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PORMATION MOVEMENT AND ALTERATION OF THE WATER MASSES IN THE GORKY

RESERVOIR

Every inland body of water,. inclixding reservoirs,
represents oneof the phases of the entire drainage process.
This process consists of the movement -and interchange of

water masses, each possessing definite properties such as

temperature, density, composition and concentration of dissolved -

and suspended substances, etc (Muraveyski, 1960). This process

- of drainage is both a qusnti'tative and quslitative'phendﬁxenoh,

and therefore full knowledge of it ‘can only be acquired .

by simultaneous investigation of both aspects of this single

process. 'The ‘intercor.'mection between them is best reflested in -

reservon's, because - the distribution of water masses having

\.
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dive‘rse qualities and the rate of change of their propertles
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2;
are closely related‘toAthe conditiqns of regulation of water
balance and.water exchange .in these man-made water bodies,

With referehce to, and in view of the above, the
Hydrology Laboratpx‘:y_- © of the In'_stitute;\of'Biol‘ogy of Inland
Waters of the Academy of Sciences of the USSR,.under the
leadership 6f N, V, Butorin, in 1960 undertook investigations
-of*thé water masses of the Upper Volga reservoirs. The pregént..

work is a part of this‘program; in it the results of three

" years of study on the water masses of the Gorky reservoir are

summed ﬁp. v
The construction of the Gorky hydroelectric development

near . Gorodets - and the filling of the reservoir up to

' the full supply level (FSL) - was concluded in spring of 1957. The

main purpose of this hydro-ingtallation was utiligzation of the

~ Volga flow for energy and transportation- - (Neporozhnyi

and Filakhtov, 1960). It represents a fourth and final phase
of the Upﬁer Volga hydroelectric station series. |
The Gorky reservoir is a markedly elongated and relatively.
narrow body of water formed as a resulf of flobdiﬁg the floor ‘
of,&heVVolga Yaliey.and a number of its tributaries. The.
backwater extends from the Gorky dam, aldng-tmaVblgaup'm)thé
Rybinsk hydroelectric station and along the largest tribﬁtary
of the reservdir, the Unzha,Ato_ a 'point 65 to 70 km from its former-‘
mouth. The reservoir is 434 km-long; its average width is

approximately 3.5 km; maximum width is. 16 km. The surface




~area is 1570 kmz, and VOlume 8.7 km3 at normal retaining
‘1eve1 The reservoir is one of the ten largest reservoirs
in_the European part of the Soviet Union but it is the most -
shallow? its avefage'depth is 5.5 m, the ﬁaximu@ depth. being
22 m at the dam in the Volga channel. By means of this
reservoir seasonal control of the run-off is prov1ded and
depths 1ndispensab1e for nav1gation maintained not only at 1ts
head near Rybinsk, but.also at the not yet controlled stretch of
'ﬂm'Wﬂgabelow the Gorky hydroelectric generatlng statlon. A
characteristic feature of the reservoir as one of the links in
the series of water bodies, .; is a high degree of run-off.
control from its drainage basin. The Rybinsk and other reservoire
of the Upper Volga: strongly alter the inflow :into. the water 'fr‘on.t
2/3.0f its catchment area, both qualitatively and
mnumltatnmly.;,i” ¢ . The reservoir has a great number of
tributaries, differlng in thelr water chemlstry, whose contrlbutlon
- forms. approximately Lok of the 1ncom1ng portlon of the annual
‘water balance of the reservoir,

The" Gorky reservoir is one of a number of the most
thoroughly 1nvest;gated from the hydrologlcal and biological
‘point of view in the Soviet Unicn.. This is whyiwe'considef‘it
possible to proceed Qith‘a description of metﬁodstand the results
-of 1nvest1gat10ns of the water masses of this body of water w1thout
:recapitulating here the general‘ﬁydrologlcal characterlstlcs of

', this reservoir. Pirst work in this direction was carried out-t




by A. A. Zenin (1961) who in May and August of 1957 and 1958,
‘made four surveys of the Gorky reserv01r, and by V. I. Rutkovskii
(1963) who,ln July 1960, made & qulck survey of the temperature
and electrical conductance  of' the water. . These surveys showed

a considerable degree of heterogeneity in waters £illing the
lake parf of the reservoir. The authors explained the nature
of the distribution of chemical ana.physicél characteristics over
the water area, by thé;présence of waters of_various origin.
within the reservoir, that come from the Rybinsk«reservsir'.and
from the large tributaries, such as the Unzha, Nemda and others.
Thus, thése previously taken méasurements demsnstrated
the possibility of investigating the distributioh of the
physical and chemical characteristios and the dynamics of waters
.:Ln the reservoir by analy31s of thfa water mass, meaning
. genetlcally homogeneous water volumes
possessing a number 6f definite physical, chemical and biological
| properties (Butorin, 1965 a)., The pféliminary results of | |
investigatihg the water masses in thg‘Gorky reservoir were
published in a series of articles (Edelshtein, 1965 a, 1965 b,
1966; 1967). The present work provides full data of observations
af.the_rsservoir. Its aiﬁ_is an atfsmpt to -show a correlation
betweeh the quantitative and qualitative aspects of the prscess
of flow into the reServoir; revealed-by the trahsfsrmation and

-formation processes of its water masses- to glve the characteristics

of both 1nflow1ng water masses and those formed in situ; to determine the



pattern of the . distribution of these masses in the body
of water, and tb_obtain an idea of ~the processes of
Ainternal water exchange in the_resérvoir'and,in its’indiyidual
parts on the basis of the peculiarities of water mass‘mowﬁént.
The Futhor was helped.in the course of observations

and office study by the laboratory-aasistants'V. I. Vnuchkova,
N. M, Sizova, L. A, Ugarova, and the Moscow State University
students S. A, Fil and N. N, Vinogfadova. Additional data on 
the chemiatry.of the.reservoir'watera wefe kindly contributed
by F, I. Bezler, N, A, Trifonova and A, V, Fotiev, Of great
help in organizing the investigations and dx_iring the writing
were senior scientific officer N, V. Butorin and Prof.

B. B. Bogoslovski. To all of whom the author COpveys his deep

gratitude;

THE EXTENT AND METHCDS OF THE FIELb OBSERVATIONS.

In order to study the water masses of:the Gorky reservoir,

- eleven cruises were érgénited in 1961-1963 and in the_coﬁrsé of
thesé it was possible to carry_Out-ZI hydrolégical surveys of
the body of water with a total number of approximétely 1000 stations.

Table 1 ahows the dates of collection -of the indlvidual
data and the extent of the field observations.. Du_r:Lng‘ the |
~ navigational period the cruises weré‘madé by the expedition
vesse19~ of the Institute of Inland Water Blology of the .

Academy of Sc1ences of the USSR; W1nter trips were undertaken




6.

by car (observations.were_made by trips on foot). In spring,
dﬁring the break-up period, observations were carried out both
directly from on bosrd the ice-breaker "Don" and from the ice
in a‘nuﬁber of expeditions on foot. |

- In the nsvigati'onsl period, the chart of each cruise Je
was plotted ss folloWs. During the 1n1t1a1 2 to 4 days the ‘ '
river part of the reserv01r o wesi surveyed from the Rybinsk

hydroelectric generating station to'the‘ﬁuﬂevemh‘andfﬁythe~
Afollowing 4 to 5 days the lake partrsas surveyed in detail,
Three to four days later, ahﬂabridged repeat survey oi the lake
hart was undertaken,of one or two days‘duration -making it
possible to note the changes occurring in the- boundarles of the
water masses during 7 to 10 days.. The cruise was concluded by
. a repeat survey of the river part of the reservoir from Yur'evets
~ to the R&binsk hydroelectric power plant, “
 The methods of surveying the river part of the reservoir

‘gradually imprOVed; Op~the 1961 cruises, observations were made
only at a number of stations uniformly distributed along the
Volga navigatiohal~channel.h At these stations'a complete
hydrologicsl data collection was made'inCIudihg"curreht‘measurements;
" In the course of this it was determined that in the river part
of the reservoir, the water mass is in most cases vertnmlly . 'Zé_
Immogumous, . . while along the longitudinal axis of _
the reservoir hoticeable changeg in its hydrological characteristics

_ took_plsce. This is why, during the first two cruises in 1962,




the number of statidﬁs was reduced, but measﬁrements_of_the
temperature and eiectrical conductance in thé surface layer
of water began to bé taken every second kilometer along the
‘névigation channel; such a method was followed by V. I, Rutkovskii
(1963 )_. Thus shar.p‘variations of these «characﬁeristiés were detected
in stretches below the inflow of large tributaries, which are
explained by the Heterogénéity of the water over the cross-
section of the body of water,. In subsequent cfuises; apart from
4 to 6 key hydrdlogical stations,.below the mouths of the
major effluents of the riﬁer part of the reservoir, the -
cross-sections were made Qith frequent (every 100 to 150 m)
samplings of surface water in ordéf‘to.measure‘temperéture
and. electrical conductance - Such sections‘wefeilocated at
iﬁtervgls of 8 to 10 km along the whole smeﬁdlwhmmathejhfhmnce
of the inflowing waters was traced. |
The compreﬁensi?e survey of the lake area of the
" reservoir comprised observétioné on longitudinal sections‘of
the whole serieékof bays adjacent‘to river mouths, as well as
on transverse sectiohs in the‘open part of the reservoir from
Yur'evets to the Gorky dam, Tests were made in-bays along
Mera, Zhelvata, Elnat’', Némda, Unzha, Mocha, Yachmen', Sanikhta
and Yug, in eavcvh of which from 2 to 5 hydrological stations
- were established. The umpénmmt of'them we endeavoured’tb place‘
in the zone of wedging~out of the backwWater, where there is é

constant discharge current, On several minor tributaries, hdweVer,such
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‘as theA Zhelvata, Sanikhta,‘Yug and others, this did not prove
fea51ble becausge of obstacles of various kinds: bridges,
sinkholes, and shallows. In the wide part of the reservoir,
surveys were made along 8 transverse.sections_(Fig. 1).
Permanent hydrolbgical atations were set up initypical parts .

of cross sections (the former Volga channel, flooded channel
edges, floodplaiﬁ and nearfthe shore areas. Thus, when a
detailed surveyAwas_conduoted in a lake part of‘the reser&oir,'
- the totalinﬁmber of stations reached 60 or 70.oeIn a brief,
repeat survey of the iake area, only transverse seotione-of

the open part of the reserv01r were subgeot to observation.
-'Aside from statlons, durlng surveys at individual sections more
frequent (every 1 to 2 km) determlnations of température and

| comhwtmum . of the surface. water layers were made; and this
opernltted us to obtain more spe01flc informatlon on the water
mass limits. | ‘

At hydrologioal stations, -the vertical dis{,ribution of
_t.emp'exl_“a*.ture and electrical conductance of the water were determined
bykfhe "thermo&appemeter"? (Ershova and Edel'shtein, 1966)
and water ‘braneparency and colourA by _theiSecchi.dAiso.; o
In»adoition water'samples were'taken at the surfaoe aﬁd ciose
to the bottom 3_for PH and chemical analyses. 'Theolatter
. were carried out. under field conditions and. were limited to

kS PR

determinations of total hardness, b;carbonate.> concentration

1) English term is not available (Transl.).

\

}
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by using~staﬁdardvmethods (Aiekin; 1954), and also the'total
amount of strong acids by means of ion-exchange columns
(Podgornyi_end'Fotiev, 1958). In the two last cruises,
determination of dissolved oxygen content was undertaken at
the surface and at the bottom, | _ | | |
Apart from the~hydrological.surveys,invthe lake part
of the reeervoir severel diﬁfnal stations were ~es.tab'1'i.shed
where diurnal variations of individual values of
indices of the water masses were observed under various weather
conditions, and currents wereemeasured. The technique of this
- type of observations was devised earlier at the Rybinsk
reservoir (Edel'shtein, 1963). |
' During the winter and spring cruises we Were obllged
to considerably decrease the number of stations and to limit
f ourselves to determination of temperature, conducmume,
ecolour = and pH value. | N - , :
~ -The hydrologdqal work was esedciated with regular /8 3
meteorelogical observations;. In the course of-cruises,
temﬁerature and humidity of air, directioﬁ_and velocity of |
wind, as well as barometric pressure and cloudiness were determined

‘every'2 hours,

INDICES -AN]) METHOD FOR DEFINITION -OF WATER MASSES,

~4
'Q The following water characteristlcs, being easy to

= deternine by rapid analysis under field conditlons, were used
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as indices of water naSSes in the Gorky reservoir: temnera_‘cure,
electrical conductance, 3f):*t:ra‘.nsp.e.r'ency, coiour,

content of blcarbonates and of dissolved oxygen total hardness
and pH value, These characteristics ~may be condltlonally
sub—divided_into two grou.ps‘differi'ng ;m the degree of
‘conservativeness of this or that wafer mase property. Content
of b1carbonates, hardness, electrical . conductance -and |

colour ‘may be’ cons1dered as the most conservatlve. The

_conservatism of the first two 'characteristics |

- state of potassium'carbonate l equilibrium, the relative stability

of which is connected with a lowering of the normal calcium
carbonate saturation in waters of the reservoir and its
tributaries (Moricheva» 1965) As 'HCOB; Ca" and Mg" ions
predominate in the chemical compositlon of the reserv01r |
-water, and relative changes in this comp051t10n are slight
(Zenin, 1964), the electrical - conductance value depends mainly
. on the concentration‘of these ions, and is a snfficientlj
conservative characteristic ae well. Fortunetov; (1959) proved

- in detail the poseibility of using colour  as an indicator
of water origin in reservolrs. Thus, the characteristics of ’the
first group barely -change their values as 1ong as the
water.mass» remains in th-e reservoir, and because of this they

may serve as good indicators of ‘the water .or_igin and alteration

3) Here and hencefol‘th Sh,. " the term "electrical
“conductance" is used to mean - the relative electrical conductance
of water determined by using the Pleissener Table (Pleissener,
1909) at a temperaZure of 1800 and expressed in m1cro-51emens/cm
Q };. mho/cm— 1,106 ohm~1 om’ o |

LT
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asva resulf of intermixing.with other water masses.

Temperature, trahsparency, pH and oxygen content
.must be assigned "f;o the second group of characterj,stics," They may
alter their values considerably as a result éf thermal; dynamic,
bioéhemical and other pfocesses ocecurring within bne'and'the_
sameuhomogénéous watef-volﬁme,tmlhese characteriétics afe an -
'indicafion of water mass alteration due to weather
conditions, morphology and water exchange in individﬁal
areas‘ofvthe bodyfof water., As previously'pdinted out, sﬁch
a division of the »}ater characteristics is largely conditional

because in individual cages the characteristics of the second
group may be_fgiriy-good'indicators of derivation of the
~water»maSSes (fof{inétance”the watér temperatufg in early spring
and late fall, transparency and pH in éeriods of rainvinduced.
freshets, winter oxygen content, etc.). .' |
| Representativenéss_of the water mass characteristic does not

depend only on its conservatism. Although sufficiently
congervative,such 8 .charé.cteristicﬂ cannot- be r‘e'gard'ed as usefui for distinguish-
~ ing between -~ water masses if the diffefence between the index
vaiue‘of_two or more water maéses found in a body of water is
not large in compériaoh with the possible error of method
in its'valﬁe deteimination.' In Table 2Athé mgximum faﬁge of

varidtion of several water mass characteristics is giVen:

Rmax at moments of the Gorky reservoir surveys, mean error in

their detemmumﬁlon(e,) and the relatlonshlp between the first

and the,second_values (K); The larger the X parameter value
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the moré‘representétiVe.is the‘characteristic. The least reliable
characteristics from ﬁhé point of view under discussion proﬁed
to Be transparency, pH,iand particﬁlarly the total of strong ' /9.
‘acids. Despite‘quite high conservatism in S0," and C1' ions, we |
were cqmpelled to refrain from using the total strong acids as a
‘characteristié in successive analyses of the water masses in the
reservoir, for éxactly.thisireason. |

| Definition of the water masses in the'reserVoir was
‘carried out by using a complex methbd,.consisting in‘anaijsis of the
spatial distribution of.all-enumerated characteristics in the body of
Vwater. The data collected in hydrological_survéys were plotted on
separéte charts for gach Characteristic. .Then isolines ﬁere traced
at intervals larger than or equal to the possible error of method
in measufing the appropriﬁte charaéteriétic.  When substantjal |
gtratification 6f:any chafacterigtié was noticed during this
survey, the charts were plotted for the surface and near-bottom

layer, in other cases for the surface water layer only.

' On the charts, the areas of vater mass distribution
were.charaéterizéd either by an absence or wide separatiéh of
index isolines, whilé considerablé'"bﬁnching" of them bccurréd
in frontal zones, Obviously, asvtheAténtéﬁivé limit of two
water bodies that line should be accepted‘whibh_connects
'the péints at which é 50% mixing‘of adjacent water masses

was observed. However, the mass calculation using the mixing
ot
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formula is quite labour-consuming, therefore the boundary

of the water massea,or hydrologicai front, was traced
according to the V~ K, Agenoror method (1944), By calculating
the . horizontal gradient of electrical conductance - . the most
cons_ervative_ and re-presentative among all the characteristics being
determined:upoints were defined - at which this gradient has-
a maximum value.The line, or toioe.more precise, thé;ﬂaneimat-
links such points was accepted astheboundary of the water
masses. | | |

| | On the basis of two hydrological surveys of the lake
part of the reservoir, a comparison was made of the location

of fronts traced by using the maximum electrical conductance .

gradient, as well as lines of the 50% mixing of;the wvater masses

also determined by electrical comhmtmuw.» In the overwhelming

majority of examples investigated, the front lines determined
by these two methods fully coincided and in only some cases
did they fail to do so. . - In analysing these

casés, an impression was created that the line of maximum

_gradients and the line of 50% mixing do not‘coincide if, in the

"'celculafion.usingf%he mixing formula,"thekﬂmraemnﬁstimsof>musof-

.- the masses are included, this mass being not "pure" but

somehow modified due to mixing with the oﬂuﬁ'waternmss-_

A comparison of the’iﬁﬁnts‘*f‘i “traced for the same

_ two surveys, using maximum horrzontal gradients of various

' characteristics(ﬂﬂm bicarbonate content, total hardness,

mﬂﬁur). ‘ proved their complete 1dent1ty. Results of these



two methodologicsl studies show that the plane joining

the points of the maximum values of the condustancs gradients
may be acceptéd as the cohditional boundary of the two water
masses in the dork& reservoir. It should be notsd'that
trscing Boundaries between two geographical complexes (in
bodies of water between two water masses) by using the max1-
mum gradient of a characteristlc 1s wide-spread not only in
Aoceanography (Agenorov, 1944; Muromtsev, 1953) but also in
the study of landscapes, when, in mapping, the losation of a

natural boundary has to be determined. (Armand, 1955).

INITIAL WATER MASSES.

The_watsrs;whiéh initia}ly make up the water massfsf .

the Gorky reser?qi;.are providéd.by ths-Rybinsk reservoir (later

it ;ili be. referred to as the Volga water mass),;and by the
discharges of tributaries. AtmosphericAprecipitatioh on the
ISurfsce of this body of water, the surface and.groﬁndwafef

run~of'f coﬂstitute little more than 2 to 3% of the intake of the
annual‘watsf balance in the ressrvoir, and, as a result, their

psrt in modificsyidn of phe.reservoir watér massés is insignificant.

While infeStigsting‘the'stream'flow regime.and physical and chemical

properties of the- initial water masses at the inflow ranges compared

with the reservoir, we do not diséuss their formation in detail in this book..~
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A number of works by N. V. Butorin (1965a; 1965b) and others are

devoted to the water masses of the Rybinsk reservoir, and, further-

more a study of the formation process of river water masses requires

the setting up of special investigations in the catchment area of the

reservoir,

- VOLGA WATER MASS -

The volume of the Volga watef'mass entering annuaily into
the Gorky reservoif is determined by the magnitude of the annual
fun-off from the.Rybinsk reservoir basin. It is.modified as a fesult
of regulation of the run-off by the three upper reservoirs of the

Volga series. A. P. Brgslavskii, R, F. Byurlg and z A. Vlkullna

' (1951) evaluated the effect on.the annual flow of these reservoirs

. as a whole, and of the Ryblnsk reserv01p in partlcular,

" The. authors reached the conelusion thatrthe influence
of-the Rybingk reservoir on variation in the annual run-off‘is

not large. On the basis of the water balance for 1941-1947

- in the reservoir in question, and the regulations regarding the

discharge control at the Rybinsk hydro-~electric power station, they .

established that in dry years, it is possible with. a supply of about, 90%

not only to replenish the evaporation losses and the feeding of the Moscow

canal, which constitute about 12% of the normal annual flow of the
Volga but also the average-flew increase of 10% due to draw-off -

from the year-to-year prism storage of the Ryblnsk reservoir control.

PR




|

16.

- As i.s now possible to determine

more accurately the degree of influence of the Rybinsk

reservoir on the annual Volga flow, and to determine the

variability of this value by using factual data on the.

discharge of the Rybinsk‘ hydro-electric pover -

plant_for the seventeen year period (1947-1963) which elapsed
after the usable. capacity of the reservoir was filled.l In

Table 3 the values of inflow into the Rybinsk reservoir are

‘compared., They were calculated by IN, Kurdlna and publlshed

in part in the work dealing with the water balance of the
reservoir (Rutkovskii and Kurdina, 1959) and discharges made
by the Rybinsk hydro-electric generating station. The values

quoted in - Table 3 characterize_thé diacharge during one

~hydrologicul year from April to March of -the next year.

Between‘l9h7 and 1963 fhe average annusal inflow into

the reservoir was equal to 35.1 km3 and represents a flow

rate of 1112 m?/sec.- The #6lume of dischafge from it

averaged 33 o3 km3 per annum with an average annual flow rate
of 1057 m /sec. -This last value varied from year to year
within the limits of 1687 to 1uk7 m/sec. Although the

variations in the average. annual flow rate of water of the

gl

Rybinsk hydroelectric plant in general repeat the pattern of inflow -

intp the reservoir, the influence of this body of water on the

annual Volga-flaw proved to bewmorefsignificant than was

assumed in the initial period of its existence.  Variation in
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flow due to water accumulation in the reservoir and sub-

sequent draw-off reéched'zo‘percent of the inflow in some

years (Table 3), with a flow increass being observed not only

in dry yeafs (1949, 1954, 1963) but also.in years with a flow
close to the normal (i959)§.and even in wet years (1957, 1961).
The reduction of the Volga f;bﬁ by the reservoir was noted not, -
only during wetyyears,-but in average years (1948, 1960). Such
type of regulation prométed‘a certain increase in variations of
the annual Volga flow, and not a decrease.. The variability
-.coefficient Cy of the annuai rate of inflow into thé Rybinsk reservoir
for 1947;1963 is equal to 0.21, while Oy of its discharge for the

same'period is 0.23 .

~ The study of water masses in the Gorky reservoir was qarfied
out in yéars with various amounts ofAfainfall.' The annual volume of
»Volga Qéter flowing into-thg body of water in 1961 represented roughly
20%; in the wet year 1962 - 10%, and in the dry year-l§63 -~ less thén
85%1). The annual inflow and dischafgé are deﬁerﬁined from qorréSpOnd-
-1ﬁg long-period cﬁrves which.R. F. Byuriga.(i950) gives in his work.
| " The intrar;ﬁnugl regimé of the inflow of Volga waters
'from.the ﬁybinsk into the Gorky reser#éir is characterized |

by considerable uniformity of the monthly flow, the volume

1) Should be probably 8.5% (Translator).
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of which on the averagéxfluctuatésiﬁemmeﬁ 6% and 1@% of
the yearly value (Table 4)
The minimum monthly discharges of water from the

Rybinsk reservoir as a rule occur in the Sprlng, at its
filling—up perlod- at the same tlme the mean flow rate of
water for Aprll and May in dry years (1nclud1ng also 1963) is
réduced to 400 - 500 mj/sec. Usually the discharge is
gradually-increased in the summer énd autumn mbnfhs, and
reaches its peak in winter, when it often éxceeds'1500,'and
somefimes even 1800 m3/sec,' In individual yeérs considerable
deviations of the monthly flow values from the mean
annual distribution took place, as a result of hydrometeorological
.pecﬁliérities‘of the year as well as the operating conditions
of the hydroelectric plant. Thﬁs, in May of 1961, the |
"hydroelectric plaht discharged the maximuﬁ mbnthly volume of
‘wéter, a fact that is fypical of‘yéérs‘with.donsiderable' |
spring high water, -In 1962;'which was characterized by a very .
high summer fléw, fhe'greatestvaverage monthly water flow
rate‘was-observed in Augusf.‘ . | o

| The flow control by the Ryblnsk reservoir is revealed
‘not only in typical seasonal and annual re«distrlbutlon ofthe
I_water volumes which it dlscharges 1nto the tallWater but .also by
'substantial balancing of their phy81cal and chemlcal propertieS-
during the year. Investigatlons by N. V. Butorln (1965 ¢)




proved that the water mass of the central part of the vater body
is found all year round, the range pf.annual varigtion of tﬁe--
~characteristics being rélati§ely small (Table 5).

"The Volga~water m@ss in the Gorky reservoir, fofmed
chiefly from these wateré, inherifs theirA?hysical and chemiqal
pfoperties_qnd peculiariﬁies; Due to iﬂtensive‘miXing;in
the basins and tailwater of the Rybinsk hydroelectriciﬁldnt,
it enters the reservoir as a fully homogénbﬁs flow over- |
the whole cross—seqtion. -In.the_vicinity of Rybinsk we
detérmined se#eral characteristics of this water mass.

These are giveh iﬁ Table 6. ‘From the data given in the

Table 6 it follows ﬁhat the eléctridal coﬁ@uetance of.the

-Volga water maés‘had a cohparatively small range.of variation
=(133;237 p mho/em). Accﬁrdingly, fluctuations of biéaqbonate
content and hardness were‘not large. Thé water colour was
35-60; its intenée colour in the winter of 1963‘18 uncommon

qur the Volga water mass. It seems that in 1963 thié was
cénﬁected with an exceptibnally high aﬁtﬁmn run-off in the previoﬁs

year.: Water tranéparency in the vicihity of Rybinsk fluctuated

between 80 and 110 cm, and only during storms at the Rybinsk resérvoir

aia it decrease t0.40-60 cm. The low variability of the characteristics

“typical of the Volga water mass is confirmed by the chemical water ahalyses

at Yaroslavl' (Table 7),?citéd by A. A. Zenin in his work (1964). Thus,
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the general water.mineralization values fluctuate within the
range of 86,6 and 147 8 mg/1liter.

Despite the 1owered intra-annual: -variability of the
physical and chemical characterlstics, the Volga water mass
is notable for a marked 1ag in extreme values of indices in
'comparison with normal conditions of flow. In spring the
highest 1nd1_ces of its electrical conductance, alkalinity and
‘hardnegs are observed, and the minima f‘all"in'the summer~autumn period
kTables 5 and 6). "Years with tery high floods are exceptions,
when modified and lcﬁ—mineralized spring waters oftheﬂbpeerlga
may advance to the ﬁybinskuhydroelectric station (Ershora,
1965);. Under such conditions, mineralization'of water and the
eiectrical_coﬁhwtanma.. of the.Volga water mass;in the Gorky
reservoir may sharpiy decrease in May in comparison with the
values given iﬂ Tablé 6

The water mass investiéated differs noticeably from
other initial masses in temperature, especially in spring,

" when it is considerably colder than waters of the 1atera1
tributaries (Table 8).

Hence, the Volga water mass, averaging about 64% of
the total annual inflow into the Gorky reservoir, is .
characterized by great-uniformity of distributich of monthly.
and seasonal flows and by small .changes in most of its
physical and chemical indices.“*In the spring period these
waters>are relatively cold and highly mineralized; they ,

L
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congtitute on the.averagé about.jo% of the'téfal inflow
‘into the fesefvoir. In the summér;autumn period, the water
mass of Volga repreéénts_ 70-80% of the tAotal inflow into the |
reservoir; the miner’alizatioh and coiour of the waters have

the lowest values of the year. In winter, the relative
importance of this water mass in the 1ncom1ng part of the
water balance of the reservoir reaches 88-90%, and its

~mineralisation and colour gradually increase at this time.
. N . J N ) e - .

. Water masses of ffibutarieg. : | /15

There are a greét number of ri&ers-which discharge . -
into tﬁe Gérky reservoir, They are fed by the run-off from
the watershed of about 79,000 kmz. This -catchment area is a
slightly hilly plain charécterized‘by Low éievations.éeparated
by -river valleys (their peaks average 150 - 170 m absolute
height) alternating with flat boggy lowlands and stretchlng
from the south-west to north-east. The Unzha and Kostroma are
thg‘lérgest tributaries of the réservoir._ Their basinSjoccupy
in sum more than half of the total watershed. Besides these
rivers, the most important are the Koﬁb;'r"osl' Nemda, and Mera.
.The tributaries of the reserv01r are mostly snow—fed Regardléss‘
of the fact that the ratio  of the volumes of water of different
origin changes within a fairly wide range, the share of the melt
run-off in themAexceeds the share of subsurface drainage and

rainrail run-off, .By ~f,he 'characf,er of their' water regime the .
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tributaries of the reservoir belong to the East European

type of river. They have high spring flood water and
modefately'low dry weathér water level, At other seasons

they are disturbed only by rain induced freshets in the

summer-autumn period.

The total flow of rivers which feed the reservoir

averages about 36%'of’the inflowing part of the annual reservoir

balance. In the formation of the water mass of the reservoir

the role of lateral inflow varies greatly frém season to season.

In spring, the rivers provide an- average of 60-80% of total

inflow to.the reservoir, and during periods of maximum high

water flow in them, up to 9% (Kavchuk and Yaroslavtsev, 1964),

In the summer—autﬁmn period, the-participaﬁibn of the river

water in~ﬁh§.exchange of the'reservoir~water decreases roughly

by half, as comﬁared-with:the spring period, but in winter Zé
the'part_df the fluvial inflow shrinks to 10-16%. In Table o
9, aVerage values of annual and seasqnal volumes of run—off
of the largest reservoir fributaries are given for 1957-1963. ‘
Taking into donsideration-the particular feétures of‘the

annual distribution of river flow into the reservoir basin

(Fig. 2), April and May are included in the spring period,

and during this period all these fivers have a high watér

level, The summer-aﬁtumn period, frbm‘Jung to November, is marked by

fairly low ruhoff, on which are supefimposed:rain induced

freshlets. Winter, from‘Dedember‘tO'March;‘is-charaéterized
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by a low and steady river fiow. The volumes ‘of tributary
‘fIOW-given in Tab;e‘9, are calouiaféd for.theif entire
drainage afeas, . using the method employed since 1961 by the
Volga.Hydiometeorological Observatory when calculating the water
balance of the Gorky reservoir (Kavchuk’and:Yafoslavtsev,
1964). | - | |

Aél&m1e9 mmms,thé‘ -Unéha and Kostroma have the_iargest
voiumes among the river ﬁatéf masses. JTheir flow cohstitutes
'.on'the average_lB% and 8%_6f the total annual figure, am125%enm 17%
of_the'spring infloW'info the resérvoif. The volumes of each |
of thé remaining water mésses"aré less than 5% of the total
infléw into fhe reservoir at any time of the year, The | '
relatively highistability of thezatio of volunmes of‘individual'
'initial water masses should be noted from year to year and |
by comparing seasons of vari’ous~ years. The 4‘sp‘é.cific proportion
of eéch of them in the'feéervoir'wafer exchange varies oniy
Aby-a few percent of the total inflow into the'bddy‘of water
depending oniy on hydrometeorologicalbconditibns in'individual
jears.. Consequenfly, the share of each of thé initial water:
masses in forming the reservoir water masS'is'rélétively
stable in yeé»rs ﬁi,th varying amounts of rain, and tﬁis"rﬁay be

explained by the common climatic aﬁd_orographic conditions_

under which the drainage takes place in the catchment
. _ | 5 _
area of the reservoir. N. V. Butorin (1965 a) came to a

similar conclusion. He established the stability of the ratio
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of water flowage down the Volga, Sheksna and Mologs towards the

Rybinsk reservoir, independently of the rainfall of the year.

The sbring highzwater begins in all reservoir tributaries
at approximately the same time. The maximum sprlng flow
rates in mouths of small rivers c01ncide with the beginning
of a rapid-rise in level of the reservoir, and the subsidence
of the floods takes place before the reservoir is filled to its
normal storage level (Fig. 2) In 1961, the max1mum flow rate
of the Unzha and Kostroma occurred after thé reservoir was
already filled to the normsl stofage level, while in 1962 and 1963,
the meximum flow in thése rivers took place during thé rise |
in level of the»body of water, and only waters of the final A

stage of flooding entered into the already filled up reservoir.

- The correlation of the times at which the various tribﬁtaries'

flood crests pass and of the stage of the reservoir at this

particular time plays an important part in the distribution

of water masses in the reserv01r, in their dynamics and

-alteratlon.

The influx of river waters into the reservoir may be
looked upon as a»ﬁfocess‘of uninterrupted»iﬁflow through the
upstream cross-sectionai area of a water mass, the physical and
chemical pfoperties of which change within definite limits in the course

of the year, The range of variation of these p}operties of the water mass

.t
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of each of the tributarieé and its specific péculiarities are determined
by the physical and geographipal conditions -under which the run-~off forms
in the catchment area, as well as by the processes of water alteration
in the‘river channel. In accordéhde with the periodically changing
relatioﬁship of.the basic genetic categories of water, such as surface-
slope, soil-ground and ground water (Voronkov, 1963) the properties of
the river water mass passing through the upstream cross-sectionai area
change with time: one water volume having a‘certain complex of
" characteristics is followed by the next one_witﬁ different values of
indices. Thus, the water mass of a river is composed of constantly
alternating water volumés of differenﬁ.quality which may be considered
to be indiﬁiduél modifications of the river‘water ﬁass; flood waters;
summérfautumn low;levél waters; rainfall-induced freshet waters, and
winter low-level waters. . The alternation of individual mod%fications
of water masses in small rivers is especially well marked; their basins,
aé seen by V. V. Voronkov, are closest to "elementary catchments"., Ih |
the water masses of the large tributaries of the reservoir, such aé the
Unzha and Kostroma, the boundariéé between individual modifications are.
blurred. | |

The waters of the reservoir tributaries are but little
mineralized and belong to the calcium grou§ of the biéarbdnate class
of naturai waters, The data collected‘by A. A, Zhenin (1965), shown ‘

in Table 10, give a good idea of the range of fluctuations of total
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mineralization and relative chemical composition of waters in the main
tribuﬁaries of the reservoir. A sufficiently close link was established
between the flow rate of the water in the rivers of the reservoir.baéin

and its total mineralization as well as the concentration of individual

chemical ingredients (Galaktionova, 1964). The mineralization of water,

.

the abﬁslute valu¢ of which is very low, changés only slightly during

high water, whereas during the low water period the relativeiy high ion

concentration is extremely sensitive to even small changes in the water.
flow rate. - | |

The waters‘of the reservoir tributaries uhder.investigation
can be divided into two sharply different éroups on the basis of their
physical and chemical pfoperties. The difference is particulariy marked

during the summer-autumn period. The first group of rivers with rela-

‘tively highly mineralized and weakly coloﬁredAwaters, is representedb

its tributaries. As a rule;'the river waters at the inflow were uniform

by the Unzha, Kostroma, 'and Mera; the second with lightly mineralized
and, coloured waters - by the Nemda,-Zhelvaﬁa and Mocha. In Table 11
are shown the values of the characteristics of the rivér'water masses

entering the reservoir at various phases of the hydrological cycle of

through theAwhole cross-gsection of the stfeam, since the river flow was
aiways observed at these points. .

- The minimum mineraliﬁation of the waters of.tﬁe regervoir
tributgriés is observed in the spring_during flooding. At this
period, iﬁ the Unzha waters the eléctrical COnductancé'deﬁréases to

PR
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50-60‘p mho/cn and in the Memda to 30 p.mho/cm. At the same time the
minimum pH values were also‘recofded as 6.4 in the Unzha, and 6.0 in

the Nemda. The Einct' water mass characteristics at high water were

close to the values quofed. In the eaply,spfing; no observations were
made in other rivers. It may be assumed on the basis of the resérvoir
survey déta.collected between May 3 énd 4,.1963,.that.the Kostroma flood
water mass had an electrlcal conductance of about 80 ! mho/cm," a pH not
exceedlng 6.6 and'colour over 60. The spring river waters differ markedly
in temperature both_in the Volga and the reservoir water mass: they are

2 to 3° warﬁer than the latter.

At the timé of the sumﬁerfautumn low water, in rivers
belonging to the first group the conductance rises tol250;320 j mho/cm,
the bicarbonate-contcnt and total hardness to 2.0 ~ 3,0 mg equivalents
per litre, and colour is reduced-to 20—40. Low colour and low turbidity
(2~5 mg/1) determine the relatively high transparency of these waters
(120-155 cm).. The rivers of the second group have a conductance of
120-180 P mho/cm, total hardness and alkalinity are characterized by
values not exceeding 1;5 mg. equ./l, and their cclour_reachés 8041000.
AccOrdingly,.cransparcncy in these watcrs is also only 60-80 cm.
| During the periods of the rain-induced freshets, the basic
ion coﬁtent and conductance dip sharply in the river watefs, while,théir
colour increases. Dufing the rain-induced frésheﬂs, ic the rivers of

the first group, the maximum colour values were about lZQ, in the rivers
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. of the second group they reached 180-190. The freshet waters contain
a veryilarge amount of suspended matter. ‘As.a result of the high

coloﬁr and turbidity, rain waters in rivers were grey-brown to hazel,
brownish~yellow and eveniyellow,_and their transparency dropped down

to 30-40 cm.

- In winter, conductance and mineralization reach their maximum
values (Table 11). The differences in river waters with regard to
colour are less notlceable, because the colouration of water is at

this tlme minimal.

The differences between the rivers examined in respect of ﬁhe‘
chemical and physical properties of their waters, which are highly
mineralized and "cledr" or 1ow4minerélized and coloured, are,very
striking, as already noted by A. F. Nikitin (1905).“These two types
of rivers differ alse in their discharge; the mean annual‘dfscharge
for the 1957—1966 period was 8,1 - 8.6 for the first group, and‘

Te3 = 745 l/sec-per’km2 for the second group. Accordlngly, these

groups of rivers also differ in thelr spring dlscharge rates. The
dlfferences recorded between the reservoir trlbutarles as- to their

run-off, and particularly as to the physical and chemlcal characteristics

of their waters, are explained by the physical and geographlcal pecullarltles
of the basins of these rivers. The centres of formation of the run-off of

the rivers of.the first group are hills in which the river network is




deeply-incised and drains several horizons of ground waters. The
basins of the second group of rivers are noted for increased
swampiness and forestation, as compared with the drainage system of

the rivers that belong to the first group.

Correlative connection may. be traced betwéén the individual
characteristics'of the initiai water»ﬁasses._ The closeét relationship.
is observed beﬁween the elec£fical conductance, Bicarbonate content
and toﬁal.hardness. '(Fig. 3 and 4). The relationship between these
characte;istics may be expressed by a linear equation. The correlation
-Coefficients, angular cdefficients_of regression and values of free
members of these‘gquafions.for seye;al water masses are given in
Table 12, The high correlafion coéfficieﬁt (0.90 and over) of these
relations is quite reguiar since the.HCO§ and Ca' + Mg" ibné are
.predominant in the nafural waters of the regionAstudied. The extremely
high values of the coefficieht(of"correlation between the‘concentfations
ofVHcoé,fCa""+;Mg“Aand the electfical conductivity indicate.felatively
high stability of the calcium carbonate equilibrium in the inftial
water masses of thé Gorky réservbir. The équafions cited may be used
both for controlling the individual hydro-chemical determinaﬁions and

for tentative calculation of the balues of one characteristic by using

the known value of another. It was not possible to determine the regular

variation of regression equation parameters from river to river in

" connection with their‘specific ph&sical and chemical properties.
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Apparently, the differeﬂces of these parameters.are immaterial. They
may be caused by errors in hydrochemical detefminations as well as by
an‘insuffiéient mmber of,memﬁers of thé series beihg corfeiated. The
monotypicity of these eduations indicates‘the relatively homogenous
chemical composition of the waters in phe‘rivers investigated. That
is why A. A. Zenjin succeedéd.in discovering a common relationship
betweeﬁ the electrical conductance and total mineralization of the

waters of the Volga and its majof tributaries.

The existence of the correlative link between trahsparency
"and electrical conductivity of water wés recorded in the water ﬁasses
of three riéers: _the Unzha, Nemda and Mera (Fig. 5). This relation-
ship, unlike that noted in previous inﬁesfigations, is not a functional
one having a chemicai nature, but is due to.peculiarities.of river
water mass formatioﬁ, lee.y, it is a stochastié 1ink.of a gedgraphicai
order. Within the range of values observed this reiationship may be

expressed by a linear equation of regression.

P=0Kg4bp
where P is thé tfansparency in cm,
- the electrical conductance in p‘mho/cm.
The parametéfs of these equations are shown in Table 134
The existeﬁce of & relationship between these characteristics
is explained. by the fact that. with a change of water flow'rate in the

river, e.ge.y during the rise of the'rain freshet, the mineralization and

30.



conductarice decrease, with simultaneous incregse of turbidity and colour

of the water, leading to reduction of the water mass transparency. That

the coloration 6f water influences this link is shown by the regular

variation of the free member of the equation (with angular coefficient

constant) from the Mera - the river with the lowest colour to the Nemda,

with water strongly coloured by organic matter. -Due to the small amount

of observation data it is noﬁ‘possible to establish such a‘relationship

for water masses in other rivers.

There are relationships between the chromaticity and electrical

. conductance of river waters resuitiﬁg from particular featurés of the
process éf formation of water masses in the reservoir tributaries |
(Fig. 6). They are éurvilineér and inverse, that is, with increaée:
of one.characﬁeristic the magnitudéAof the other decreases. This
is explained by the fact that when the subterranean portion!of feeding
increases, the minefalization aﬁd electrical qonductéﬁce of
the‘river.Waﬁer mass -also increases, but 1ts colour décreases. On
all graphs shown in‘Fig, 6, thevdoté characterizing the waﬁef;mass

at the time of high water rise form detached ‘groups to the left of

the dot field common to the other periods. This most probably results -

.from the fact that in the initial period of snowmelt in spring, the
 ground and swamps of the river basins are still in a frozen state.
As a result, the waters of the initial phase of high water have

~ decreased colour as compared with the equally low-mineralized waters
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which are formed in basins of rivers in thé late spring period or
during réin.freshéts. The general slope of the cuf#es of the
relgti§n between electrical conductance and colour and their
curvaﬁure depend on the.physical and geographical characteristics
of the‘river. For.egse of comparison of these interrelationships
we calculated the regression équations for them, conditionally
replacing curved iines,by straight lines. It is obvioué from a
comparison of the parameters of these equations (Table 14) that
as the swampiness and afforesﬁation of the watershed increases and
the depth of river network carving, ‘the values of these parameters
increase,'that is the anglg of«siope increases. It islnoﬁ possible
to determine such relationships forAwater masses altered under
conditions of retardéd water exchange. Lack of relation between
electrical conductance and coldgﬁ is characteristic of the Yolga
water mass fbrmed&in the R&biﬁsk reservoir, or for the waters of
the Kostroma and its tributaries, which formAand alter in the

' Kostroma expansion (Fig. 6), etc.A These facté indicatg tﬁe
mixingxof waters of different origin and the éhénge of thé

initial colour ih the process of their alteration thatloccur

in ‘bodies of water having slow watef exchange.
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DISTRIBUTION AND BASIC PROPERTIES OF WATER MASSES IN THE RESERVOIR,

| 'The origiﬁal water masses entering the reservoir retain
o fbr some time their typicai éharactér and. peculiar featuresg
owing to thi; it is possible to determine their distribution
within the boundafies of the reservoir, according to é number
of the most representati\}e characferistics. At the same time as a
'reéult of transformation processes of these masses and their
mixing ‘at‘ definit_e periods‘, . a new . water mass origixiéﬁes in the
:reservéir, different f-'ro.m‘ ‘the initial water masses in the whole range

of their proéerties. | |

Let us examine in the Gorky reservoir the most |

characteristic types of distribution.of water masses, both from.v
primary sburces and the watefs of the.reservoir at different
seasons of the year. ‘Let us take as the beginning of the .hy;i.rologi‘cal :
sﬁring: the time  of inflow into thé'reservoir of the

first portions of flood waters from ité'tributaries.

The beginning of the SUmmer-autumh season follows at the_time ‘
when tﬁe waters of the spfing‘flooq on the'whole have been4
displaéed from the reservoir, or completely changed. The start
of winter coincideé with_the time when the riversAcomménoe to
be fed exclusively by ground water and an ice-sheet has been
formed on the reservoir. The 1ehgth of the'hydroiogicél5
geasons varies somewhat due to pecullarities of the hydro—"

.meteorological ‘conditions in each year,
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- SPRING PERIOD.

~ The observations of the fifteenth survey (Table 1)
éive an idea of the main aspects of the distribution of
weter masses at the begﬂﬂﬁng .of the spring filling.of
the reservoir. ©So far.as hydrological observetions made from
the 1ce—breaker are concerned data relatlng to the temperature;
electrical conductance, colour . and pH characterize
only waters on the two basic navigable routes of the reservoir -
from the locks of the Gorky hydro-electric generating
station to Rybinsk and from Yur'evets to Kobylin in Unzha
»Bay. -On the basis of observations made through tﬁe ice
away from these routes it is possible to draw up, A
- diagrams - admittedly far from complete ~ of the distribution of
‘the ehumerated data on water masees,within the lake part of
the reservoir (Pig. 7). B
| At the start of the.survey the part of the reservoir
in the vi01n1ty of the dam to the south of Sokolskoe
‘was occupied by uniform winter waters of Volga origin,
At the eastern shore of the ba31n, northward from Sokolskoe

a small patch of altered winter Unzha waters was dlscovered

In the lower half of the five meter deep vertlcal the temperature

was 0.2 and electrlcal Comﬁuﬂﬁncé | 252)Lmho/cm, Approachlng
the lower edge of the ice the electrical  conductance dropped

to 217}Lmho/cm and‘the temperature to 0,0° owing to melt




waters seeping under the ice. Th¢ horizontalAgradient of
electrical - condﬁctance in the frontal zone between .the Unzha
winter water_s and ‘the waters .61‘ the' reseﬁroir wasg approximately '
85}1/ mho/em/km. o Winter.V'q?_Lga waters, much changed
because of mixing with flood waters of small’ tributaries |
61‘.‘ the IfiveI: part of fhe feservoir, occupied the abov‘e_—-bed
‘stretch of the body of watei‘ horthward from Sokol'skoe.
The floodplain section of. the Yur'evets expansion was filled
with flood waters of the Unzha and Nemda Rivers, the indices
of which are given in Table 11, From hefe they spread
A southwards, wédging in téngﬁe-liké in ‘the central area‘of the rea‘ch‘
.U | of the reservoir, situated to the north of Sokol'skoe. In this
V - region the spring altered waters of the Unzha showed an electrical
conductance - of 126-—_128 » mho/cm and colour index of 50-52 .
The eaétern wing of the frontal waters of the Unzha flood was
their border. with winter river wateré, and the western Wiﬁg
éepargted'the'spring Unzha waters and mﬁch:alferéd'volga water
mass. Nemda flood waters, still less mineralized than those of |
the Unzha, occupied the northern pa'rt of the Yur'evets expansion.
Frém'hére théy fmowéd in a narrow stream to the south aldn,g the
sub.mer.ged edge of the Volga channel, separating the Volga and
‘Unzha wétexj masges., On ’.th.e. bérder of. the Volga waters and Nemda
waters at Yur'evefs, the greatest horizontal gradient of
elec_trical conductance - 160)1- mho/cm/km ._Awa‘s observed -in
.’ - the, Gorkj rese:v_:‘hvo._irA. : V
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By the end of the éurvey, the location bf water masses /.30

- had changed, but the vélues of their main characteristics ren;aine'd
similar to ﬁhose alréady quoted.._The part of the reservoir
near the dam, southward from Puchezh, was filled by altered
‘Volga waters-replacing winter waters of the reservoir whiéh had
been there previously.” At that timé, flood waters of the Kostroma,

altered on their way by the Volga water mass, and those of the o

Kotorosl' and other tributaries started to enter the lake part of the
. reservoir .from- the river part.’

In these waters the electrical comhmtamxewas : Agi

105- 121}Lmho/cm, temperature from 4° to 6 C, -colour index

45-50 , and pH value 6,7-6.9. This water mass filled the

whole river part of the.reservoir below the\Kostroma expansion
énd penetrated the lake part along the 0ld Volga channel where
théée waters cooled to 0}50—2.000 dué to'heat.1o9t'in\thawing

of icé; At Sokol'skoe they intermixed with>flood yaters“of the -
- thha and Nemda which enter heré by ﬁhé left shore floodplain
part of the body of water. Between Sokol'skoe and Puchezh
© were wéters of mixed origiﬁ. The reservoir area between the
Kotorosl' mouth and Kogtroma expansion was filléd byfioodymxeré
of.thé Kotorosl' mixed with the Volga vater mass. Their

electrical conductance was.l68-181yumho/cm.and-temperature
79-10°C . The area of the Yaroslavl'-Rybinsk hydro-electric stétiqn "

~N

was filled by the Volga mass,‘the waters of which at this
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time of the year were relativély cold and highly mineralized

(Table 6). | oy |
The'chéraéfer of the distribution of water masées

in the reservoir in the mid-spring beriod may be illustrated

by the ygsults of the sixteenth survey made in May,_1963, 

Inflowing from the Rybinsk reservoir the Volga water mass

ét this time'had-the highest mineraiization with an

electrical mnmucmumé' of 235-247}umho/6m,'and a tehperature

of 10051200. It oécupied the uppermost section Qf'the-resefvoir -

upiﬁo Yaroélavl‘.‘ Lowér,‘down to the Kostroma*e&pansion

extended mixed waters of this mass and of the Kotorosl!',

a fact that is‘confirméd by.the increased vélues of the

eleétrical_-mnwucmume and:the'higher temperature. At this

_ time~the Kostroma expansion was filled,With fiood waters of

the rivers feeding:it. Inlthe southern and central Sections

of fhe'expansiqn,waters.had an electfiéal conductance

_110—120}Lmho/cm and a colour index of 65'; while its northern .

pgrt wag filled by wéters with an electrical qbn&uwandaof

130-150 pomho/cm and a colour index éf 80 . The léwersﬁmetdl

of the river_bart of the reservoir was occupied by the Kostroma

" water mass which_héd the same indicés ag in the first days bf

Hay; Penetration of slightly éltéred Kostroma Wafer mass

into the river part of the reservoir, observed by us in 1963,

is a comparatively fare ocdurreﬁbe, and possible only'during

periéds‘of high watér with low run-off when'discharges of the
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Rybinsk hydro-electric station are‘sharpiy reduced at the
~time of filling.of the reservoir. In years with a high
~spring run-off.or with one close to the average of many
years, the volume of water being used by the Rybinsk
hydro-electric stétion-is comﬁenéurable with or exceeds the
spring_run-off Of'Kostroma. In such years, apparently, the
river part of the reserfoir is sometimes filled up. with Volga
water which in greater or lesser degree is diluted by»Kostroma
waters, |

In the lake part of the réservoir the Kostroma
water mass front moved frdm.Yur'evets wesmmrd'_along the
left edge of the old Volga channel towards the chain 6f islands,

situated between the viliagés of Vospitsa and Stolpino. The

presence of this front is well seen by the crowding of isolines

on the . duth- . of distribution of the electrical conductance,
~bicarbonates and hardness (Fig. 8), temperature oxygen and

pH, The lake part below this fronta1 zone right to the daﬁ__
of the Gorky hydro-elecffic station was_filled by fhe~on1y_
water mass.formed.mainly from the flood waters of théihé&;and
'Nemdé. We assume the origin of thése waters because of thé
low values of the electrical conductance A(50—90}umho/cm),
alkalinity (0,30-0.80 mg-eqv../l) énd_ total hardness (0.50-0,90
mg—eqv./i). The'alteratioﬁ of thé initial masses.indicated

by the values of the other indices of temperature,

oxygen, pH, colour, etc., 1is so significant that in this case
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»it is possible to speak about the.origin iﬁ the lake part

of the reservoir of a. new water - the sprlnp water mass

of the reservoir proper. ‘ |

Typical in this case is the stratlflcatlon of

temperature, oxygen, pH and low colour (35—45;), which ‘ Li&
decreased to half in cpmparison with.thatiof the iﬁitial masses..
In the snrfacé laYer of this mass intense growth of the | |
phytoplankton was observed. The enumerated features -
of thé spring wéter mass in‘the reservoir ofiginated as a
‘result of the rapid warm-up of its waters under the cdnditioﬁs

of extremely slow water exchange. The.degreé of water
alteratiqn in vérious seétoré of fhis mass was not the same
and,depended_hainly on the duration of'étay in this or that

part of the wﬁmrtmdy».This was the réason\why in the north-east
| of thé Yui-‘eye’r_.s exp'ansion the chgractefisticg of the water were |
sémewhat'different: '..COIQH‘ . .ﬁp_tb 800, pH of surface water
' layers about 7.0, eté.Thétmyscﬁ‘thé Unzha andiNeﬁda were; at
that time, filled by verticaily uniform river waters formed in
' channels of these rivers at the stage of high water drop.

(Table 11), In the 1east flowing areas near the shore in -
the‘“ﬂlnlmrof‘ﬂm dmnof the reserv01r there remained waters
of the Volga mass that were greatly altered at the time of
the spring fill-up of the_reserypir (Fig. 8).
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The results of the first, fifth and nineteenth hydrological
~ surveys give an idea of .the‘dist.rib‘ution. of water magses of

the reservoir at the late spring period (Table 1). At this

. stage only in individual -Sections of the reservoir lake part,

there still-remain relatlvely small patches

‘of water masses of the reservoir formed as a result of the

spring high water. In 1961, at the tlme of the first survey,

| the whole river part of the reservoir was filled by the.

summer Volga water mass, the electrical conductance . of which

was 175j&mho/cm:néar Rybinsk,‘but powgds | i

the lake part the value of this characteristic inmcreased to 200 )u.mho/cm._
'The colour index of these waters was 50—70 , and the

transparency averaged 100 cm, In the lake part ‘of the

: Areservoir the summer Volga waters, homogeneous through all

" their mass, filled the north-western part of ‘the Yur'evets
expansion, and the lower reaches of the bay along the Nemda (Flg-
9). In the Sorochkov area there was a sharply marked front
between these waters and those blocked by then, the highly L’}_},
coloured and low mineralized altered flood waters of the Nemda. |
In the oo.sﬁ and south-east the Volgd watérs came into co_n_tac‘t_;
‘with the flood ‘ waters of the Unzha. Their n;ai.n‘ body; the least
changed by the mixing process, was looat‘ed at the south- |
eastern edge of the Yur evets éxpansion. The front bétween ’
‘the Volga and Unzha. waters passed from the group of Isakovski

Islla.nds towards Yur evets, and turned southward along the lip
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of the Volga bed ‘and the western chain of the Yur'evets

Iglands. The 1east width of this frontal zone was on the-

1lip across from Yur evets, where the horlzontal gradlent

of electrical Conductance reached 25 jmho/cm /kn. In

the expanded reach, northward from Sokolskos, was the

mixing zone of Volga‘and‘Unzha Waters and of the formation

of the water mass of the southern half of the lake part

' of the reservoir, homogeneous in its properties, The front

of the water mass, 80 distlnctly marked at Yur evets, was

becomlng blurred in the zone of m1x1ng.

The distribution of water masses at.the same period in .

1962, and their basic characteristics were similar to those
described. The earlier published article (Edel’shtein,

1965 a) contains more information on the data obtained in

the course of these two surveys.

In 1963, the distribution of water masses- typical

for the late-spring stsge‘-reappeared (Fig.~10). But due to

‘the increase in the river flow in June’of the same year, as

compared with 1961 and 1962, at the . time .~ under dissussion
the waters of the Némda_and Unzha advanced southwards more
swiftly than usual and occupied the central part of the

Yur'evets expansion. The bay along the Nemda, northwards from

Lubyany was filled by the waters of the rainfall induced

freshet of the.riVer, indices of which are given in Table 11.
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The eastern part df the\YurfeVets expansion and the lower»
reaches of Unzha bay were filled by the spring waters of
'thélhmha. 'in,thé Fezhifin érea'these waters were separated by
fhe ciearly marked>frontal zone ffom the higher - bay
waters of the rain-induced freshet of the rivef} The
southern hélf of the lake part of the reservoir @as fiilgd
by»the'water mass Qfgthe'feservoir-proper. In contrast to
previous yeafs, at the {dmé ~under cdnsideration, its
electrical -con&umance» (130~150)&mho/cm) was lower than
normal, and in thé’area ad jacent to the dam, the values
of thig characferistic weré even approximately 100}Lmho/cm._As
for uw other indices, this water mass was the same as in
1961 and 1962. Reduced mineralization of the rgservoir water
maés as well as greater than usual movement.of the_river
waters into the open part of the reservoir aré'explained by
the peculiarities of the water balahcé of the reservoir in
the spring-of 1963, when thé inflow into it of the Volga
water mass was lower than in previous years, and the
digchargeKOf rivers in Jﬁhe was higher. This caused & reduced
water'exchénge in the spring period and a lower épeed
of - displacement of fhgfspring waﬁer,mass from the reservoir.
V; I. Rutkovski (1963) also observed on 22.VI.196O
a digtribution of the -eléctribal conductance  values

along the axis of the-Gorky reservoir - typical of the
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late-spring period, when the values of this characteristic
were decreasing from 185-190 at Klneshma to 90-100}Lmho/cm at
the Gorky hydro electrlc plant,

SUMMER-AUTUMN PERIOD o (35

Judging by the data of fhe three-yeaf long
observations; the beginning of the.summer-fail seasoh,with
'ifs typical water mass distribution, usually occurs in the
~G6rkyvreservoir in the middle of Jﬁly. iTowafds this time
all waters that by theif origin are connected with the spring
river flood aie either forced out of the reservoir or
completely intermixed with the suﬁmer water masses. The
peculiarities of the sﬁmmer—fall distribution of water maéses
inithe resefvoif ﬁill be examined in the light of four
- hydrological surveys = the thifd, séventh,_niﬁth and eleventh

(Table 1). The firét’fwo.give an idea about the distribution
'_df‘watervmasses in the reservoir and their basic properties

during the summer low-water period in tfibutafies; the last

two were condudted during the heavy»rﬁn-off of the freshet

waters in the very wet summer-fall seaépn of 1962,

At the time of the July survey in 1961, all the river
part of the reservoir WasAfilled with Volga water having an
electiiéal.;comﬁuménce of 160*189}Lmho/om, a transparency

of 90-100 cm and a colour . of 50~60°, The water mass of
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the reservoir in its lake part did not differ from the
Volga mass as regards electrical conductance and colour,
whichAproves, so to speak, its‘Volga origin, With the
»giception of thé area adjacent to the dam, southward of the

mouth of the Yachmen', the electrical conductance of the

-

waters  gradually dropped and was 1h2yzmh0/cm at the
locks of the. Gorky hydro;electric plant, However, despite
the same values of the two basic characteristics of both water masses
the réservoir water differed from the initial Volga waters
in a number of other feafures: an increased.trénsparencj
in the deep—water areas (fioﬁ 130 to'190 cem) and the-pfesence :
‘of temperature stratification,with the thermocline at the
depfh of 10 m. At ~a11.channe1 stations in this;water mass the
“metalimnion waé well marked (Fig., 11). The above mentioned .
“indications of transformation of the initial mass into
the water mass of the laké type appeared_betweeﬁ the mouth of
th&Elnat' and Yuf'evets, where, consequently, - - the
| conditional ‘bognda'ry lir_lé lay between the Volga and the _suMer
waters of the reservoir pfoper. |
In the,Vtarushenski Island area, to the soufh‘df
Kobyliﬁ, the front of the summer water with the-Uﬁzhé waters,
| of an elegtrical cqmﬁumanée' in'excess of 200}Lmho/cm,was
clearly expressed (Fig., 12),
In Juiy, 1962, the watet massvdistribution in the

reservoir resembled thatvdescribed above. The river part was
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fully taken'over by Volga water; its electrioal eonducmume

‘was lower than in the corresponding period of 1961 by only

lO}bmho/cm. In the southern part of the Kostroma expansion

& very blurred zone of blending of thls mass with the |
.'Low level waters of the Kostroma was obs erved, whlcn were found in the
"purest" state in. the northern part of the

expansion. Their characteristics are given in Table 11. In
the lake part of the reservoir the Volga water mass ocoupied '
the above-bed - .right shore area of the Yur'evets expansion
and the western half of the expanded reachAnorthward'from
Sokol'skoe (Fig, 13), The-remaining part of the lake region
oflthe reservoir was filled by the eummer water mass of Volga

origin, here greatiy altered due'to.intermixing,with the

" remainders of the flood water of tributaries and warming up

" under conditions of slow water exchange.j

And only in the north—eastern part of the Yur' evets
expansion were found the low level waters of theTkmhaxﬂmh
increased mineralization and electrioal cohmxmance. In
the upper reaches of - Unzha Bay - at Nikolo-Makarov. -
there appeared at this time freshet waters sharply dlfferlng
from the low-level waters of the river in all indices (Table _
11). | | |

. A very high summer flow in the Unzha of llttle mineralized
and highly L mﬂ@uraivmtmw,-mostly due to_raln towards the

beglnning of September, 1962, determined the character of

~distribution of.water_masses in the lake'part of the reservoir
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' whichyclosely resembled that inherent in the 1éte spring
period. The Volga waters were filiing up the weétern part. of
the Yur'evets éxpaﬁsion and fﬁé channel area of the reéérvdir
between its right bank and the Yur'evets Islands (Fig. 14).
»The altered Unzha freshet waters,differing from its flood
waters by greater furbidity and inqreased colour,were
found in the Unzha bay, in the eastern part of the Yur'evets
_ exbaﬁsion and in the floodplain stretch of the‘resefvoir |
" between the Yur'evets Islands and the left bank. The
center of the altered wafers of ‘the flood sfage, just as at
" the end of spring, was IOQéted in the left-bank station area.
of the Yur'evets crosé-section. ‘The.northern.part of the
Yur'evets expansion and'the_lower reaches of =~ Nemda bay
were taken over by the Nemda waters,modified by mixing ﬁifh.
Volga waters. In the broadened reach above Sokdl'ékbe and
southward-down'fo’Puchezh, there was a zone of vigorous
| ifitérmixing - of the Volga and Unzha:waters.. That part of the
reservoir adjacent to the dam, just as in August, was filled
- by the'uniform summer water mass of the reservoir proper;

The distribution of water masses in the reserv01r at

the late fall period may be judged by the data obtained durlng
the October, 1962, survey. At this time the river part of the

reservolr was filled, as before, by Volga water, Its
electrical conductance  was 156—17Q)Lmho/cm and graduallyA

increased on‘apprdaching the lake part of the reservoir, The

temperature.qf water was 5.0°~6.5°C. Tne bays.near theAmmﬂmsbf
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the tributaries were filled by river waters which differed
from the Velga weters net ouiy as regarde increased
mineralization but also by lowered temperature. So, in

the Kostroma expansion;the maximum temperature measured by
us durlng this’ survey was 4.8 C and in shallow-water areas .
it did not exceed 2 5 C In the bays ‘of the Mera, Zhelvata,
Elnat! and others, the water temperature was 20 - 4°

. lower than in the.Volga water mass._ In the lake region of
the reservoir thehletter occupied the central, northern and
western~parts Qf»the Yurfevets eipénsion. In the north, in
the area of Lubyany, it adjoined the waters of the Nemda which

had indices typicel of a freshet stage of this river.(Table

11). The temperature of the Nemda waters was lower than 2.0°C.

The Unzha water mass, iess mineralized and much more coloured
than that of the Volga, filled the eastern pert of .t‘he Yur'evets -
expansion and a large part of the left bauk'floodplain of tHe
- expanded reach at Sokolskoe (Flg. 15). In - ‘Unzha bay,

more to the north of lehltln, the mlnerallzatlon and |
electrical conductance of the water . :anreased, while 'the colour
decreaged slighfly.“ Just‘ae in» . Nemda bay,ltﬁe"temperature
of water here was iower‘than 2.006,' A1l of'the>remaining‘
part of the lake area of the reeerVOiruwes filled with lake
water formed malnly of waters of the river freshet stage,

and uniform as regards_lts characteristics. Thls is proved

by the-colour.of the reservoir watervmass; higher by 15 - 20°
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as compared with the;pﬁrely Volgg waters. As for its other
characteristics, thelr values are close to those of the Volga

water mass,

WINTER PERIOD.

Since the reservoir is difficult of acéess in
winter, only 11m1ted data are avallable. These.comprise the
characterlstlcs of dlstributlon and b351c features of water
magses collected during only two hydrologicalisurveys
(Tablé 1) carried.out within an abbreviated program as:
compared tdISurveys'made in navigational peribds. However

the limited extent of observations in winter, wbuhinotsmem

\

- to be the reason for ‘the less detailed characteristics of the water masses

in the reservoir 1nvest1gated since its high

winter flowage, considerable preponderance of the Volga water

mass over the river water mass, and isolation of water
messes by the ice cover from the direct gffect of meteorological

factors cause great uniformity of thewmtpr»mlmqfllhsthe'

"reservoir in the winter season,

According to the data of the first winter Surve&,
the reservoir was almoét-whdllyAfilled by Volga water, very
uniform as regards its properties (Fig. 16). The temperature
of Volga waters from the-surface to the bottom showed values
- A

of 0, Oo - 0. 2°C Surface layers were occupled by water with

identical characteristics down to the depth of 4 - 5 m in the

. lower area of the bay .along the Mera, but here their temperature -




was higher, increasing up to 0.8°C with depth. In the lower reaches
~of the bay, but above Dolmatovo, the water layers close to the
‘bottom and through the entire vertical repreSented the winter water

mass of the Mera, the indices of which are given.in Table 11. Towards.

the head of the bay, the temperature of water near the bottom decreésed,

and at Dolmatovo it was O.BOC. An:analogbus‘picture of the vertical
water stratification was'alsoiobserqu near the mouth of the Einat' at
the vehiculaf bridge. In‘the surface layer, fdur meters deep, there
were Volga waters‘wiﬁh,a>conductance of 189 p mho/cm and pH of 7.0,
-and a near—boﬁtom 1ayerA£wo meters deép - winter waters of the riﬁer -
having an electrical conductance of 242 pimho/cm, a pH of 6.8; and
_colour of 40. Vertically, the temperature of the watef gradually
increased with the depth and reached at the bottom 0.70.

In the northern part of the Yuf'gvets‘expansion_waters of
the Nemda weré found héving a conductance of 140 - 160 P ﬁhé/cm,
high cdlour.(up to 100), and pH of 6.4. The valueé of theée
charécﬁeristics show thét these were:river waters formed in the late

fall period. Their prolonged stay in the same place is indicated by

high values of the near-bottom temperatures: in the flooded floodplain |

1.2°%, in théfold Nemda channel opposite Zavrazh'e 1.5°C. The clearly

defined front between this water mass and the Volga waters advanced from

Zavrazh'e towards the sduthérﬁ tip of the group of Isakovski Islands .
. . '.’. A .

-
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- and further north-eastward toward the Nemda-Unzha watershed. Further

ﬁp_Némda bay, the conductance of the water increased té 190 ! mho/em,

pH to 6.8, and colour decreased to 30, which indicates the'penetration
. of Nemda winter waters into the bay.

Unzha'pay was atvthat time complefély filléd up by Unzha

winter waﬁers. In the open part of the reservoir the wéters of -

‘this river were found close to the Bottom on the vertical at

Isakpvski_island in the old Unzha channel. At this station, the

upper layer, five meters thick, was composed of waters of the

Volga mass, ha?ing a conductance of .187-190 p mho/em, colour

of 75 and pH 7.0. - At a depﬁh of_7-m and deeper there were
- waters the éonduétance of whiéh was abbuf 225 p;mho/cm, dolour

85 and pH 6,6. On the vertical, the temperature of the water L22~

increased gradually towards thé 5ottom, wheré.it reachied 2;10, the
maximum wﬁs measurgd'by us’in‘the Gorky reservoir at the beribd of
‘total ice cover. Apart.from the describéd béckwater region with
‘the wéters of the_UnzHa'dn the'bdttbm, the presence of the
autumnal'UnéhaAfreshet waters'was eétablished on the left bank

pf the Yur'levets éross—éection, with a conductance Qf
172)u_mho/cm, water colour 95 and pH 6.7, which, possibly,
'occupied also the eaSterh parﬁ of the left-bank floodplaih of

the expanded reach northward from Sokol'skoe. ~With the excéption.
of ﬁhe areas.enumefated,,all the>remaining volumé of.the reservoir

in February, 1963 was filled by the VoIgae winter water.
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During afvery‘early‘spring survey the pictufe’of the
diétributiop of water masses in théAbody of water hardly changed.
As before, the Volga water mass occupied all the river and the
greéﬁer part of the lake portion of the reservoir. Around this time
its eiéctrical conductaqce increased to 200 - 216‘p.mho/cm, water
colour waé 700 and pH 6.9 ~ 7.0. The temperature through th§~en£iré
deptﬁ vas clése to 0°. The front'Betweep the Volga water mass and N
Nemda.waters maintained its positioﬁ at the same place) but the
characteristics of the river waters had changed as a restlt of
intermixing of the fall waters and winter waters vhich approached
‘ ' Zavrazh'e. In the Zavrazh'e are_a‘thé electricai conductance. of
Nemda watér increased to.l94 - 197‘p.mho/bm,'water colour decreased
tc 40° and pH becaﬁe:6.5;' The temperature near the bottom had
hafdly'chgnged and was 1.1 = 1.3%C. Nemdé winter waters occupied
‘the head of the bay with values of the characteristics typical for;
this period (Téble 11). Just as in the previous survey, the nea?-
bottom‘layers of the eastern part of the Yur‘evéts expansion wefe
occupied by Unzha waters, but’ their thickness increased from 3.5 -
7.0 m. The Volga waterlmass occupied 1.5 - 2.d'm'on the surface.
In Unzha waters the electrical conductance inqreased to 286 u mho/cm,

but water colour decreased to 70°. The near-bottom temperature
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dropped to 1.6°C. In the Yur'evets section waters of Unzha origin
were found,.wherefthey occupied all the space between the eastern

chain of the Yur'evets islands and the left bank of the reservoir.

In the area near the dam of the reservoir southward from

'Puchezh a noticeqple héterogeneity of waters along tﬁe transﬁerse
section of the reservoir occurred. The right bank part above the
bed was taken over by vaters having.a.¢onductance of 216‘p.mho/cm,
~water colour of 70°.énd.pﬁ 69, The left bank above the floodplain
part was'filied with waters with a conductance of 1773p.ﬁho/ém;
water colour 80° and pH 6.6, with the temperature in ﬂhe:neaf-
bottom.layeré of O,4°C, ﬁhile in thélchannel the temperature
throughout the whole depth was OOC. This hetérogeneity of the
water mass in the_éfretch.adjacent to the dam may be explained, it
seems, by-th? considerably greéter flow of the part above thg bed
“as compared with that above the floodplain, wﬁich is eSpeciaiiy.
well marked during the lowering of the'reservoir level at‘the.énd‘
of the winter’period.. This is why at the time of the survey the
* former was taken over by "fresh" Volga waters, while the Volga
“wabers which had come.to the dam conéiderablyiearlier were celayed
above the floodplain. Proof of this is the éontinuity of:the values
of the.characteristics of the waters in the left-bank part of the
stretch adjacent to the'dam in the period between the first and
.second wintef surveys, that'is during more ﬁhan bne—and-éihalf'

months., -t




o Ch e R LM T e o ST

53.

Summing up the character.of~Um distribution
and properties of the water masses in the Gorky reservoir
within the hydrological year, we give in Table 15 the most
typical according to our observations, limits of |
fluctuations of the values of some characteri tios of the >main water

magses, and of their modifications found within the reservoir.

A

THE MOVEMENT AND ALTERATION OF THE WATER MASSES IN THE RESERVOIR |

The distribution of the water masses in the reservoir

and some of their‘qualitatiVe properties are the result and

the manifestation'of dynamic processes occurring within a

body of water, The character of thenmvamntoflmeth?amiits
alteration change considerably both from season ‘to season

and in various regions of the reservoir. The intensity of

these correlated processes is determined by many factors:

(1) the inflowing regime of the initial water masses into

" the body of water and their properties,which undergo changes

during the year; (2) the character of the reservoir water
discharge‘by the Gorky hydroelectric station, which,

combined with: the 'infl'ow,:determines the water’ stage regime and.

flowage both in separate regions of the reservoir and in the

" entire body of water as a whole; (3) meteorologicalconditions

of the basin, the most 1mportant elements of which are wind,
radiation balance and the temperature of the air, (4) morphometric

peculiarities of the reservoir, its configuration, depths, as
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: well as the nature of the ground and shoreline;.(S),thexdiél

PrécesseSCﬁ'the . - water organisms; (6) ice phenomena;
(7) ground"waters.and atmospheric precipitation entering
the body of water, etc. In this work, the first four

factors fhap are of the utmost importénce are discussed |

in more detail and others afernly mentioned, Analysis and
comparison-pf fhe evidenCe.obtained in the course of repeated
hydrological surveys in the body of watef, served as the |
basic method~for.investigating the movement and alteration

-of the water.masses in the reservoir. The rate of

transport iof.this'or"thgt:water mass we judged by the speed
bf movemént of either its  core, that is the :volu"me of '
water with a stable set of characteristics in their "purest"
fbrm,:or by the<m§vement of the frontal boundafy of fhe water
masses which is characterized by the maximum values of the
‘representative characteristic gradientJShe changes l in values of the
indifidﬁal'characteristics of the water mass betWeeﬁ thé
subsequent surveys make it possible to form an opinion as to

the direction and rate of water alteration, and to determine

" the leading factors in this process.

Flowage of the reservoir. In the displacement and
alteration of water masSes‘found in the Gorky reservoir the

" principal role_undoubtedly belongs to its.generai flowage.

- MOST IMPORTANT FACTORS IN THE ALTERATION AND DYNAMICS OF WATER MASSES .
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-The flowage of the reservoif during the year on the.
whole changeS“greatly; periods of intenéive exchange of waters
alternate with pefiods of délayéd watér exchange. Considerable
variabiiity in the reservoir flowage is connected with
the péculia;ities of the agricultural control of the Volgéflow
at the sites 'OI the Rybinsk and Gorky hydro¥electric

schemes, . as-well as with'the,wéter conditions
.in numerous tributaries of the body of water uﬁder
examination.. | |

The degree of water exchange in the reservoir
directly determines.the rété of  transport of water masses
and_the duration of stay ofiany given water mass in the
reservoir. As a rule;the alteration of_watér pnoperﬁies
decreases iith~fhe increaée of the rate of water:ﬁrmumOfm
as the time of the influence upon them of'fransforming factors
is reduced. In conditions of delayed'watér exchangé,'they
'_devélop features peculigr>foiwater magses of the lake type,
in which the hydrometeorological and biological factors
play the basic tfanéforming part. The intehsity of the process
of intermixing, which leads also.to'altefation, modification
of original properties of wafers, depends on thé relative
.moyement rate of the ad jacent water masses. The degree of
change in dptié#l'propertiés of water massés, process of
deposition and suséension of-déﬁris,_the development of
plaﬁktoﬁ'and coagulation of humic matter that determine the ‘

colour, .. is closely connected with the flowage of

. separate areas of the7body of water.

’
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As has already been shown, the flowage of the Gorky
reservoir is determined by the interaction of two |
‘hydroelectric schemes .. . and the discharge of
rivers fal_iing'into it. The characteristic variatiOhé
of énnualoénd monthly volumes of water entering the resefvoir'
at the time’of our research vere given - above when we described
the original water masses, But the intramensual irregularity
of water - ‘flowing through the Rybinsk hydroelectric s&Qme
shows the strongest influéncéion the hydrodynamic oohditions of
the water masses, partioularly of the.river partAof the
reservoir, | | |

In contrast to the relatlvely even character of
the flow alteration of the river waters, the Volga water
magss discharges into the Gorky reservoir by separate short-

term releases which causge irregular conditions of water

o movement in the rlver part of the reservoir,

On the average about 98% of the annual volume of
discharge of the Rybinsk reservoir passes through the
hydroelectric,station - . plants - (Belykh 1959) and enters
the Gorky resérvoir by the Sheksninski channel. For = most

“of the year the station operatevon a half-peak regime
with prolonged night stops of 6-8Ahrs»oand doubie reduction
of the load down to full standstill of_turbihes from 12 to
2 p.m. and from 4 to 7 p.m. (Batagurov, 1957). In tﬁe

transition of the units from idle run to full load, the




intervel of time increases by tens of times. The duration = . ]

“moments is diffefent at various periods of the year and

 run idle and the remainder  do not run at all. Om such days'.-
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- flow being discharged to the tailwater in a short

of the night interruption in the discharges, the time of
the:beginning and end of the peek period, change from season
to season in accordance with the duration of daylight.

Maximum diurnal discharges are usually observed twice in 24

hra., at 9 a.m, and 9.p.m. The flow rate of water at theee'

depends on the water supply of the hydroelectric schemey

power. load and pressure. ' i
Daily alternation of day ° maxima and night‘minima

ef discharge is disruﬁted on inoperative deys, when, owiﬁg~

to the decrease in the power load, only one or two turbines

the quantity of water passing into the tailwateris'&ﬁmmﬂnmiby
the small load-free discharges of the hydroelectric .stafion"v end
filtration, and in addition, during the navigation period,

by water consumption by locking. The water for the latter enters the

‘Gorky reservoir by the Volga channel and usually during 24

hrs. average 2% of the total diécharge.into the tailwater of

the hydroelectric station. In individﬁal months the

Iluctuatlon amplitude of diurnal average of water usage by

Rybinsk GES may reach 2000-2500 - Departures from the

usual peak load of the hydroeleetric scheme oceur only at
periods of high flood, when the capacity of the Rybinsk

reservoir is close to full (for instance, May, 1961).
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The second factor which determines the flowage
of the reservoir onvthe whole is the draw-off regime
'of the Gorky. On the'Operation of .the 1atter depend
the annual - changes in level and volume of its headwater,'

and, consequently, gradlents and ‘rates of flow along the .

whole reservoir, The special features of discharge regulatlon

by this hydroelectric plant are connected, in the first'

place, .with the_relatively small usable volume of the
reservoir (2,75 km3), which allows the realization of only
seésonal control of disoharge; in the second place with its
positlon as a closing. reserv01r of the upper Volga serles..
The maximum water discharge from the reservoir in the’ |
spring takes the form of an annual clearly expressed peak,
3ur1ng the nav1gationa1 season d1scharges are made in such

a way that, on the one hand, they keep the level close to

the normal storage[levei and, on the other; secure an inflow into

the.tsilwater of enough water to maintain navigable depths. While
this-discharge is flowing into the reservoir the»draw-off'cOntinues at

the peak levels

| In winter, the amplitude of
fluctuations in dlurnal discharges increases owing to the
decrease in tha: volume  of gnaranteed discharges, increase of
trangit flow from the_Rybinsk reservoir and pre-spring usage

of the usable 'volume of the reservoir. The.discharges in the
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summer‘of 1962, caused by high summer inflow into the

reservoir, were considerably larger than usual, ‘

A highly.ﬁseful index of flowage of the'entire
reservoir as a whole is the coefficienf of its watér A
exchange (Table 16)

~ As is shown in the Table given, the largest flowage

of the reservoir is observed in the ‘spring - in April and

May - when the mohthly draw-off | from the reservoir on the

averagé is commensﬁrable Wifh its volume. During the
summer~fall season the flowége of the reservoir is at its
minimum; dufing.winter.the flowage gradually increases.. As~
compared with the normal summer of 1962 the increased water
exchange in the resérvoir should be noted: it-was. the, ‘.
result of high steam flow - and intense discharges
hydroelectric generating.stafion at this period. Both the annual
-and - the gﬁmthly' Qa’cér'exchange-co'effiqients are sub j\ect

to considerable variation and depend - on the precipitation of

of the year. The magnitude of the annual coefficient of water,.

exchange in the reservoir varied from 8.63 in 1957 to-4.78
in the dry year 1960 w1th an. averageé annual value of this
index for 1957-1963 of 6,72. In order to compare the
intensity of flowage in' the Gor—ky reservoir with other

analogous water bodies Table 17 is provided. As may be seen

from this ﬁﬂﬂe,~on1y five large reserﬁoirs of the European

territory of the Soviet Union are characterized by smaller
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Valueé ‘of the water exchange coefficient than the Gorky reservoir.
Hore compléte data concerning water exéhangé‘in reserﬁoirs
of the USSR were ﬁublished in the work of O, P, Antipova
(1961), however the coefficients.of water exchange citmi
by her do not in all cases coincide with tmaﬁauaof(ﬁmer
authors. : | _
| Principal features of the meteorological regime |
nf*Ihﬂ_IﬁaﬂI!Qii. The meteorological regime of fhe regervoir
plays a4very’important role in the proceés of ~transformation
of its water'massea. 'Strength and direction of wind, ’
components of the radiation balance and air.temperafure

are particularly important. Above all, these elements

of the meteorological regimé primarily determine?the thermal
condition of water‘masses - the chargbter'and speéd of their
warming and cooling. ' The effect of wind on waters of the
reservoir causes mixi_ng,. waves and tidal effects |

which accelerate. fransformatiori of the water mass,

and in individual cases (under conditions of the lake part

_of the Goufdfy_ reservoir) have a marked ilni‘luer‘lce.on their

._mov_em_e'nt‘. During the period of ice cover, the

influence of meteoroldgi&al factors on the water mass of the
reservoir is minimal, and depends only on the thickness of

the ice and snow cover of fhe~reservoir, and heat exchange with
the. atmosphere depends on weathe; éondltlons.

The climate of the reserVoir bagin is temperate contlnental, .

there is a short and comparatively warm summer and a prolonged
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cold and snowy winter, According to. the 1ong-term data
of many years of<ﬂmerww1mm,the mean dlurnal : : Z&Z -
" air temperature’ rises above 0°C in the first ten days of
April, after which a high snow melt begins with a gradual
increase'qf;the temperature ef the mﬁwrwnﬁef”ﬂm ice. The
‘break-up of the ice cover and disappearance of ice from the
reservoir is hormeily'obserﬁed at the end of April and in
the first ten deys of May. As the peak of solar radiation
occurs in May, June and July, the spring warm-up of water
masses in the reservoir is quite iﬁteﬁee. Gentle breezes -
(2=5 m/sec.) prevalent in May fr‘oni‘ the western and soui:hern
quarters stimulate Qertical mixing of the reservoir waters,
which warm up towerds mideMey to 8°f11°C with almost complete
homothermy. - Later on, when the flowage in the reservoir
decreasee, as a result of wamﬁng of the surface layers
»at a time of absence of great wind-induced m1x1ng, a »
thermocline-develops, The dally (24 nr.) variatlons of “the
air‘temperature>sometlmesereach 15 °-20 C_and intense heat
exchange betwéen water and atmosphere causes mxwidemﬂﬂei"
daily periodic temperature changes in . the surface layeré of the
: reservoir the maximum amplitude of which may occasionally
be 5 -6%C, The spring water mass of the lake part of the
reservoir undergoes~stratification, during which~alteration
proceeses of waters in the-epilimnion proceed more intensely

than in the hypolimnion, due mainly,  to the active life of
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plankton organisms. The density stratification in the lake
waters determines also the character of the inflow of the
initial water masses into the open part of the reservoir.

In summer, under the influence of wind-wave

- mixing and_rurthér warming, the thermocline either

sinks or completely disintegrates, which leads to the formation

of a vertically highly uniform summer water mass in the
reservoir proper.. of particular‘importance'ip the formation

of the latter are Qat'er shiftings caused By tide~induced variations
in the level, reaching 30-40 om at times | |

(Yaroslavtsev, 1965), © and currents in the near-shore

- zone. JDuring strong winds the speed of these currents

accelerates to 30-80 cm/sec. (Yaroslavtsev, 1961); this
éontributeé-to concentration of suspended mattergin open parts
of thevréservoir, Since.the resefvﬁir was established,tﬁnds
over iﬁs water area have ' becaﬁle Vnoticeably s.t:’ronge:f. At
Yur'evets, aecordihg to data of the Volga hydrometeorqiogical
observatory, the frequency of winds with velocity of 6=10 m/sec.
increased from 32% to 48%, winds with é speed of 11-15 m/sec. -
from 4,0% to 5.4%, and of over 15 m/sec. - from 2.0% to b,3%,

_ h;cbnnaﬁﬁnn with the lowering of the air temperafuré and
‘decrease of- solar radiation heat Atransi“er in the reservoir water

masses starts to predominate from mid-August. Autvmn

‘water cooling, which, as a rule,\takes place at a time of

moderate and strong winds,occurs relatively uniformly through
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the whole depth of tﬁe‘reservoir.wster mass; its temperature
‘in the first hslf»of November decreases to 0°-1°C, Normally,
invmidéNevember comes the period of_stable'ice eover.

The main feaﬁﬁres of the changes in the most important
elements of the meteorological regime offthe reservoir
during»the years of our investigatibns:are.shown in Pig,

17, where the ten day values of maximum and minimum mean air

temperatures are represented,-sunshine duration expressed in

‘percent of the possible duration, total precipitation,

and wind velocity in average and maximum monthly values,

according to data of Yur'evets and the Velga hydro-meteorological

stations. These points represent quite well meteorelogicsl
'ycendipions above the water area of the lake part of the |

reserv01r where the alteration of water masses due to
~meteorological factors is most clearly expressed.

The eharacter of displacement of water masses and their -

alteration in the reservoir~are closely connected with the

morphometry of its bed. - The configuration of the

. reservoir and the distribution of depths substantially influence

the speed and prevailing directions of water mass movement.,

Different depths and roughness of. the channel and flood

plain areas cause great speeds of water transport . over |
A ' )

the flooded beds.of rivers. Numerous shallows and islands

within the;old'fldod-plain areas  Slow down; and sometimes _

even. prevent, the movement of the water Mmasses; therefore,

the boundarleg of separate water ~masses often pass 'bhrough these‘

’

L8
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shéllows and islands. .In the constricted parts of the
reservoir the role of fhe main dynamié factor falls

to run—off gravitational éurrenté;»in the enlarged.
stretches wind action becomes more important, leading to
mixing and the creation  -of drift _currents. A'The depths 'of
individual areas aré:very important during the water-mass
alteration ;'during:thé.warming and cooling;.intermixing,
.r&Uingv' and precipitation of suspended mattef, etec.

o The configuration and morphometry of fhe Gorky
reservoir are determined.by‘the pérticular features of the
structure of the Volga valley and its lower’tfibutary
stfehﬂms. From the Rybinsk hydré—electrickdevelopment to
Koétroma, the reservoir waters do not flow outside the
limits of the old Volga channel, _and that is why the
reservoir.pregerves here the 6uter_appearance of a “river,
Thg_width of the river‘part‘of-thé reservoir varies from a

~ few hundred metres up to 1,5-2 km; narrowing at Tutaev and
Ples where the Volga intersects moraine highlands, and
widening in the.KostfomaAlowland.énd below Kineshﬁa. The
greafest depthe in this part of the body of water, with a /49
general tendency toward_aﬁ-increase frbm'3—6 m at Rybinsk
to 12-17 m below Ki‘néghina (at normal storage level), vaz;y ,
greatly along the waterway due to large preéerVedfbaﬁwesof_
the channel'relief.A‘The}qme£¥mreMﬂws ' nof the resefvoir,

there are also marked by variations in-
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débths at the time of tﬁe sharp fluctuations of the water
;level‘, caused by theEr’eleases of the Rybinsk genefating
statién.' _ | | i | | ’ A

Thé_léke"pért"cf the reservoir, abgﬁf 100 km long,
is madé‘up—of é geries of wideningS‘and narrowings, its
width varies here from‘b.to 16 kn, Deéths‘qver the
submerged'flobdplains gradually increase north to south,
from'j—hkm to,9—12.m; in the channel sections they reach
15-22 m. Of great importance in thé.process of thé mixing
of water maéses_in the 1a§e part of the reservoif is the
fact that the Volga channel in the Sokol'skoe region comes
‘close to the left bank of:the‘réservoir; while in'the'”
remainingksﬁréﬁchesit is found mainly along thé right bank
~and more sgeldom in tﬁe middle of the reservoir.

. There are two groups of islands in the lake péft of
the.reaervoirla the Isakovskie, which afé. a continuation
of the Nemds - Unzﬁa'watershed; and the Yur'evetskie, which
consist of the nbn-flooded upper parts of the floodplgiﬁ
Aridges." Thésg groups of islands and the shallows arOund
them are the obstacles to the mixing of the~watef masses |
by'whigh the& are surrounded,

. Therg are.a greaf_ﬂumber of bays in the reservoir, /50
‘ formed‘as a result ofiflooding'of the-lower areas‘of its
~triBﬁtary valleyﬁ} Amongst them, the 1argest are the- bays

along the. Kostrona (Kostroma expan81on) Unzha, Nemda,
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Meza, Zhel#ata,‘Yel&ﬁﬂ and a few others. As a rule, these
bays-are largest gnd deeﬁest in'their_lower reaches, but they

'becoﬁe narfdwef fowérds'the headwater.and gradually merge
with the channel of the corresponding tributéry. ' The only
excepfibn is the Kbstrbma’expansion which hés'three wide'and
shallow reaches which are joined to the main Volga channel by a -

- narrow strait. |
Since the fluctuations of the level in the lower

Apart of the réservoir are_notAlafge for most of the year, its
cohfigurétion and depths remain practically unchanged during
the whole:ﬁavigatiohal season, In the wintef time the level-
Ais_lowered (according to fhe‘scheme By 2 m) and the reservoir's
area and volume change ~ by 23% and 32% respectively. A(Butorin, :
1‘9.63)‘.. This is mainly due to the drying of shallows | |
lqcatedlprincipally near the bays at the mouth_and‘partly‘in
the northern afea.of-the lake section of the feéervoir. Dyfing
the-period of ice cover the lowering of the level and
decréase'of'depfhs confribute to‘the increase of the relative -

- roughness of thé floodplain»aréaé Of the reservoir as |
cdﬁpared to the channel arégs, and_bring gboﬁt_ considerable

non<uniformity - of water exchange in these areas,

river part of the reservoir. The dynamic'céndition of the
" . N ".\ . PR

waters filling the river part of the reservoir is determined

chiefly by the rate of the Rybinsk'hydroelectricvstation ‘

* . . . .

,d;schargeg. The_run—ofr”of tributaries and the character

: ?
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of regulatlon of the level of the headwater of the Gorky
reservoir play a lesser role in the process of dlsplacement :
of the Volga water mass. Because of the small width and '
.coneiderable sinuosity of this part of the reservomr the
effect of the wind on it is immaterial, | |
The Volga water mass enterlng from the Ryblnsk
regervoir fills’almoet the whole water area of its river part,
The'water masses of the Kotorosl' and the Kostroma, the
largest tr1butariee of this reservoir region, for most of the
year occupy small areas (the
pre-estuarine zones of their channels _ in‘the backwater)
and only-sometimes; at a high water period, can they extehd
into the former Volga channel. The influence of the waters
of the remaining tributaries of the river part on the main
water mass of the reservoir is negllglble and is perceived
only in the headwaters of their bays near the mouth.
During its.'movement through the river

section  of the reservoir fhe.Volga water-mass alters as a
result of mixing with water of the tributaries as well as

under the>inf1uence of meteorelogical factors. In
' the spring, the most eignificant changes in the Volga water
characterietics are observed during thelr mixing with 1arge
volumes of low mineralized and relatively warm waters of the
large tributaries. Fig., 18a sgewe changee in-electrical'
conductivity and water temperature at the surface along the

Volga waterway_-typical of .various. dates in the spring season,
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In the first ten days after the melting of the -ice cover

(the survey of 3-4 May, 1963) highly mineralized waters with

electricai conductance of over 200 j mho/cm enter the

Gorky resérvoir from the Rybinsk one. Below(the' mouth of the -

Kotorosl' and particularly below the new moﬁth of the.

Kostroma (more preciéély,.the strait‘éonnecting the Kostroma

expansion with the lega channel), the electricalvconwuﬁance

décreases sharpl&. | | |
During late spring,.#hen the.high.water declines

in the large tributaries (§urveys of-16418'and 28-30

~ May, 1963) the water electrical con&umaﬁce “increases

below the mouth of the Kotorosl' but decreases below the | Lﬁz

KostromaAexpansion. In 1963; during almost a'wh61e~month,

water electrical - conductance remained stable - at about

- 110 pmho/cm at the lower limit of the river area of the

reéervoir. (Pig. 18). The invariability of this characteristic

apparently indicates the\slo§ing_down of the movement

of waters and their accumulation here in this period.

Considerable vértical»stratifidation of the water-mass, |

obéér&ed in the Kineshma area in mid-May (Fig. 19), coupled.

_with the seepage of warmer and less mineralized waters into

those which had eaflier éntered here,;also indiéatés the

rise of the level, due tb the accumulétion of spring waters, .
Alteration of the Volga water mass in the spring is

very noticeable by changes nof only in ' conductance, - but

élso in temperature (Table 18). First, colad Qatérs entering

from the Rybinsk reservoir get heated rapidly in the upper
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section owing to the intensive heat-exchange with the
atmosphere.which is facilitated ﬁy_good miiihg of water -
during water diséharges by,the:hydroélectrié station.
Secondly, the increase of temperature occurs as a result of -
mixing of the Volga wéters‘with those of'ri?ers which at this
time have become much warmer (Table 8),

In other seasons changes of the physical and chemical

- properties of water in the river part of the reservoir are

less significant, In the summer-autumn season the.
00n¢ucﬁﬁme- fludtuatés within 135-160/Lmho/cm,‘just as the |
water temperature usually increases gradually from RybinSk.
toward Kineshma; Judg"i"ng‘ by the data of tw§ cruises in 1963, |

the water mass all the way albng the river part’ of the_Gmﬁy

reserfoir is almost completely uniform_in»Winter (Table 19).

| Undér conditions‘of_the highly complex and irregular \
dynamic cycle of waters in the river part of the reservoir, -
the usual methods of field‘work with regérdAtp currents do
do not describe fuliy'the characfeerfjwater movemgnt.in ‘
this - Section of the body of water. That is why o
we attempted to detefmine the main features of the
hydrodynémiC'regime of this<watef indirectlj, byzﬂmlwﬁhgime_
. pattern of water - . inflow ~ into the ieServoir and
fluctuations of the level and ﬁfgdiénts of water surfaces

jointly with distribution peculiaritiésAdf somefwafer mass

E characferisti¢a,"



During hydrological surveys, small but regular fluctua-
tions of water COﬁducfivity in space and time were repeatedly
recorded within the Volga water nass. .As a result of'inVestigating
"~ all the ceses_ef non-uniformity of this water mass which were
observed during nsvigation from 1961 to 1963, the following conception
~ of the quelitative aspecf bf_waier mevements in the river part of the

Gorky reservoir was formed.

In the course of the greater part”of the year the entry of the
main part ef the inflow into %he_reserveir'takes place through the
Rybinsk.hydroelectric station, as‘periodical releeses subject to
a definite diurnal rhythﬁ. With each new diurnal water discharge
by the hydroelectric station, a release wave originates in its
'»tallwater which speedily spreads downwards along the Volga channel,
Ay the ~same time, in the upper reach of the reservoir, almost
s1mu1taneously, begins the discharge ‘current. The velocity of
A thrust pfppsgation related to the’starﬁ of felease and indﬁcing a
discharge current is very great under conditions of a pent-up
backwater, when it exceeds 60 km/hr. A(Edelshtein, 1956). The sbeed
of the discharge cufrenf'at the moment of release graduall& decreases
as the distance from the»hydroelectric stefion increases, end its
value in the ind1v1dua1 sections of the reservoir may apparently be
- determined with sufficlent accuracy from the maximum measured speeds

~from 130-140 at_Rybinsk to 10-20 cm/sec. at the mouth of the Yelnat'.
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At night after the day~time release has stopped, the discharge
flow in the upper reach slackens. By analogy with the pent-up

tailwater of the Uglich hydroelectric station (Butorin and Litvinoy,

-1962) at night, in the immediate vieinity of the plaﬁt, there may even

be expected a reverse movement towards the hydroelectric station, follow-
ing thé sharp dip.in‘the water level. |

Such a pulsating regime of water mass movement resulting from
its inherent inertia is gradually balanced in the middle sé§tion of
the.river part of the Gorky reservoir; below whiéh variations of |
current velocity in the course of a day.induced by discharges of
the Rybinsk hydroelectrié stati0n>aré impéfceptible;

The usual-diurnai rhythm is disturbed every Week by the

absence of daily water releases on inoperative days. On such days

discharge currents stop almost completely throughout.ail‘of_the

river part of the reservoir, and in individual parts movement in
the reverse diréctipn may sometimes occur.. Thé\pdésibility of .

this phenomenon is indicated by frequehtly observed reverse .

‘gradients of the water surface (Edelshtein, 1965b). The pulsating

movement of the waterimass, which is,typical of the river area of
the Gorky reservoir,'becomeé distorted and disﬁrubed by temporary
changes ‘in the work tlmetable for the Rybinsk hydroelectrlc statlon,
by floods and freshets in 1arge trlbutarles, ice phenomena,
morpholqgical pecullarlties of the individual sections of the

reservoir, etc,




As a result of analysis of the microfheterogeneity_of the
Volga waterAmass in resﬁect to water cénductance, it was established
(Edelshtein, 1965b) that waters flowing into the tailwater of the
._Rybinék hydroelgptric plant then flow through the river part of the
- Gorky reéervoir as separate voluﬁes or "portions'. Such-“portions"
of 10 mln.m3 and over, differing slightly from the enélosing wateré
in conductance, do not blend with the ﬁeighbouring waﬂer for several
days despite the considerable velocity of flow and'intenSive blendiﬁg
in the tailwater of the hydroelectric plant. Movement of these
"portions" of the water mass may be sometimes observed at a distance
of 80 k@;or more from the Rybinsk ﬁlant. They may serve aé an
indicator of the true speed of water advance in the uﬁper area of the

reservoir, as an index of- its flowage and water exchange.

THE INFLOW OF THE RIVER MASSES INTO THE RESERVOIR.

~ The water flow regime of the tributaries is the leading
facﬂor'determining the-process of inflow of the riﬁerfwater masses
into the reservoir. Hovever, the character of the inflow and the
mixing of the river wﬁters and the water masses of the réservoif are
so different in its ﬁpper section and in other areas that it is

possible to talk about the existence of two types of inflow process -
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within the limits of the Gorky reservoir. One of them is peculiar to the

tributaries of the uppér part of the reservoir, where its hydrodynamic

regime is determined by the water releases by the Rybinsk hydroeleétric

" station., The second type of inflow is characteristic of the tributaries

of the lake part of the reservoir, where processes of mixing and
alteration of river masses takeAplace on the:whble witﬁin thé limits
of the estuarine bays qf the reservoir and -depend 6nithe'water stagé
regime of the headwater of the Gorky hydroelectric station, In‘

comparison with other factors, the role bf the wind factor in the

. dynamic processes in the estuarine bays, as well as 'in the river

part of the reservoir, is minor. The mixing process of the Kotorosl!

wafers with the Volga water mass may be considered a characteristic

example of the first type of river-water mass infiow into the reservoir.

A pronounced diurnal rhythm during the greater pdrt'of the year, with
the exception of the spring period, is characteristic of the conditions
of the estuarine part of the Kotorosl'. In the night hours, when

discharge from the Rybinsk hydrostation is small, the flow of

'Koﬁorosli waters into the Volga channel is 6bservéd, where mixing of

both water masses takes place. In the morning hours, 3 - 5 hrs. after

the start of heavy discharge by the hydréstation, the level of the Volga

at Yaroslavl' rises so much that a reverse current appears in the channel.
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The Volga waters advance»inté the mouth of the tributary, and the

z§ne of mixing of water mgéées moves up-river. Thus, in the winter of
1963, with hydro-electric'station(discharges of more than 1,500 cm/sec.'af A
§ point 3 km upstream ffom tﬁe mouth of Kotorosl!, considerable vertical
heterogeheity o{ wafer wes revealed in its channel. Judging by

electrical conductance and a number of other indices,‘the’éold,'

waters of the Kotorosl! were‘found on the bottom, and_in fhe upper

half of the vertical they Qeré‘diluted 50% with Volga waters.

During the observations, watér sfarted running out of
the holes onto the ice. Witﬂ maximum discharges from the Rybinsk
hydfoelectric staﬁion every 24 hrs; the Kotorosl' waters accumulate
at the mowth area of the ri§er, hardly entering the Volga's channel -
at all, The largest volumes.of_tributafy water evidently flow into
the reservoir when fhe level diminishes after a sharp:reduqfion_of
the discharges'ffom hydroélectric étation.

Data concerning the distribution of the eléctrical conductance
of the wéter along thé‘Volga>watefway, shown in Fig..18, serve as an
indirect.confirmainn that tﬁe inflow_of waters from the Kotorosl' into
the reservoir varies deﬁending on the discharge regime 6f the Rybinsk
hydroelectric station. When dischargés by the Rybinsk hydr§e1ectric
gtation are intensive and the flow of the Kotorosl' is small there is no -

increase on eiectrical conductance below its mouth (surveys 16 VI,
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18 VII, 3 VIIT, 1962 and others). With slight discharges by the hydro-
elecﬁric station there was either é pronounced general increase of
electrical conductance,'of separate peaks, below the mouth of the Kotorosl',
indicating trans&ersal heterogeneity of the current with respéct to
electrical conductance owing to thé inflow of Kotorosl' watérs
(surveys 1/VI, 54 VII, 31 VII 1961, 21 VIII 1962 and othérs).

When a discharge flow into the.reservoir occuré,_waters flow=
ing out of the Kotorosl' mix with the Volga water mass, énd these
altered watérs press'themselves against the right-hand shore of.the
body of water. The width of the mixing éone depehds upon the relation-
ship between the tributary rate of flow and the discharge of the hydro;
electric station (Edelshtein, 1956 (b)). This factor also determines
' the extent of:the mixing zone. At favoufablg moments it can extend
along the.right shore.of the reservoir as a narrow strip ofta fairly
considerable 1ength,'up to 70 km. The boundary between purely Volga
waters and those altered owing to mixing with thé water mass of the
Kotorosl' is usually located in the.fertical pléne (Fig. 20).

~ Similar cohditions also characterize the rest of the areas A
" located near the ﬁouths of the reservoir's tributaries which flow in
above ﬁhe Kostroma expansion, buf they are révealed lésé clearly
because of the small.discharge of the other rivers. |

‘The peculiar featureé'of the process of inflow into the
feservoir and of the alteration of the water masses of the

-tributaries of the léke part of the reservoir are most:pronounced




in the bay at the mouth of the Mera.. This bay is not wide (0.5 = 1.5 km)

and is very winding with\high'forested banks. fIts length is 16 km.
The depth in the pre~estuarine stretch of the river at Pavlikha is
3~4 m; below which it increases to 9-11 m ét the old moutﬁ of the
Mera. In the upper reaches of the_Bay the depth above.the submerged
.floodplain on tﬁe avefage does not exceed 1 m; this part of the bay
" is heavily overgrown in the summer with higher aquatic plaﬁts.
Further down thé bay, thé depthvabove'the floodplain increases
t0 34 m. 'Morphologicél peculiarities of the inlet prevent any
substantial wind effect on ifs waters; |

High water of ﬁhe Mera occurs at a reservoir level of
1,0 = 2,0 m below normal storage level, and in the early springA
- period tﬁe bay is washed out intensively by river flood-waters.
Later on, as a result éf the fast rise of level during the period
of the filling of the'reservoir,lwaters fromiits open parts penetrate
3 the bay; and, being colder and more dense, flow under the wéter of the
Mera. So, according to‘data of é sur?ey (18-V'l963), waters'from'the_
Volga.channei with ap'électrical conductanceiof\112—1261p.mho/cm and
temperafure of 10-15° occupied the neér-;bottom layer in the lower
nine~km sﬁretch of fhe bay. A

The surface léyer of the lower reach and the whole of the
upper reach were occupied by warm (2150) subsiding flood-waters

with -an electrical conductance of 160~200 1 mho/em (Fig. 21 a).

. r'.‘

76.




e

The:front of these water masses at the surfaée lay approximately'B km
from the former mouth, and up the bay it gradually plungéd,vcoinciding
‘"with the thermoéline. The blocked waters of the Mera high water,-
located in the middle'part of thé‘bay for over two weeks in May, 1963,
had been greatlx altered. Inside this mass temperature stratifica—n
tion appeared, its tﬁrbidity'decreased, transparency increased to 1 m,
and thé pH of thé:surfabe layer became 7.9. |

The vertical~heﬁer0geneity of the bay water usually remains

until the beginning of the autumn cooling. The layer near the bottom

- is sometimes occupied by the Volga water mass; in the surface layer,

located above the level of the rivér channel edges, spring waters

" are replaced by the river waters which have summer values of indices.

In Fig. 21 (b) is showm the distribution of electrical conductance

and the temperature of waters along the longitudinal sectién of the
bey for a time when the ﬁater-mass of the Mera had index values
cérresponding to fhe.summer low water level;.and in Fig. 21 (e) to the
waters of a’rain-induced freshet.. The pycnocline prevents the ﬁiiing
of water masses and_di&ides the mobilé river-waters from the slowiy
moving Volga ﬁass; . | |

With straight temperature stratification in the bay, relatively

warm river-water always accumulates on the colder and denser Volga waters -

 in the spring and in the first half of suﬁmer, independently of the ratio

of the mineralization values of both masses (Fig., 21). This is explained

~N




By the'fact tha£<at high temperatureé the vertical gradient of water
deﬁsﬁty, conditioned by tgmperature, enormously queeds the gradient
.caused by differences’iﬁ water masses by reason of mineralization
(Table -20). | |

Horizontal gradients of electrical conductance in the
frontal zone between the water masées of the Mera and the Volga
had much lover values - 20-50 2 mho/em in 1 km - which corresponds
to a denéity gradient - of approiimately 20-50 x 10-11g/cm4.

From the -beginning of thé'aﬁtumnlcooling, or with a sharp.
drop in temperature,-which was the case in 1962, the temperature
differences between the two watef ﬁasses évén'up and condiﬁionsA
ariée for the vertical intermixing of waters in the bay. Thus,
mixing of the two wafer masses and theirlsubsequent displacgﬁent from
the bay into theVVolga channel takes place; as a result of this tﬁe
front of thg wafer mass of the Mera approaches right to the-mouth of.
the bay (Fig. 21 d)_," |

The Mera waters flowing out of tPe‘bay show an.insignificant
influence on the alteration of the Volga water mass. According to
our observations in August, 1962, a belt 150 m wide of very slightly
altered waters with a conductance only 9‘p.mho/cm greéﬁer than that
of the‘Voiga mass was extending along the left bank of the reservgir for no -

more than 5 = 6 km while being gradually eroded.

PR
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The basic peculiarities of the process of inflow and
alteration of the estuaries of the tributaries of the lake part of
the reservoir, such as the Unzha, Nemda, Zhelvata and Nadoga, Yelnat',
Mocha, and others, W§re similar to those observed for the bay on the -
Mera. |

In view of the Smaller‘sinuosity of tﬁe'valleys of other
tributaries and greater windaaction on tﬁé.waters of‘the bays;

intensive intrusion of river-waters on water of the open parts of the

reservoir was lacking, as in the Mera. The frontal zones dividing

~water masses are set either in a vertical or in a slightly inclined

plane. The rate of advance of waters in the bays and the intensity

of their alteration process were diverse, due mainly to the river

water run-off regime and the morphological peculiarities of bays near

the mouth.

By comparing the distribution of'éufficiently conservative

' charao#eristids of the water masses (e.g. conductance or water colour)

along the longitudinal axis of bays near ﬁhe mouth of the reservoir = -

with hYdrégraphs of the corresponding tributaries, it was possible. to

.Vdetermine tentatively the average speeds of movement of river water

in these bays. As'an example of such a calculation.we shall examine
the transport of freshet waters in the bay of the Nemda during the
last ten-day period of July, 1962 (Fig. 22). The lower reach of the

a
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bay on 20/7 was filled with the summer water mass of thé reservoir
with a conductaﬁce of 150-155 pn mho/cm. Thevuppef reaches of the bay
were filled witﬁ QatersAof the réin_freshet of the-Nemda, the electrical
' éonductance of which was 96-98Ju~mh6/cm; Between Sorochkove and
-KhorobroVo theré was the frontal zone of these waterlmaSSes,-extending
for approximatel; 8 km. Thegmaximum‘horizontal gradient.oflconduétance
here was 9.0 j mho/cm in 1 km. It may be assumed as highly probable
that the decrease of the conductance in the fronfal zone was cauééd

by the mixing of the water mass of the reservoir Qith the first
portions of freshet waters. Judging by the hydrograph of the Nemda .
run-off (Fig. 2), waters of the initial phase of the fréshet of that
river trgversed the final range ét Selishche on July 10. Thus, from
the 10th until the 20th of July these waters travelled 58 km along

the Nemda channel between Seliéhche and Sorochkovo at an average speed
of 6-7.cm/sec. ’According»to aata of a»subsequenﬁ survey of the bay,
carriedyéut 11 days later (1.8.1962), the core of the freshet moved

10 km fyrther on and abproached Sorochkové, while the frontal zone
shifted 6 km 'dowﬁ the bay, coming near to Zavrazh'e. Coﬁsequently,
the speed of movement of the first portions of freshet waters in the
following 1l-day periqd was reduced on the average to 0.7 cﬁ/sec.,

and the speed of ﬁ;vement of the core of the freshet to 1.0 cn/sec.
With tﬁis, the exﬁent of the mixing zone éf the water masses decreased
from 8 to 4.5 km, and the maximum horizontal gradient of conductance

.
P

increased to 17.4up.mho/cm in 1 km.




As a result of a similar aﬂalysig of the displacement of
waters of the rain freshet of the ﬁemda in the same ba& over the
period between the 1st and the 9th of Jﬁly 1963, it was estéblished
that, as the exit from the bay was approached the length of the
" frontal zone of the water ﬁasées decreaged,iand the maximum of the
horizontal gradient of conductance increaéed from 10 to_38‘p'mho/cm

in 1 km. Aﬁ.the same time, the rate of trahSport of the core of the

freshet was very considerable, being on the average 15 cm/sec. Similar

calculations were made also for Unzha bay. Average rates of transport
of freshet waters in the upper reaches of this bay fluctuated within
the range of 10-20, falling.in the lower reaches of the bay to

3=5 cm/sec.

Tentative computations of the transport of waters in bays
near thé moufh allow one to formulate an idea of some general traits
of - the dyhamiés éf water masses for all similar parts of the
reservoir,

1. The rate of tramsport of the initial river-water masses
in the bays graduall& diminishes on approaéhihg the oéen part of.the
reservoir. This deceleration of the movement of the waters is a
cohsequeﬁce of the gfadual enlargement of the area of the stream—flow
éection of the bays from their upper to their lower reaches, and the |

" increase of ihe hydrodynamic pressure head. Indeed, in a coﬁpariSOn

8l.




of,the_rate of transpoft of the declining waters of the Ungha
freshet in the bay near its mouth in 1961 and 1962 it was foﬁnd that,
with equal rates of flow of the river at the terminal range, the .
épéed of the water movement in the second caséAwas approximétely 1;5

times greater than in the first case. This was due- to fact fhat in

1962 the water level in the open part of the reservoir at Yur'yevyets -

vas, ‘at the time of calculation, 20 em lower than in 1961,

| 2. The:rate of transport of the rivef waters in fhélbays
depends on the diséharges of the tributary.' Thus, ﬁhe‘speed of move-
ment of.waters~in Ungha bay was higher, and consequently the waﬁer
exchange'was more intense than in tﬁe'bay of the Nemda near its-
mouth, whiéh is explained by the greater volumé of watef of the first
river as compared to the second. Beéides this, in the>séme pay, with
ihcreése of the river run-off, the speed of the movement of the river-
water increases, so that cérés of:freshéts'move.quickér than the
waters>of_their primary phases."Due'to thé uhequal speeds 6f move—
ment of the different phases of freshets and back-water, the extenf
of the mixing zones of the watEr masses, when approaching the lower
reaches of bays, decreases; and the hbrizontai gradients of the
physical and CHemical'charécteristiés ihgrease sharply, which results
in a sharper demaréation.of the hydrological front in the lower |

reaches near the mouths of the bays of the reservoir.
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It is highly interestihg to cémparé the réte of
water exchange of the reservoir's largest bays with its water
exéhange as a whole. Thus, in June, 1961 and 1962, the coefficient
of water exchange for the whole reservoir was 0.42 (Table'lé)", which
means a replacément time of 71 days. According fo the data. of our
calculation the ;eplacement time.in Unzha bay in June 1961 was 27 days,
in Nemda bay 30 days, and in June 1962, in Unzha bay, 17 days. Thus,
thé real water exchange ofjthe bays during thoseAperiods was 2.5-4 times

'gréater on the average than for the whole water volume of. the reservoir.
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TRANSPORT.AND ALTERATION OF WATER'MASSES IN THE LAKE PART

- Transport ana glteration of thé-wéter maséeé in the lake part
of the reservoir are at a maximum during the spring fiil—up. The
records of the 1963 observations give a sufficiently adequate idea of
the features of this process. ' The first portions of thé'spring'flood
waters begaﬁ entering thé lake'part of the water body from the estuaries
of the Unzhé and Nemda on April 18-19. In consequence, the beginning of
the rise of water.level was registéred at:ail hydrometric stations of |
the rivér'part of the_reéer#oir, despite the fact that thé quky 5ydro- »
electric development diécharges had_considerably increased (Fig. 23).

. The greatest rise of level (16 em in 24 hours) was obserQed between
April 21 and 22,-when.the Gorky hydroelectric plant for some reason
reduced its outflow. Its maximUm.discharges were observed between
Apfil 27 and 29; they"ave;aged approximately.five thousand m3/sec. pef

24 hours. At this time the southern half of the lake part of the
reservoir was filled up by winter Volga water, and relatively_highly |
mineralized winter waters were disoharged into the tailwater of the Gorky
Ahydroelectric plaﬂt. The front of the river flood watérs;‘inflowing |
from Nemda and Unzhé Bays over the left sﬂoré floodplain of the
northern half of the lake part of the body of water, approached’
Sokol'skoe on April 25, and had.moved towards the Puchezh region

by April 28. As the mixing zone of‘flood wéter gnd.winter waters'moved

southward, and particularly as the spring waters penetrated into the
N . ) PN .o .

Jéo.
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Volga channel at Sokol'skoe, it became more and more eroded. The width
of this none continuously expanded dne to the winter water nass dilution
by flood waters,.énd by npproximately May 2 it covered‘the'entire southern
half of ﬁhe lake part of the reservoir. Since a slight inverse- thermal
stratification (0.3° at the surface and 0.5° at the bottom) was observed
in the area of water near tné dam, flow of the lowumineralized-spring‘
waters over the-winter watérs'waslvery insignificant, and was found bnly
at Puchezh. In other areas of the résérvoir,‘waters.were practically
- fully homogeneous through the nertical.

Thus, the lake part of ihe reservbir was filled by-thé flnod
watérs pushing the ninter~water~masslfrom the northern to southern
part of the water body, that adjacent to the dam.  As a result of.
this,'the.level an-all noints of the lake area of the reservoir
rose almost simultaneously (Fig. 23). Becansé of the heavy discharges
of winter waters and the fesultant formation of .a compératively low
gradient along the longitudinal'akis‘of the lake part (14‘cm. per 95 km),
the penetration speed of tne flood water into the part adjécent
to the dam was considerable. The first portions of flood watgr,
which entered between April 18 and 19-into the Yur'evets expansion,
had renched the dnm by May 1-2, that is, the mean speed of their
movement was 6 to 7 km pér day, or 7-8 cm/sec. During.this movement
they mixed enenly.thrnugh.the entire Qertinal with the winter waters
receding towards the dam. Not so much mixing of water masses as

the displacement of winter waters by those of spring is obviously
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typical of the procesé by which a great number qf reéervoirs are filled
in spring, and this has been pointed out by many researchers (Kfiventsov,
1959; Ershova, 1962; Zénin and Fesenko, 1962).

when the spring fill-up of the‘reservoir is completed,
the lake part proves td be almost entirely occupied byAthe river
flood waters,inte;mixed with remnants of the winter waters. Around
that time the level of the water body becomes -stabilized and
flowage sharply decreases., At the end of May in 1963, due to
decrease of flowage and to intensive heatiné under coﬁditions of
hot and mostly calm weathéf, the water filling the lake part of the
reservoir commenced to scquire the features of a.lacusfriné~type
water mass,'with'characteristié thérmél stratification in £he
.verticél, and considerableVheterogeneity-of the water temperatﬁre
throughout the water body (Fig. 24>f At individual cross-sections
the temperature of thé‘éurface water layer above deep-watér areas
was 7-8° lower than above shallow water. Thé‘same sharp contrasts
in temperature were observed in the:near-bottom layers.of the
-ﬁorthern, shallower part of the lake section. More intense heatiﬁg
- of watérs in the 1éft shore area asg compéféd with thé right shore was
aided by the lesser. flowage in the floodplain areasAasicompared with

the channel, where the speed of water movement, and consequently

vertical mixing of the water mass, were much larger. This is provéd
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by the distribution of electficaleeonductance (Fig. 24 c), indicating
- that the advance of water from the northern to southern half of the
lake part of the body of water is primerily in its above-channel
area. | |
The thermal stratification-of the spring water:mass of
the reservoir is well seen in-Fig; 25, In the near-bottom layers -
in the old Velga channel, the ‘water temperatufe gradualiy deereased
from 10° at Tur'evets to 4+3° C at the dam. The thermocline at o [e2
Yur'evets was at a depth of 6-8 m; towards the dam the thlckness of o
the epilimnion gradually decreased, ‘and in 1ts vicinity the thermo—
cline was at a depth of only 0-2 m. ‘Inside this layer, the thermalA
. gradient reached very high values (5-8°). The density stratification
‘ of the reservoir water mass, hindefing its vertical mixing,'eregted
conditions_for‘oxygen‘stratification:: near the bottom the oxygen
content ranged‘from 7 to 9 mg/1. For the same reason the pH value
“of the water mass was heterogeneous (approximately 7.0 at.the bottom
and 7.5 to 8.2 at the ‘surface). |
The distinctive character of water penetratlon from the river
into the 1ake.part‘of the reservoir was determlned by the temperature -
stratification of the reservoif water mass., Particﬁlarly active water
movement occurred dlrectly below the thermocllne, as can be seen from

k

- the curve of kappas on 1ongitud1nal sections of the 1ake part of the

: t Literal translation for a word meaning lines of equal conductance - Transl. note.
Y . s .
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feservoir, illustrated in Fig., 25. Flowxof‘waters with increased
electriéal conductance from the rivef part into the fur'evets expansion
underneéth the thermocline Qas observed by us also at the diurnal
- station made 4 Jm north-westward from Yur'evets (Fig._26). While af
the 2 m level the current was typically unsteady both in.direction | _ | Zéi_
and in speed, at the depth of 5 m the prevailing §urrent was from
west to'eaét. |

In the summer—autumn>period,'the mass of the reservoir
proper, which fills the lake part of the Body of watér, has
features similar to water maéses of.the éhallow flowing lakes situated
in the surrounding territory. ‘The ﬁhermocline, which forms during the
spring-summer heating period,.gfadually sinks to the bottom and
diéappears, and the wéter mass becomes rélatiVely'uniformfveytically
as far as temperature is concerned, as wéll as in oxygen conﬁeht,
pH and water.chemiStry. Its transparency increases.tQIZiO m. In
~ the surface layers theée»characterisﬁics undérgo diurnal and
periodic changes on hot aﬁd calm days. Dufing peridds of stdrms
the water ﬁasS‘becomes mixéd to the bottom, its tranSparéncy
decreases fo 1.0-1.5 m due t0 turbidity ih shallow waters and
ﬁénetration of suspended mattep frdm them‘into the open parts of the

water body}




In the lake area of the reservoir intense developmen£ éf_
phytoplankton takes piace. The green-blue aigae are here the dominant
group;-particulafly in auﬁumn.v In the river part of the reservoir,
the concentration of phy‘tbpla’nkton is lower than in.the lake part;
it is composed mogtly'of diatoms (Pyrina, 1959). According to the
evidence of A. D. Priimachenko (1960), the areas near the mouthé of
the Nemda and Unzha are relati&ely poor in phytoplankton in comparison.
with other areas of the reservoir. Thus, thefinformatibn found in
the literature regafding the distribution of phytoplankton in the |
* Gorky resérvoir provides a basis for assuming that the main wéter_
masses of the reservoir may have var&ing levels of primary develop—i
- ment, In order to check this agsumption, we carried.out a hydrologicél
survey of the Yur'evets expansion on 9 May 1963 with siﬁultqqeoué
determination -of the pfimary development by the radio-carbon method
(Sorokin, 1956). At this time in the area surveyed, there was bhe
Volga watéf mass, freshet waters of the Un%ha;‘and the summer water
ﬁass of the reservoir proper. Thé.ﬁagnitude~of the primary development
in the first was 0.110 - 1.60, in river waters 0.215, and in the
reservoir water mass 0,350 - 0.470 mg C/1 per day. 1In the.reservoir
. proper, within the surface layer of the water mass, conSiderable

fluctuations of the above values were connected with the redistribution

89.
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of algae by a weék drift current as well as. by their being concentrated
prinéipai1y>by the leftAﬁindward Shore of the reservoir.

The enumerated‘properties of the wafer mass which in summer
and autumn»is present in the wide part of‘the.reservoir near the dam
indicate that due to altératjon'of the initial water masses éntefing
here, a water mass of the lake type evolves, with inherent processes

“of energy and matter aécumulation. In this water mass the biological

factors are of great impbrtancé in processes of alteration and water

accumulaﬁiOn, since the intensity of:production of organic matter is
much iarger here tﬁan'in the initial Water.masseé located in other
areas of the body of water. -In periods when there are no considerable-
rain-induced freshets in the Nemda and Unzha, the waters in the lake
part of the reséfvoir'afe fairly unifdrm in their chemical.pgoperties.
ﬂhen freshets oceur, river waters invade the open areas of the bod}
'Sf water and then in thé‘Yur'éﬁéts.expﬁnsion fhe mixing zones of these
waters with the water mass of the reservoir proper are well défined,
Thus, during the last third of July, 1962, the front bewgen

the water mass of the reservoir proper and theilow 1evé1 watersAof the:
'A'Unzha 1aybin the region of Isakovsky Island. This,cén be.seen in

Fig. 27 from thé‘sharpAincreasé in the electrical conduqtance of water
in the:sectioﬁ Yur'evéts—deylino. By repeated measureﬁént of electriéal_

conductance in that section, it was possible to determine tentatively the



advancement speed of the Unzha water front towards the center of the
Yur'evefsvexpansion. On July 22, this front, having a‘maximum conduct-
ance gradient of 5 - 6 u ﬁho/cm in 1 km, advanced 6 km over 10 hrs,
‘with a mean speed'of.approximately 17 cm/sec. (Fig. 27). Evidently,
two factors explain such relativé1y>high Speeds for this ‘body of water.
One of the factors which causea the westward water movement was a drift
current related to a north-easterly wind'blowing during these hours
with a velocity of 4 = 5 m/sec. However, between July.22 and 23,
observations carried out at the diﬁrnal station in the centre of
‘the Yur'é&ets expansion indicated that in this area such a.wind
can cause a drift current with a Speéd not exceeding 10 - 12 cm/sec.
The second possible.reasén for the relatively high rate of advance
of the front.cduld have beén an increase in the speedwéf the
diSChérge current in thha bay, which must have héppened in
connection with the appearance of the rain-induced fresﬁet,waters
in the headwaters of this bay.

| The practically invariable magnitude.of the horizontal
electrical conductance gradient during the relocation of the front
indicétes that the Unzha watérs advanced by fofcing out and‘replacing.~.
the reservoir water mass,:and not as a reéultiéf aisplacement or

overflow of one watér mass by another. ' This was related‘to the fact

K There "mixing" is probably meant. Transl.
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that the densities>of both water masses had .approximately equal values.
On Jdly 31} the advanced waters of the Unzha freehet reac@ed Kobylino,ﬂ
moving 45'km_along Unzha bay in the couree of 10 days with average
" speed of 5.2 cm/sec. During the next éO days the front of the
'ffeShet waters of_the Unzha was stationary at Vtarushensky Isiand,
because the volume of freshet'was stored entirely by the bay and its
flowage sharply decreased owing to_the'low discharge df the Unzha_in
Aubust 1962. " |

The ev1dence of the cruise of July 1963 may serve as the
second example character;zlng the dynamics of the water masses in the
: Yur'evets e#pansion. On July 8, the'core of'the Undha freshet reached
Vtarushensky Island, but the front of this water mass was deflected
to Isakovsky Island (Fig. 28) . The mean rate of transport of the
E Unzha water was 2.7 km/dayrper week. The front of the Nemda freshet |
advanced from Zavrezh'e southwards but its transpoft~rate was - much
lower than that of the Unzha waters, . During the following 24 hrs.,
waters of both rivers filled up the entire central part of the Yur'evets
eXpansion flobdpiain. The max1mum rate of their advance, judging by

the isolines of conductance (Flg. 28), was observed above the old

Volga channel, where it was 2.3 km/day. In the course of the following -

2/ hours, the transport rate oflthe Unzha water mass remained

"approximately the same. Ag a result of heavy inflowing .of the river

at
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waters,.the horizontal.gradient of electrical conductance continually_'
increaséd, reaching 20 n mho/cm in 1 km on ﬁhe morning of July 10
at the lip of the flodded Volga channel. The increase of horizdnt#l
gradients in the frOntal_zone and its vertical uﬁiformity of
waters, just as in the previous example, indicate that we witnessed
ﬁhe~process of displacement of the water maés previously existing
in this area of the reservoir'by freéhet ﬁater.-

So,'thé investiéated-examplgs of the movement of the
water masses in the bays and open'parts‘of.the Gorky reservoir
bear witness to tﬁe féct that the process of replacing some water
masses ﬁy others occurs by diSplaceﬁent under'conditions of vertical
temperature uniformity, When temperature stratification is pfesent
the new water mass fléws under or ovér the old one. It seems that -
in waters of low overall mineralization, such as all spring éhd
summer-autumn water masses in the reservoir the differences in
density between the séparate masses due to mineralization(are not
S0 greaﬁ;that, under homothermal conditions, tﬁé less mineralized
water mass overflows the more mineralized mass. With greater
minera}ization.of waters‘and low termperatures, the differences in
density of the water massestdue td their chemistr& increase
relatively.l This leads to some waters overflowing bthefs, as

takes place in winter in the Gorky reservoir,

Je6



The stability of the frontal zone, its epeed of movement
and the intensity of the mixing pfocess of -waters of various origin
within its limits may be assessed by the magnitude of the maximum
gradient of any repreSenﬁative characteristic. The greatest speed
of movement and con51derab1e 1nten51ty of the m1x1ng process
characterize, so to speak, the "vancuard" sectlons of the front,
which delimit the frontal portions of the moving ‘water mass. These
sections of the front are most offen greatly diluted, theif horizontél
gradients of oharacteristics are low (e.g. for eleetrical coeductance |
from 4-5 to 18-20 p mho/cm/km). More stable and steady are "lateral®
front sections of a water mass which have penetrated anoﬁher mass.
In such rather stagnant sections of ihe frontai'zone the mixing of
water masses is slight and_hofizontal gradients of electrical
conductance have hth Values, sometimes reachlna léO‘p.mho/cm in
1 km in the lake part of the reserv01r, in the river part where
the flow speeds are higher, 60 p.mho/cm per 100 m, that is 600 )l mho/cm
if calculated per 1 km (Fig; 20); The contact eones‘of.superimposed
water masses have‘still more stability and resistance to mixing. In
- these areas of the frontal zone the vertical gradients of electrical
conductance reach at times 20 - 30 p.mho/cm/meter,'that.is values 50 =
100 times greater than those of the horizontal gradiente. For
- comparison we shall cite a few values of maximum.gradients for
~ separate characteristics in the frontal zone of large iakes. Thus,

from the evidence of the hydrological surveys in Lake Huron

Ve




(Ayers et al., 1956) ifimay be'deduced that from among thosé observed

'in the lake the greatest hori%ontal gradient of conductivity was

1/, p mho/em/¥m (in the mouth of Saginaw Bay, on June 29, 1953). In
Béikal, between the lake and the Selenga river‘wafers, considérabiy
higher horizontal gradients were registered, that isVO.2A - 0.30 mg—equ./l
per 100 m (Votintsev et ai;,-1963), which is épproximately equivalent to

200~300 p1 mho/em in 1 km.

CONCLUS ION

As the result of 3 years of limnological research on the
VGorky reservoir, the existence was established'of isolated water
masses in the reservoir characterized by comparativel& intense_
water exchange. Just és in the\éiOWer flowing Rybinsk feservoir,
'the‘wéters_of the Gorky reservoir, formed under fixed physical and
geographical conditions, have a stable démplex of physical énd
chemical characteristiés énd:every.year ﬁhey £ill the same
comparaﬁivély easily delineated areas of the body of water; Witﬁout
giving»further space to the regional peculiarities of the water masses
of the Gorky reservoir, their dynamics and alteration, which are
examined in detail_in this work, we shall make an attempt fo-single 6ut
" some basic patterns which,.iﬁ our opinion, are commbn to the majority ot
flatland.fese;voirs of fhe middle zone of.the European territory of the.

Y

Soviet Union.
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1. In the réservoirs, two types of ﬁater masses arc to be
distinguished -~ river and lake. The first are fcrmed in‘the drainagc |
system of the reservcir tfibutaries,.and oc_flowing into it they
preserve forvsome time their distinctive properties, which ch.the whole
depend on the physical and geogrcphical feﬁtu;es of the bacins; Betwcen
the various charécteristics Of.the river water masses correlative rela-
tiocs can be_estaciished; conditioned'by:the,charactef of the processes
.oftheir formation in the drainage systems. In the firét place,‘thé
distinctive features of these masses-are the vertical homogeneity of
most of their characteristics due to the rclativély intense constant‘_
mixing ofAtheEc waters caused by dréinage curfents.' In thc sccon& ‘
. place, thc river water masses are _characteriéed by a considérable
variability of the valucs of their indices, determined by the chcnges
in the predominant cype of feeding occurfing during the year.
" Thusg, the.river Watqr‘mass is made up of continuously alternating

water volumes of diverse quality which may be considered various

o mcdifications of it. The ;atter shcw most contrast in small rivers,
& » | as thé boundaries between modificapiohs of.water_masses inilcrge'rivers
are often blurred.
The river ﬁater:masses arc of a primary nature; from

them are formed secondary water masses of the lake type

"during the process of alteration in the body of water,




- The most importanﬁvfeature of the latter must be considered the process
of accumulation of matter and energy, whioh ig peculiar to them and
' characteristic of bodies of water with a slowed-down water exchange
(Rossolimo, 1964); One of the most essential factors and at the same
time indications of such accumulation is the more or less 1ong¥lesting“
thermal and density strabification of the lake masses, and also, in
compariéon with the river waters; increased producﬁion of organic
matter. The duration of existence of the lske>type mass water in the
reservoir depends on the intensity of its water exchange. ‘In a
‘slowly flowing reservoir with annual or long~term regulation (e.g. the
Rybinsk reservoir) its.oﬁn(water mass remains during~the wnole year,
gradually being renewed owing to 1ncom1ng initial water masses. In
reservoirs with a faster flowage, having a seasonal flow control of
“the Gorky type, the lake water mass lasts ooly for a part of the
.year, in tﬁe period of the least waﬁer exchange. It emerges -
annually in spring afteér the flood‘hss passed through the hydro
development, and is’ replaced by new waters of primary masses at

' periods of increaSed water exchange.

2. In the reServoir the nature of the process of
replacement‘of one water by another depends on the correlation and
vertical distribution of water mass density. With'a'homogeneOus

 distribution of this characteristic, displacement of the old water
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mass by the newly arrived one is observed. In cases where waters are
heterogeneous as regards density, one water mass {lows over of under
the other. With the GOmpératively Ligh temperature of water in the

sﬁmmer, overflow'by waters of low and average.minefalization is possible
only in the presenperf temperature stratifiCatiQn; regardless of the
concentration of salts in.the'adjoininé water masses. Wifh the
temperaturé of the water close to AOC thisiprocess can result evén

at an almost uniform témperature, due to different mineralization

of adjacent masses. According to the-obser&ations, values of the

maximum gradients of hydrological properties in their frontal zone

may serve as indicators of the rate of movement of water masses

‘ and their mixing.

' 3; In the resérvoirs of the plain, which in most éases
are Qomparatively shallow, vigorous processeé of alteration of |
water masses occur, as reflected in aAsubstanﬁiai change in theif

primary physical, chemical, andfbiological peculiaritiés. Tﬂe  \
bas;c factors in fhe alterétion of'the‘watef maéses are fldwage,

the morphometric peculiarities of the basin, the meteorological
conditions of the reservoirs, and also biochemicai and biological

prdcesses. - BEvidently, there exist two basic types of alteration

& ,
of the water masses of reservoirs: . frontal and internal.




The first takes place within the limits of the frontal zones of adjoining
~water masses, where the main process is the mixing of these masses and
their mutual dilution. The.discharge and wind currents are the most

important factors in the frontal alteratioﬁs.

By internal alteration is understood the proceéé‘of the changé‘
of properties inside one and ﬁhe.same water mass, mainly under the
influence of hydrometeorologicél and.biological factors; Both alﬁera—
tions may be partial, if only some of the ﬁater mass indides undergo

'change or if all of them undergo-comparatively 1itt1e-change.' More%,'
over, complete alteration of ﬁaters ih reservoirs is aléo observed
whén ﬁheir peculiarities change so much that it is possible to speak

. about the creation of a qualitatively new water mass. The process of

formation of the lake water masé qr'the reservoif_proper from: one or

‘several initial masses serves as an example of such alteration.

4o  The distribution of the basic water masses within
V - the reservoir is determined mainly by the relation between the

volumes of incoming initial masses.

Since the catchments of the tributaries of the investigated

reservoirs have, as a rule,.approximately the same climatic and

i'OrOgraphic conditions of run-off formation, the volume correlation
of the initial water masses of the flatland reservoirs is relatively -

constant and seldom depends on the wetness of the year. Therefore,




the-peculiaritieé of the distribution of tﬁe,separate water masses in
the reséfvoir during different phases of }he hydrological.regime.aré
repeated from year to yeaf. This circumstance may servé as a pre-.
requisite for the use of water masses as a basis for geographic- |
hydrological zoning of the reservoir, because they refléét'not only.
the qualitgtive specifics of waters of different origin, but also the
dynamic, morphometric, meteorological.aﬁd biological‘properties of
separate parﬁs of ﬁhe-wéﬁer.body. Such zoning will facilitate the

devélopment of principles for forecasting water quality in reservoirs.

The balance methods for forecasting wAter quality in'reservoifs which

prevail at the present time do not éhtifely satisfy the requirements
of the economy, because‘in.order‘to solvé probiems of water supply,
discharges, and purification of waste waters, etc., the physi?al,
chemical and biolbgica}-ﬁﬁter properties must be @reducted‘not so
much for the entire.réservoir as a whole, as for its separate aréas.
Thé success of further water mass invéstigations in reservéirs will,
Vin our opinion, be promotéd fifs£iy by modernization of hydrological
survey techniques, secondly by the inclusion of biological indicators
among the charactéristics of water masses. An impfo#ement of
obseryational methods is possible by equipping expedition vessels
with multipurpose automatic recorders, recording aloﬁg the path of |

the vessel a number of thé most important water mass characteristies

100,
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(temperature, electrical conductance, optical properties, oxygen content

and some others). This will make possible reduction of the duration. of

the survey, and more précise determination of the boundaries, and consequently

the volumes of the water masses., The inclusion of biological indicators
among the water mass characteristics will provide a more comprehensive-
description of the watér properties and will help us to determine the

distribution pattern of water organisms in reservoirs.
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 Character and extent of the field work.

.

Table 1

—
River part of reservoir

Lake part of the reservoir

Bays near the river

opposite dlrectlon-

c - supplemer!tary survey of water masses 1n the Yur'evets expans1on‘.

. Number | .. Cruise Date A m(’)uthg
ot . - . L
surveyq Sl 9 aldal B % o B o -
08 w1 SuE™ ug 539 & 53 18 8 w§ 8
| Sz @ - Q0. 0 - Q - A
2T 2862 el | 2% | 223 £ % | £5%
B (oI &] s} 5 0
x| BEyEgSEd | B | 2% 5% | BEg
Zal %o a5 es @ Ao =g @
] ‘ | 5
—~
- 1961 ,
1 l-g 18 VI - 5 VII 12 - - 35 -9 28 6
-2 - 1-b 8 - 11 VIT 14 - - 11 - - -
3 II-a 23 =28 VII 30 7 - 41 9. - -
4 " II-b 29 VIii - 1 VIII 19 - - 9 - - -
R : 1962 , : : .
5 - I-a 15 - 23 VI 8 1 1 37 '8 18 6 f
6 I-b 28 - 30 VI 5 1 - 32 T 1 - o
T 2II-a 17 -~ 27 VII 6 1 1 26 5 23 8 ' ;
8 II-b 31 VII-1 VIII 3| 1 1. 36 8 5 1 B
9 IIIea 28 VIII-T IX 6 23 1 35 8 29 9 oy
10 ITI=b 10-14 IX 6| 18 -1 36 8 2 - - :
11 . IV-a 17-26. X 8 4 1 36 8 25 9
12 - IV-b 26-30 X . 4 - - 36 8 2 -
: 1963 : ‘ .
13 I winter 2=-15 I1 4 - - 15 3 19 -
14 II winter 27 111 - 4 IV 61 - - 17 4 19 -
15 Spring 24 IV -3V - - 1 22 5 - -
16 I-a - .15 =227V 4 12 -1 37 10 22 8
17 I-b 23 - 24V - -1 - 36 8 - -
18 I-c. 26-30 V . 61 10 1 12 3 2 -
19 - II-a 27 VI = 5 VI 4 24 1 40 9 26 10
20 II-b 7 -8 VII - - - 39 9 2 -
21 IT-c 9 - 1? ViI "6 20 1 15 5 5 -
TOTAL 151 [ 122 11 603 134 228 51
Note. Symbols: a - the direction of expedition rnovement from erblnsk towards Gorodets- b - expedition movement in >
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L9
Zable 2
A comoarison -of the representat:iveness of water
mass characteristics in. the Gorky reservoir
_ Haximui Average error = . . | Parameter
Characteristics -|range of of determination, of
o variations & representativity
Rmax x_E max
' e
Temperature, | '
oC o 6.9 0.1 69
Electrical , N
conductance, . i
- y.mho/cm 212 5 b2
Total hardness, o
mg-equivalent/1)2,38 0.07 34
‘Bicarbonate |
content, - _ « "
mg-equivalent/1.42.99 0.10 30
.-_Water -colour, | | :
degrees 140 - 5 28
Transparency, _
cm 160 10 16
pH 1.0 0.1 10
Total strong '
acids, -
mg~equivalent/1. 0.71 0.09 -8




Changes. in annual fun—"off'of Volga o
due to the Rybinsk reservoir between 1947-1963

Average annual | Changes in flow
' water discharge ‘ :
Years | ‘ /sec.‘ e : . . -
inflow |discharge | m/sec. | % of _ Inflow frequency,
_ - _ | inflow
1947 n2k | 951 | 173 | <15.3 35
1948, o2 | 753 ~189 ~20.0 . 5h
19.49 S 879 | 910 - _*4 31 g 3.5 . 65
1950 1042 | 995 - 7 - b5 37
K & 916 | 1015 | +99 | +0.8 | 58
.1952 1176 941 =235 - =20.0 1. 23
1953 W70 | w10 | -60 |- b1 3
1954 881 962 - +81 | +9.2° 1 ¢
1955 | 197 | 1435 | -6 | -wa |
19‘56""' 1211 : 971 vl “2hko -19.8 - S 19
1957 | 1378 |y | 69 | +s5.0 | s
1958 1297 | 1192 S-105 | -8 13
1959 | 988 | 1033 - | +45 | + 4.6 48
._19'60:» 943 - | ek =199 -21.1 - 5k
1961 1120 1212 |+ o2 ¥ 8,2 | 27
:“ 1962 | 1369 | 1306 = | - 63 - 4.6 ! g
1963 .| sk | esr . | +23 ~|+35 | e
‘age ~ _1112 -_1057 o = 55 - k.9 - | '
!m Minus (=) m_ea.ti-a,d_ecreaee , and i)lus'.('k) - increase of the

 Volga run-off as a result &f its regulation by the reservoir.



Intra—annual diatributio
Bybinsk hydro ltation

%

?i

LlZ .
Table 4

of flow in the range of the
n % of yearly'dlscharge)

Years L_T_ e e Months _ ‘
IV vV [ vI | vIr | Wi  IXf X[ X[ X1y T [ IIf 1II

Aveihge . ‘
obro1968 5.9 | 8.3 | 8.6 | 7.8 | 7.7 | 7.8 [8.5 [8.5 9.8 9.7 [9.6 | 78
961-1962] 5.3 |14, | 7.7 | 64| 7.5 | 7.9 8.2 |7.1 | 8.9 | 7.4 [8.9 [r0.0
1962-1963] 7.9 | 7.5 | 8.6 | 9.8 [10.2 | 6.9 [7.8 |7.9 [o.1 po.o 6.2 | 6.1
1963-1964| 7,1 | 5.1 | 9.2 | 8.1 [11.3 po.6 |7.6 [8.5 1.1 |9.0 |6.0 7.4

@ |

A'\'
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Igble 5
Some characteristics ?f water mass in central part
of Bybinsk  reservoir according to N.V. Butorin, 1965 c)
' Charactefistics Spring Summer Autumn _Winter
Elec‘tfical 'c.onductance,.}.._, : ‘ R : ) :
mho/cm : . 211-272 163-172 | 159-161 | 164-243
‘Bicarbonate content,’ V
equivalent of mg per o ' : _
. litre 1.80—2.‘&2 1.41-1.,49 1.30—1,’42 1.3‘&-—1.9’4 -
Hardness, equ. of mg/1 2.06-2.73 | 1.96-2,49(1.88-2,19]1.82-2,90
' Water. éolour-,v degrees » . - 20-40 4 15-25 30-35 25—40.
Iransparency, cm 150-180 170-190 110 -
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Table 6. /13

_-Characteristics of the Volga water mass near Rybinsk.

LS
13
H
ol|o 2 o+ o @
o & e ot ]
‘ - ‘ o o 3
ofo . O ) o
-B1§ [=E |ow |F ¢
el ol |5 ~ ™
B8 |=E 88 18 |
o | Bld [8%. 8% |8 | 8
S & E o= |81 -§ S|
8 e e | S & 9 3| ™
ﬂ o fand . :U
. \ ) 3 5 4! m . . i
1961 |
14vir} 180 8 | 162 —_ — s | —
23 VII | 20.0 { 410 | . 158 — — | 50 | —
3 VI | 20| 95| 157 — — {3 | -
29 VIII | 159 | — 157 — - | = | =
1962
15.v1 | 141 | — 194 | 154 | 180 65 | 7.8
4B VID |85 | 110 | 147 | 125 {162| 45 | 7.8
10 viit | 166 | — | 145 - — = | = ,
28 VIII | 147 | 100 | 139 143 - | 151 | 55 | 7.6
C141X | 144 90| 433 08 | 146| = | —
17 X 54| 40| 149 |- 145 | 1.58] 58 | 74
21 | oo] — | 196 — — | 80| 7.0
27nr | o0l — 205 |+ — — | 8 | 69
.3V | 64| — | 204 — — | 85 | 70
46V . [-10.0 | 110 |- 237 246. | 251 ] 40 | =
.30V 156 | 80 | 202.| — — 1 35 | 16
12 VIl | 17.0 | 60 |7 147 — — | a5 | 74
24 VII | 194 | — | 194 — — | 60 | 78
2¢ VIII | 17.9| 9 | 154 — ~ | = | =
41X | 195] — | 166 — — | 55 | —

~b
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Table 7.

“.Ranges of " ionic Qomposition variation.in- water mnear Yaroslavl'

(1956 ~ 1958)

‘ Equﬁalent
Ions ~ percent

B ool B

RATUREDRREI I . 12.2—186.
Na'K o, .. 2.4—8.1
HCO;:. 37.7—41.3
S0y UL 6.7—19.1

S ¢ L

© 2434 -

[k
Table 8. '_/y,

. Mean monthly water temperature ( °C ) of the Volga water mass near

Rybinsk and in some tributaries of the ,;rivei' part of the Gorky resei'voi_r

in spring-tine. -

11961 1962 1963
Water monitoring - ‘
-~ station - 1V v v ] v
Gorky reservoir - o ‘ _
" Rybinsk ...icveveveas Lo2 5.4 . 1.6 8.3 9.8
Cheremukha River ~ ' ‘ . , '
m‘b!‘ie‘k&*-..-...--.. bt 11.5 . 309 1208 1506 .
Urdoma River - : ' :
Belyatillc* ocooo..ogcl - 1009 - 1300 lS-LI-
- It' River - Nesterovo®,..| 1.2 11,5 3k 13.3 16.1 -
- Kotorosl' River - : SR : :
th O.f GI.VI‘ilOV—Y&m ces o 12.0 ' ll—.s 13-6 17.1

% A1l three are villages (Transl.)
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‘Table 10 / 18

Ranges of total mineralization and ion cbntent. in water of main

* tributaries of the Gorky reservoir.

Unzha . Kostrama KotprOSl' Nemda

Total mineralization; . g B o C
ng/liter c.oveve.. h3.8 ~ 184.8 | 4.8 ~ 308.8| 138.9 ~ 385.1 | 40.6 -~ 156.2

Ions, equivalent % :

D
[¢2)
o
W

1
W
W
.

Ca.' teovsressrvesene 27.1 - 3708 23.7 - 33.0 20.8 b 32.2 O
ME'™® sevevecscconanse 1 9.6 - 16.3 4.1 - 18,5 11.7 - 21.9 13.0 - 15.0
Na. - K. .u(.o-.oocoo-o 1.5 had 6. 003:"' 1106 20h - 100,4* 301 - 7‘2
HCOé tscsscsoseanceve 31.3 - hl¢0 3601+ " LFBOS 3800 - llj-"iz 3307 - l~|>703
SOh tcsssvesscseme 5-6 - lBoh l|'03 B 705 : h.3 - 8.7 1.8 - 15.0
Cl 00 osereverec e 2 l 6.5 2.1 - L}.B O.L} Ll 5.0 2.7 - 5.




| . | - : B . - ‘Tabie‘ii. .

Characteristics of river water masses.

At e T A % riam o s ieanie e

-Site of Date Temperature| Transparency| Electrical| Bicarbonate | Hardness, o pE.| Phase of river's
sampling | - ' °c conduct- | content, mg-equ. | Colour . hydrologic
A S ' om - ance mg-equivalent] per | - g " | cycle
p mho/em | per litre litre
Kotorosl . ' o ' : , PR
o 18 VII 1962 20.6 | 40 . 207 2.06 2.35 | 65 7.3 | Freshet
29,VIII 1962 “14.0 ‘ ) 90 1 292 2.94 b 3,32 35 _ T.9 | Freshet recedes -
S 18 X 1962 4.0 1200 374 3.84 3.96 32 | = | Summer-autumn-
R : ' , ' e low water level -
' At Yaroslavl)| 3 1II 1963 0.0 - 521 - : - |18 T.0 Winter low water
road bridge 27 IIT 1963 0.0 - 546 . - cm- 25 7.0 | *» . w. w
e 16 V 1963 17.5 80 1 218 2,30 2,62 30 7.9 | Flood ebb
27 VI 1963 16.9 70 202 ' - ' - 60 Ted Freshet
- Kostroma y - _ : B : : : ' ' o : 5;
S -1 2 VIII 1962 17.8 100 216 1.75 2.38 70 8.0 Freshet recedes
1 29 VIII 1962 15.4 110 303 2.92 3.56 . 55 7.9 Summer-autum - v
: : B - ' : : : ' C low water
. At the Meza 19 X 1962 4.6 ‘ 80 ~ 287 : © 2,78 3.07 82 7.8 | Rise of freshet
mouth 17 V1963 16.8. 80 150 1.32 1,73 80 T.4 Recession of flood
| ~ \| 28 VT 1963 17.2 70 79 - - 120 7.3 | Preshet
Mera : , _ ' , . A
: | 29 VI 1961 20.5 135 - 318 - . - 35 = | Summer-fall
o , - o : low water
, 18 VI 1962 16.6 145 : 326 ~3.37 . 3.17 22 7.6 -t
Near 119 VII 1962 |. 21.6 40 133 7 2.03 2.14 60 7.2 | Preshet
. Pavlikha 31 VIII 1962 | 13.7 © 30 178 1.70 2.13 60 7.8 T
, \j 20 x 1962 1.8 110 . 280 1 3.09 3.01 38 |7.9 | Rise of freshet




(Cont inuatg

bridge

Table 11
Site of Temperature Trénsparency Electrical Bicarbonéte Hardneés, ) Phasé of river 'g
. Date o . .
sampling C . cm conduct- content, mg—equ. Colour pH hydrologlc
. ance mg—9qu./l Tper litre : cycl°
p mho/em
At Dolmatovo‘ 9 11 1963 0.0 - 320 - - 10 5.9 Winter low water
' 1 IV 1963 0.0 - 323 - - 15 6.9 n n n
it Pavlikha- 18 V 1963 17.3 90 201 1.92 2.33 “45 1.2 "Recession of flood
) C 30 VI 1963} 19.2 . 30 12z - - 100 6.9 Freshet
Zhelvats ' ‘ o
At.the Kondoma . .
mouth 30 VI 1961 | 21.9 60 124 - - 105 - Freshet recedes
, 18 VI 1962 | 17.1 - 80 118 .20 1.07 1108 T.2 " "
At Nadoga 20 VII 1962 20.6 110 144 1.18 1.44 - 65 T3 Summer-fall low water
mouth 1 IX 1962 | 12.8 50 53 0.24 0.65 170 6.8  Freshet . '
' 21 X 1942 1.1 40 68 0.29 0.72 120 7.2 " ‘
At Dymnitsa |§ 4 T 1963 0.0 - 129 - - 30 | 6.8 | Winter low water r
‘ 28 III 1963 G.C - 155 - - 30 7.0 n o " o
: ' K : 1
At Nadoga 19 v 1963 16.9 S0 A4 0.45 0.91 65 6.5 Recession of flood
mouth { 1 VII 196% 20.0 1c0 100 - - 75 7.2 - Freshet
At Xostwaev | 1 IX 1962 13.¢ 20 137 1.00 1,50 40 T4 "
10 IT 1943 0.1 - 247 -, - 40 .8 Vinter low wnter
Nezr the ~ /| 2 IV 1943 0.4 - 258 - - 3¢ 5.8 " " '
rad 26 IV 1983 - - 58 . - - £5 N *lood
1 VIT 96/ 20.3 - 174 - - 60 - Summer—-Fall low water



Table 11 (Continuation)

s : .
§%§%1§ng Date Tempera-| Transparency} Electriczl| Bicarbonate|Hardness, o Phase of riverg -
T ' ture, . cm - conduct- content, |mg-cquiv.| . colour hydrologic
°c ance mg-equiv. |rer liter| . cycle’
p mho/em per liter
Nemda : ,
At 19 VI 1962 | 15,9 80 162 1.45 1.47 13 Summer—fall |
NoVo—Berezovets)f' ) ‘ : : low water level -
_ ' 20 VII 1962} 20.2 60 98 0.80 1,06 150 Freshet '
' -1 121X 1962 | 13.3 30 - 1 0.50 0.84 150 "
: (- 21 X 1962 1.2 70 110 0.56. 1.22 144 "
) k- 6 IT 1863 0.0 - 190 - - 30 Winter low level
1 IV 1963 0.0 - 204 - - 20 noooon "
At Zavrazh'e 27 IV 1963 | 0.2 - 30 - - 80 Flood
Novo—Berezovéts{l? V 1863 18.7 70 80 $.59 0.90 100 - Flood .recedes
-\l 1 VIT 195631 16.8 50 83 - - 120 Freshet B
Unzha _ , B
2 VII 1951) 20.0 ‘155 250 - - 40 - Summer—fall Lo
o ‘ lonw water - !
- Wear . 26 VI 1952 | 17.5 110 227 1.75 2.07 a7 :
Wikolo-lakarov .
- b 22 VIT 1962 2C.7 70 202 HR 2.7 £n
S IK 1960 | 1.3 T 1ED T34 1,58 110
22 X 1282 1.1 £ 187 .17 2.4 100 * recedes
Near 1 6 1T 1663 2.0 - 219 - - 26 “Vinter low water
Krasnogor'e { 29 111 1953 0.0 - 350 - - 25 " T 1



3
. Y t - : - L
Site of Date - Tempera-{ Transparency,Electrical - Eicarbonatehardness, pH Phase of river ,§
sampling ture, cm condﬂctance' .content, mg—equ.|. Colour’ hydrologic !
°c . 4 . jumho/cm mg-equiv. | per - : R cycle
: per liter | liter
~ Near .
Kobylino - 27 Iv 1963 0.4 - 58 - - 80 6.4 Flood
' 20 IV 1963 2.0 - 52 - - 95 < 6.4 "
Near . 1 : : - ) '
NikoldéMakaro{ 20 V 1963 .1 17.3 80 104 : C.76 1.19 85 7.0 Flood fecedes
. ' 2 VII 1963 | 18.9 60 ' 104 - - 110 7.0 | Freshet ‘
Mocha
‘ 3 ViI 1961 19.0 6C 128 - - 75 . - Summer—autumn
_ . A : : o . low water
i 24 VII 1942 | 20.8 9 &8 0.55 0.74 &5 7.1 Freshet
Wear 2% 1962 1.1 60 84 C.A42 0.69 124 6.8 |. " .
Belyaikha \| 2} V 1963 21.9 80 A4 48 - - - €.8 Flood recedes - ks ‘
, . 4 VIT 1963 '17.9 €0 ’ 1€ - , - 45 7.0 Fre;het N
Yachmen' ' .
4 VIT 1961 | 18.5 70 158 - - - - Summer-fz11
' , " low water
¥ear 23 VI 1962 | 15.2 40 169 1,37 .47 42 7.2 ~te
_Il’ya—Vysok?i'24 VII 1¢62[ 19.9 zE 106 .74 G.97 55 7.1 Freshet
o & IX 1962 | 12.% 5C 27 CJr C.57 A0 7.4 "
25 X 1962 1.6 40 137 1,11 1.2 45 7.2  Summer—fali
L low water
137II 1643 0.1 - 127 - - g .5 Yinter low water
© 2 IV 1963 0.0 - . 120 - - g 6.0 " ", "

¢o
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Mera Kostroma
.JZ«Dt Mepa . Kecmpowa . _ VOlgﬂ" ' ;
C L J ‘ water mass |
: ‘.?00 : © Bynxccras
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Fig. 3. Water electrical conductance .as a function of bicarbonate content
' in separate water masses. :
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Mera - .
' * Kostroma

VYolga water mass

1--mhA
b,
S
>

" Zhelvata

X 3 de N

107 15 20 25 15 20 2.5 40 75 45 20 25 40
05 10 15 20 40 45 20 25 94 35

ey g 85 10 15 2.0
L'+ Mg') mg-equivalent /1

Fig. 4. Electrical coﬁductan(:e- as a function of total hardness (of _
separate water masses, '
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) | ) | o L Table 12 /26

. Relationship between ‘electrical .egnductance ©f water and its content of

» ' .- HCO', and Ca'' + Mg''

3
x=f (HCO'3) , ‘ ; X=t(Ca' i+ Ng' ')
2 Parameters Parameters of
o of " & regression
g e y ssi 2 1tio
g o 8 regression | o equation
E 0 O equation & w B :
ey .S w0 " £ 0 YRR A i
O .+ . .t:; a o o @) ]
o G o ) 3 3 -q o
a4 0 0. @ I3 o W@ . o O &
0 £0 o o8| & i T o' O ©
QS H O — Ho |l og | o o o H O
S o <P = r(D A A ﬁ o B g)
= . ) 5] o © B
3 =3 (&) :
Water mass _
Unzha .eeeveeens | 27 0.88 £ 0,03 ~ | 100 | 20 | 22 | 0.9940.01 |. -101 -9
Nemda seevesseves |20 | 0,90 £ 0,03 | 72 | 48| 20| 0.97r0.01 96 -5
Mera seeesvessees | 23 10.95t  0.01 5 | 52 22 | 6.9410.0? 1108 =17
: ‘eivata ceeeeses | 13 . 0,97 * 0.01 93 | 33 13 | 0.93+0.02 111 =g
" KoStTOma seee.ee.| 15 | 0.97 £ 0,00 | 93| 28| 18| o.93t0,00 | 81 15
Volga, Rybinsk— - S ‘
Yaroslavl' .
aTea sevesrees |15 0,96 £ 0.01 |+ 89 52| 15| 0.95%0.02 105 | -0
x- o
i aool / 26
‘o
t).l.
‘3>‘ 200
&
"0
(3]
gL
g8
e
‘ :ag 0 3 e 1 " TSR I
W T 20w 60 80 100 120 740 160 P
‘Transparency, cm
. R l‘ig. 5. Relation between transparency and electrical &ébnduc_tan‘c'e' of .

~ (1) Mera,  (2) Ungha, and (3) Nemda waters.
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Fig. 6. Relation between . colour  -and electrical conductance
of individual water bodies. ' .
(1) ~ observations during summer-autumn and winter periods

: 52; - observations msde by stations of the Hydrometeorologiw.l Service;
3) - observations made during high—water. '
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Table 13. .

L2

Relation Betvteen transparmcy ‘and_ele Ctri‘cal‘c()nductance :
' of river water masses. '

\

Correlation

Relation bétween

| Number of Parameters of regression -
members coefficient ’ equation } .
il;i ‘ o B _ "Free
series Slope ;4 Member | {
Watér mss of _
METa svvesesesseoc) 20 0,790.06 0.9 .= 100
- UNZha ceeeececccecp 25 0.62t0,08 0.9 - 67
Nemda seeesnsscesn)h 25 0.85!;00014- 0-9 -~ 28

.colour - and electrical . conductance of
river water masses,

Number of ~Correlation Parameters of regression
menbers -coefficient equation
iIl - . N . .
series Free
Slope a member &
. Water mass of

KOtorOSJ-' ;o;..o.-c '.ol_s — 0.81}10.05 — O.]J-I- . 85
Mem ooooocoooo--,010036 “‘0i87i0-03 "0036 132
UDZha sessseseteee 0039 -00.911‘-0002 - Oo53 17l$
Zhelmta eeesssaans _oolli- - 0086-*;0-0[& . "0091 198
Nm ..0000000000-19022 - 0.98!‘0001 ‘-1025 273




. gg’ ':Z Distribution of indices in the surface water layer of the lake part.
of the mservoir and location of water masses between the 2L, and 27

April, 1963.
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Ca Mg - distribution of total hardness, in mg - equivalent per liter;
- distribution,. units;

Pt - . colour

/30
Symbols in Figs. 7 - 10 and 12 - 16.
Water mass Modifications of Legend - Index
' water mass
- Unzha Spring — Ui
Summer low level : ' U
Freshet , ﬂ]]ﬂ]m Uf
Winter ' Uw '
Nemda Spri’ng- - Ns
Summer low level ‘ N1
Freshet ‘ E Nf
Winter o Nw
'Kostroma Spring ' ’ @ ‘ Ks
- Volga Simmér—aﬁtmnn | Va
Winter . . . W
Lake ' Spring i . Ls
(reservoir . Summer-autumn E 1a-
proper) o
T - greatly transformed water masses; -~ Distribution of eléétrical conductance ,
u mho/ cm; - distribution of bicarbonates, in mg-equivalent per liter;

P - distribution of:transparency, cm.
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Fig, 8. Distribution. of electrical conductance, bicarbonates, ‘hardness and
- &olour . in the surface water ?layer and pos:tion of water masses

May 19 - 22, 1963. !

‘ ~ Fig. 9. - Distribntion of electrical conduetance,,’ water’ colour, |
' "7 transparency in the surface layer, and- p031tion of water masses,

J‘L]J 1-5, 196].-




‘.

JRE ' ﬂg___ Distributim clactrica.l conductance; eolours: and transparency
L :Ln the surfnoo \ater layer, and puition of watar masses Ju]y 1-5, 1963. -

PR

nne.l.\n Stolp’;‘m !'ur‘lnrts .sgikolﬁikoe f?ach'ezh '_.A/Chkallov'qk

-8 5 10 5xm

_l:l_; 11. Thermal . eron-nction of the lake part of the reservoir (along
: the ehamcl stations) Ju]y 25 - 28 1961.~

N




L 36

Fig. 12. Distribution of electrical . conduétanée, tolour-
, and transperency in surface water Jayer and pos:Ltion

of wator masses.




Fig. 13. Distribution of electrical .conductance, bicarbonates, hardness
' and colour, . - in surface water layer and location of water masses,

July 20 - 26, 1962.
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[

Fig. . Distributiqnl of electric conductance bicarbonates, hardness
and .. golour. = -3in surface water layer, and location of water
' masses, for September 2 - 7, 1962,
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Fige. 1 Distribution of electrical conductance, bilcarbonates, hardness
’ .
and colour “in the surface layer , and location of water
masses, October 21 - 26, 1962.




in the near-the~bottom Lwyer and distrnbution of water masses,

February 6-14, 1963
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Igble 15
Typical values of some characteristics of basic
water masses in the Gorky reservoir.
Modificati'on : Characteristics
of water ‘
‘masgs - electrical - transparency,
' sonductance, .+ Colour, cm-
¢ mho/cm Pt units
Water mass
Volga | summer 130-190 35-60 bo-110
: winter 200-240 50-80 -
~ Unzha spring 50-100 80-110 60-80
) summer low : ) :
" water ' 220250 Lo-50 120-155
® freshet 140-180 190-120 40-60
g winter 320-350 20-30 .-
Nemda spring 30-80 80-100 ¢ 60-70
summer low 150-180 60-80 70-80
water ' ‘
freshet 70-110 : 120-150 30-~50
winter 190-120 - 20-30 -
Reservoir  spring- _ 80~120 35=~50 80~100
' proper summer fall . 140-180 ho-60 100-200
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Coefficients.owaater exchange in the Gorky reservoir

Months

Years | T (I [T | IV | B 5 S5 S R ¢ (R Y S SRV i
1957 | 0.89 |0.75 | 0.59 | 1.55 |1.29| 0.48| 0.70| 0.36 |o0.k0| 0.55 [0.53 |0.5k
i 1958_ 1 0.66 'o..81' 0.99 | 1.50 1‘.43 ‘0.59 o‘.us 0.40 0.34 0.40/0.35 6.44
1959 0.56 |0.62 o.'6j5> 1.17 'd‘..61+ 0.40 | 0.45 .| 0.34 0.32/°0.36 10,30 |0.39
1960 | 0.43 |0.64 | 0.77 0.77 10.28 | 0.27 |0.28 | 0.26 | 0.26 0.28 [0.27 [0.27
1961 |0.35 |0.48 [0.67 | 0.86 |1.28 _o..u'z. 0.34 | 0.36 | 0.42] 0.40|0.36 |0.49
‘62 0.46 [0.53 |0.73°1.25 |0.61 o.ng' 0.66 10,57 | 0.51 0;49_ 0.59 10.59
1963 -}0.70 |0.45 | 0.53 | 0.91 |0.36 | 0.30 |0.44 |0.34 | 0.29]0.28 10,28 [0.35
Average |0.58 | 0.61 | 0.70| 1.14 |o0.84 | 0.4 | 0.47| 0.38 | 0.36]  0.39 0.38 |o. bk

&




Table 17 : Z&é

. Average annual coefficients of water exchange in some resérvoirs in European territory
of the USSR.
Reservoir Period Coefficient of Reference
water exchange
. Cherepovets 1964-1965 0.9 Ershova, - 1967
Teimlyansk - 1.05 Lapitskii, 1961
Rybinsk 1948-1961 1.82 Butorin and Kurdina,
- : ‘ 1965
“Kakhov - 2.5-3.5 . Tseeb, 1962
Kuibyshev 1957-1963 5.4 Shirokov, 1961
Gorky 1957-1963 6.72 ~Our data
Volgograd - Te5 Bliseev, 1965
Kama 1957-1958 about 10 Dubrovin and al.,
1959 ‘

Uglich 1950-1956 12.4 ¥urdina, 1959
Ivan'kovo 1951-1956 - 13.6 Ziminova, 1959
Dnepr - 17.0 Tikhii, 1959
Saratov According to plan 17.0 Yakovleva, 1961
Dneprodzerzhinsk woooom " 21.0 Makeev, 1961
W‘umskoe - 128,0 Tikhii, 1959
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Fig. 17. “Fluctuations of ten~day values of air temperature,»duratidn of sunshine,
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Fig. 19. (l) - Vertical temporature distribution and (2) - electrical

conductance of water near Kineshma, May 18, 1963. .

Table 18,
‘ Average ten—day temperature of water in the upper area of the reservoir
‘ ‘ (Average for 1957 - 1963)
-Water :gauging April ¢ May

station : : ' :
' I IT 1T I II 11T
MMk.;.-..................q OQLl- lol 2.1{- l}.l& 7.6 ].l.l
. Tuta'v ‘.oooo.ooooao'ooooo-a00d‘ 0.3 105 . 3.10 5-9 802 lltl
. Y&I’OBl&Vl' [ I EE NN R NNNNNENENEENRE" 002 105 3.8 . 6.6 8.1+ 1102
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Table 19 4
- Some water characteristics in the
- river part of reservoir in winter 1963,
S , Ist cruise : IInd cruise.
Observation date | electrical -~ | = |{pH |date jelectrical | PE
‘‘point conductance, Colour, Pt unitg -conductance " Colour,

- ;  mho/cm _  mho/cm . Pt undts
Rybinsk 2 II°| 196 80 7.0 {27 111|206 . |70 |7.0
Yaroslavl' 311 183 80 17 |28 111 214 | 70 |7.0

- Kostroma b II | 207 70 7.0 |28 III| 208 70 |7.0
Kineshna ‘10 IT | 197 67 7.0 | 1 IV 22l 170 7.0

-sﬂ-,
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'Fig, 21. Longitudinal sections of bay near-mouth of Mera showing electrical

' . conductance *'and water temperasture.
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" Table 20

Vertical gredients of some characteristics of metalimnion waters in thé Mera

bay. Water density was calculated according to Berger (1955).

Hordizon,

Tempera ture

Electrical

Dene’ity

Date Gradient ' Total
m - gradient, of conductance | gradient gradient of
°C/m density gradient, due to’ density
‘ due to 2 mho/cm | minerali -8 4
temperature in 1 m zation, 10 g/em
10-8 g/ cmh A10"83/ a
19 VITI 1962 | 3 - 4 1.1 220 23 20 200
18 V 1963 | 2-~-3 3.5 600 23 20 580
30 VI1963 | 5- 6 0.5 85 21 18 103

e
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Fig. 22. Variation in electrical'. conductance' for (1) - July 20;
(2) - Kugust 1, 1962, and (3) and (h) - its horlzontal gradient’

:Ln surface mter layer in 1ongitudinal section of Nemda bay near the mouth.
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A April " May ‘
;5 23 Water level change at water. . gauging stations : (1) - S‘g.blpiho and

(2) - Chkalovsk, and (3) - mean daily discharges of the Gorky Hydro-

electric Power Plant for spring, 1963.
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Fig, 24, ‘Bemperaturo distribution in: (a) - surface and (b) - neat- -
" bottom water hyors between 19 and 22 May, and
(c) - olectrical conductance in surface laver between 23 and

2 Hl.y, 1963. .
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