion he-gin s , the wat er t em p e r at u r e  In the reservoir 36
begins to rise gradually — In a thin l ay e r  at the bottom , at f i r s t, and
then extending upward . This process is  u n s t a b l e ’ in time , and continue s
wi th constantly increas ng Intensity during the  second part of the winter.
Toward spring, the wat~-r t e m p e r a t u r e  be come s n’lative l y homogeneous in
the vertical direction and then , alter p a s s i n g  the critical point (4°c)
the surface  tempera ture  begins  to exc eedS  the bottom temperature. As the
overal l  water  t empera tu re  r ises  d u r i n g  the ’ ca r  lv  sununea r , the d i f f e r e n c e
between surface and bottom temperatures increa se-s  and reaches 5 to
C. Subsequently , during the overall water temperature decrease toward the
autumn , the temperature difference with depth gradually disappears and
the temperature  again becomes v e r t i c a l ly  homogen eous . The c}~~nological
order of variation of water temperature distribution with depth in the
lower (dam vicinity) zone of a water reservoir is presented in fig. 16.

Figure 16. Temperature distribution with 7 3  ~ tS V Z!25 r7 f3~~C
depth in the l ower dam zone of I ~ I 

_____

Tslmlyan Reservoir during dif f— ~~ Tj 1’ 
_____

erent seasons of the year: 1— - 1 ~ 
-

winter , 2 — s p r i n g ,  3—sunrter , and ~  1
4—autumn ,, _____ - -! ‘J

M I~~T t  ‘ I I  ~ _ _ _ _

During the study , it was es tab l i shed  tha t  the vertica l homogeneity of
the water temperature in a water reservoir is due to wind action. Consequen-
tly, in shallow (upper) sectors of a reservoir , where wind waves affect a
greater part of the wa ter column, spring heating and autumn cooling occur
more quickly. In these reservoir sectors , temperature fluctuations correspond
more closely to air temperature fluctuations ,, On the other hand , In deep
sectors of reservoirs , the water warms and cools more slowly in spring and
lall , and air temperature fluctuations influence only the surface water temper-
ature .
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Because of the difference in the spring temperature regimes of sha llow
and deep..wate r sector s of reservoirs , the surface water temperatu re varies
over a reservoir and increases from the lower (dam) end to the upper part
of the reservoir (fig. h a). On the other hand, in the aut~~n, the
surface water temperature decreases from the lower (dani) end the upper sector
( f ig.  17b). Because of this vertical and horizontal temperature distribu-
tion in a reservoir, the temperature difference between surface and bottom
water in the deep dam sector is especially significant and stable in
summer (fig. 18).
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- -- • - ,,I• -
I

3 
-

~, 
-

- .

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ JJ~ 
~‘2~~~~~~Ra ~~~~

•“~~~~~~~~ •“~~~~~~~~~~~

~
4
~~~~~

v.aJr 
~~~~~~

Fi gure 17. Distribution of surface water temperature in a reservoir:
a — spring, b — autumn.

Observations in other reservoirs indicate that their water temperature
variations are similar during the navigation period. However , quantitative
vertical water temperature variation depends to a considerable extent on
the rate of water release from the reservoir.

Figure 18. Graph of water temperature _______________________

variation in the lower (dam) 
- I

zone of a reservoir: ZO- ...-‘ -ri. I
1—surface T , bottom T. -If, 

•
~ 
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B.S. Borodkin ’s stueies of Gor ’k ov water  reservoir 38
e-stabhished t h at  d u r i n g  a t r ansien t  speed ~f f l o w  (u) of the order of
0.15 to 0.20 m/sec, the difference between the s u r f a c e  and bottom water
temperatures in winter at a depth of iSm was onl y 0.36°C,

Below dams, the w a t er  t e m p e r a t u r e  reg im e  has i t s  own characteristic
f ea tu res.  The w a t er  leav e s  the  dam t h r o u g h  open ings  located  below t h e  norma l
wa t e r  level  in the  r e s e -r v o i r , and th e  t e m p e r a t u r e  of the (released) water
is t h a t  of the deep w a t e r  l ayers  of th e  l ower (dam) c-nd of the reservoir.
Consequen t ly,  in s p r i n g  and summe r the ’ w a t e r  t e m p e r a t u r e  below the  d~~n is
lower than the norma l r i v e r  t e m p e r a t u r e , w h i l e  i n  au tumn and winter the re—
servoir wa te r  is warme r than t h e  river water . The decreased wa te r  tempera-
tu re  i~ sp r i n g  de termines  the change i n  th e - c a p a c i t y  and competence of the
stream below the dam d u r in g  the  p er iod  of max imum channe l shaping, while the
increase in the water temperature in a u t u m n  cr i at es  spec ia l  ice regime condi-
t ions  a f t e r  the r e g u l at i o n  of the r iver  f l o w .

r~ b l e  7

0
Rive r Hydro— W a t e r  Temj~c r a t u r & . hv  Moi t h ( C) 

_____ _______ ______

and m e t r i c  Period
Dam Sect ion , I I I  IV V VI V I I  VI I I  IX X XI

dis  t an ce
f r om dam

(km)

Voi ga Vo lg$grad
X II  Congress 20 1951—58 — — — _~~~~~~~~ 9. 6 19 .0 22 .4 22 .2 17 .2 9 .6 2.3
of K PSS
HE S __________ 1959—64 — — — 2.2 8.5 17 .3 21 .6 22 .0 18.2 13.1 _6~~i

Vol ga  As t rak—
X I I  Congress han ’ 1951—58 0.1 3.9 12.3 20 .2_ 23 .9 23. 7 19 .0 11.3 3. 4
of KPSS 600
HES 

___________ 
1959— 64 0 4 4 7  10 9 1 9 . 3  2 3 . 4 23.1 18-6 12 .5 5 .6

Volga Bolakhna
Gorkov— 30 1946— 55 ——— 1 4  10 .5 18 .1 19.8 18 .5 13.2 5.9 0 .7
sk j y

____________ ___________ 
1957— 63 ——— 0. 9 9 . 2  16 .2 19 . 7 18 .9 13.7 7.3 2.0

Don Kamyshev—
Ts imlyan  skiy 1945— 51 0. 2 7 .5 16.3 22 .1 23.1 22.4 17.3 8.8 3.0
ski y 30
____________ ___________ 

1952— 58 0. 9 4 .9 12 .5 19 .0 22 .0 22 .6 18.7 I 3~ 0 5 1

Don Bagayev—
Tsimlyart— skiy 1945—Si 0.8 8.3 ib.4 21 .8 23 . 1  2 . 1  17.9 8. 7 3. 5
ski y 200
____________ ___________ 

1952—58 0.7 6 7  14.5 20.1 22.8 22.7 18.4 12. 4 4 .4
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Analysis of long term water temperature data for a series of Don 39River sectors below Tsimlyan .*servo ir and the Volga Rive r sector s
below Cor ’kov and Volgograd reservoirs indicates tha t after flow regulation ,the spr ing— s~mu~er water temperatur e decreased , not only dire ctl y downstr eam
from the dam, but also over long stretch of the river below the dam. Table
7 presents long term data on spring, summe r , and autumn mean water tempera—
ture of the Volga and Don hydrometric sections near and far from the dams
for year before and after regulation of the river flow.

Mean long—term water temperature curves before and after flow regulation
were constructed for two hydrometric sections on the Don River — Kazam sec-
tion above Tsimlyan Reservoir and DIi~ .Kamyshev section below the dam (fig.19). These curves show that on the unregulated part of the river (ICazan
hydrome tric section) , water temperature var iation after flow regulation al-most coincides with that existing before flow regulation , whereas on the
regulated part of the river (Kamyshev hydrometric section) , a definite watertemperature variation phas e shift  was caused by the re gulating action of the
reservoir.

• 

_ _ __ _ _ _

Fi gure 19. Long term wa ter temperature variation curves : a — above the re-
servoir; b — below the reservoir; 1 — before flow regulation ;2 — after flow regulation .

One should note that the pre sent me thod of measuring water temperaturevariations on hydrometric sections on the banks does not guaran tee reliabledata on the true mean temperatures of a stream and the water temperaturedistri bution ove r an entire channel cross section . B.A. Apollov [4) andA.B. Ogiyevskiy [62J~usin g the observa tions on the Svir ’, Angara, etc.)~, showthat water temperature in the rivers seems to vary greatly with dep th andacross the stream. Taking into account that the hydrometric sections ofthe Hydro ineteoro logic Service usua lly are loca ted in deep troughs wi th low 
~~Qspeeds of flow, while temperatu re measureme nts are made on the bank s , onemus t assume that the real difference in the water temperature s of~str eambefore and after regulation of its flow is considerably larger than m di—• ca t ed above .

Water temperatu re variatio ns near the bottom are of the greates tinterest in studying channel forming processes. Increased depth of rive rresul ting from its flow regulation caused, it seems, an increase in thedifference between the bottom water temperature and the temperature measuredon the bank at a hydrometric section.
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W h i l e  investigating water temperature variation in rivers , the author
noticed the monthly consistency of water temperature variation curves in
th e  spring, if the date when the river becomes free of ice is taken as the
beginning of spring. The range of the mean ten—year water temperature
va lues  does not exceed ± ~~C according to hydrologic almanacs.
Exceptior~~are south-to-north flowing rivers , such as the Severnaya Dvina,
in which ~he scattering of the points on the (curve) increases about 4
weeks after the river is free of ice.

During autumn and winter the water temperature below the outlet of a
large reservoir is hi gher than natural; this creates a considerable open
water lead that extends downs tream from the dam. K.I. Rossinskiy studied
this phenomenon in detail in the river sector below the Rybin dam (34 ]
and deve loped thermal calculation methods that are applied in designing
rive r hydraulic works. Without repeating Rossinskiy ’s conclusions , we pre-
sent hi- low a condensed summary of experience with the outlets of other
water reservoirs , as well as the au thor ’s observations on the lower Don.

Ice forms on a regulated river in the same way as on free rivers, but
a lead (ice—free open water) is formed directl y below the dam. In winter
t h e  le ad ranges from several hundred meters to tens of kilometers in length,~
depending on the air temperature and its fluctuations . During constant
w a r m i n g  and large a i r  tempera ture f l uct ua ti ons the lead increases in area
whi Ic during constant frosts , it decreases.

Constan t and significant cooling causes intensive ice formation in the
l e a d  (o; en water) and ice j ams along the down—stream edge of the lead. For
e:-:amp le , below the Kremenchug HES , water levels rise up to Sm. The instabi—
l i t y  of the ice cove r and f l u c t u a t i o n s  of w a t e r  leve l create d i f f i c u l t i e s
for  the  populated places and i ndus t r i a l  cen te rs  near the dam. During
si gnifican t cold spells , bottom ice (“shuga”) is formed downstream from the 41
lead. Movement of this ice downs t r eam by the r iver  cu r ren t  causes winter
erosion of the channel downstream.

Du r ing the second h a l f  of the w in ter , as the water temperature in the
deeper water levels of the reservoir increases , the lower edge of the lead
begins to retreat progressively from the dam section. Once started this
longitudinal expansion of the lead continues, bu t at a slower rate, even
when the air temperature drops below d°c. Just before the general breakup,
the ice retreat rate can reach 10 to 15 km/day.

Observations on the lower Don indicate that the determining factor
in the extent of the ice edge retreat fro~i the dam is the amount of water
discharged and not the air temperature , although the influence of the latter
is also undisputable. Just before general river—ice breakup, the length
of the  lead (open water )  is onl y 35 to 50 km if the water discharge is
100 to  150 m3/sec , but it reaches 250 to 270 km when the water discharge
is 1000 to 1200 m3/sec.

On regulated rivert the spring ice run progresses generally more calml y
than on unregulated rivers. However , at tributary months and in lower reaches
of the tributaries of regulated rivers , the ice run progresses very turbulently
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and the probability of ice dams increases because the ice breakup may occur
earlier with the accompanying water leve l drop on a regulated river . On
rivers where the construction of a series of dam has not been comple ted
(for examp le on the Volga , near Chebokoar) , ice dams also occur at the upper
•nd of the reservoir as water backs up.

On regulated rivers , in spring, a peculiar situation occurs that delays
the opening of navigation. After the ice run has ended on the rive r or
its ice cove r has been considerably weakened , the ice in the backed—up waters
and in coves remains quite thick, retains its winter structure, and prevents
boats from venturing out. In order to begin navigation early below the dams ,
the water areas of ship repair facilities should be located in an active
river arm, but not too close to the dam, because systematically reccuring
ice runs and ice jams are possible close to the dam in winter.

After the construction of reservoirs on a river to regulate water flow ,
navigation conditions of the river fleet change. The water is open for
navigation longer in the sector below the dam, but the navigation season
decreases in the reservoir . The freezing an~~break up dates of the back waters
and coves , which also determine the duration~navigation , do not change. On
the, regulated water routes of the central rive r basins (from Belomorsk ,
Lei~~grad , and Perm ’ to Astrakh an ’ and Rostov), as well as in the Dnieptr
Basin, the actual duration of navigation fluctuates sharply from year to year . 42
At the same time , there is a significant difference between the breakup and
freezing dates below the dams and in the reservoirs.

The difference between the above ice—run (breakup) dates is 30 days,
while that between the freezing dates is a maximt~ of 20 days. At the same
time, the difference between the dates of 30cm thick ice formation (limit
for navigation) is only 10 days because the rate of ice accretion is
influenced mainly by snow cover formation (which is not affected by the
presence of reservoirs). One should also note , that the rate of ice accre-
tion depends more on air temperature fluctuation than on its absolute values.
After each warm spell, an increase in the ice accretion rate occurs ; at the
same time , if there are no warm spells, the ice accretion rate decre - ses
rapidly and the total thickness of ice is less than that of a year with warm
periods.

Certain brief conclusions can be drawn from the above.

When a river ’s flow is regula ted by a large reservoir, the hydrologic
regime of the river changes regularly along its entire length in comparison
to the regime prior to regulation of the river.

The annual water flow curve shows less variation; flood flows decrease ,
while dry—per~~ d and , especially , winter flows increase.

Water surface levels and gradients also fluctuate less; they decrease
dur i~tg the flood and increase during the dry season. The frequency of dry
season [ water ) levels increases .
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The annual flow curve becomes more even; the flow is less during
the flood and is more during the dry period. During the flood, the sed-
iment burden increases unevenl y along the ri ver length ; the sediment
load is concentrated in the inflow sectors of large tributaries.  Turbidity
of the flood flow in the sector above the inflow of the first large tribu-
tary is considerably less than norma l, while in the sector below this
tributary junction the turbidity is considerab ly higher. On rivers with
regulated flow and no tributaries , the turbidity of flood current increases
gradually with distance from the dam section.

During spring and summer the temperature of the river is lower than
norma l , while during autumn and winter it is higher. In comparison to
normal conditions , the greatest decrease in stream temperature occurs
during the first part of the flood. Below the dam, the freeze up occurs
later than before regulation , whilc the breakup (ice run) occurs earlier. 43

In addition to the above general regularities , individual local variations
of the hydrologic regime occur on typical sectors of a regulated river. These
variations include , for example , intensive fluctuations of flow velocity
and water surface gradients in the sector immediately below the dam; these
fluctuations are the result of the diurnal and weekly regulation of the flow
by the HES.

At the point where a river meets its tributary a higher water level
and greater current speed is observed on an unregulated river. In the lower
reaches of a river after regulation its flow causes an increase in gradient
and a reduction in the amplitude of the variation in water level.
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