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ESTI)IA[I)ION OF INCIPIENT ICE COVER FORI,ULTION DATE

OF RESERVOIRS IN HOKKArDO BI( USE OE A TIME SERIES

                      , OFDAII,ICACCU)IULATEDAIR[I]EMPERA[[rURE

                                     tt ttttt t                                                '                                                    '                                                            '                                       '                                                 '                                 tt t                                         '                                                 '                                                     ' IsaoYamaoka ' ' '..FacultyofEngineering' Sapporo
 ProfessorofCivUEngineering HokkaidoUniversity ' Japan
                                                                  /                      ttt
                            '                               /.                                         t/t t tt                                                            '                '                                          '                               1･ ･
                                                          tt                      '                                          '                           tt tt /t                                  tt t     As a first step towards understanding the, annual variation in date of '

                                 tt t                                                    'incipient ice cover fonDation in relativelY large reservo'irs in Hokkaido, the

                                       /t                                                      tt/author presents an estimation method of, annual date aboye mentioned by use of

a discrete time series of daily accumuntated air temperatur'e Da and the linearXy

correlated relation of surfaee water temperature [Dw to I)a. '.･ ..
                                  '                                                                   tt
     The relation Tw = ctDa +7e , was derived in an e!ementary manner based

on the convection boundary condition of heat transfer problems. The constant
oC was obtained as o.osl(hr-1) by using five years data in 1964-1968 observed

in two reservoirs in the middle part of Hokkaido. [Mie eonstant oC represents

the quantity Ah/mcif) where h is the heat transfer coefficient.

 ttRESUME
     Pour conmiencer h comprendre la variation annuelle de la date de la

formation des champs de glace dans les r6servoirs relativement larges en

Hokkaido, Japon, l'auteur pr6sente une m6thode pour 1'estimation de la date

mention6e ci-dessus･, employant la s6rie du temps de la temp6rature atmos-

ph6rique aecumul6e d' ans un jour Da et la relation lin6aire de la temp6rature

superficielle de 1'eau [IrW " Da.

     La relation [I}w = oLDa +7B est d6riv6e de la manibre 616mentaire qui se

base sur la condition b la frontibre pour la convection dans le problbme du

transfert de la chaleur. La valeur de la constante o{. obtenue par 1'observation
dans les deux r6servoirs au milieux de Hokkaido, de 1964 h 1968, estO.031ChirajIL)

et repr6sente la quantit6 Ah/mgf oiL h est la eoefficient du transfert de ia

chaleur.
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 XNTRODVeTION
                                            '      Hokkaido is the northern-mo3t island ofL''Japan and the northern limiting line

 for unfreezing lakes passes through the island as shown in Fig. 1, The wester'n

 part of the island is relatively low land. .
      Then, most reservoirs created by multipurpose dams have ice eover's in every

 winter (see Fig. 6) and have rather large annual. varia'tions in incipient ice

 cover formation date as an example of the .K.agsurqzaWa .reservoir shown in Table l.

 As the storage water level of most, reservoirq -in.Hokkaido is operated to fall

 gradua!ly in this season of water shortage, the understanding of annual variation

 in lncipient ice cover formation is needed for designing dams and utilizing

 reservoirs. However, fully long-period data for the ineipient ice cover formation

 arenotavailableinmostcasesatpresent., .. ..
                                                         '      As a first step towards statistic studies in this field, the author derived

 an estimation methDd of the date in each winter by use of temperature data of the

 air which are available in most site$ for sufficiently long periods. rn this

 study, observed data on the date of ice cover formation･ an.d surface air and water

 temperatures in the Katsurazawa and Kanayama reservoirs. (see Fig. 1) were very

                                 1) .･ . )(EC}IANrSM OF ICE COIrER FORMATION

      After the reservoir water reaches an unstUble isothermal condition a feW

 degrees below the 4eC temperature (about at the end of November in these two

 reservOirs), the iee cover formation of a reservoir begins on a cold day or night,

 freezing begins in the surface. And there are two factors in the for'mation of ice

 cover. One is the freezing of the upper water layer itself and this produces a
 smooth homogeneotts sheet ice. The other is the fusion'.of individual ice masses

 produced by the breakup and refreezing of an ice sheet in its e'arly stage of

 development or by the snow in the surface water. And in this conditions agglom-

 eritic ice which is rough on the surfaee and nontransparent is formed.
                                                                             '
      Xn the Katsurzawa reservoir, the surface ice forination begins from near the

 shore, then the eomplete ice cover surface is form'ed 'fre'ni 'seven to ten days later

 without any iee--free surface. [I!he term ihcipient ice bbveic''fomation in thi3

 study means the date when the entire surface is covb'rbd vii'th''ice sheet or agglom-

 eritie ice. And the last stage of ice cover forrnation is' begun near the center of

 reservoir. Nowp a very complicated mechanism of cover formtition''by the combi--

 nation of tblo factors is considered, however, in this stUdy ohl'y an elem'entary

 heat transfer model of sheet ice which is produced by rapid freezing of the

 surface-waterfilmisadopted. .1,1,.,'..''.

 HEAT BuDcEw l) . .,.
                                                     tt      AnaXytical heat budget treats the rates of heat transfer 6f the several forms

 of radiant and therxiaX energy. IThe equation for the storage of heat Qt in the
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reservoir for praetical use beeomes

        ' Qt;:;QB±Qs±Qi-'QE (1)     Where QB is the net radiation surplus and Qs is conduetion of heat from the

air when it is warmer than the'water and transfer 'of heat from･water to -air, and

Qi is heat carried in bY influent water, and QE is energy used in the evaporatSon

process. The solution of an analytical heat budget requires data on the radi-'

ation flux, sufficiently detaUed temperature series within the reservoir and in

the air above the reservoir, and temperature of inflovis and outflows ･in f!ow-

through is significant. However, only heat budget near the reservoir surface is

considered in this study and negligible tertrns are eritirely neglected f6r

simpli¢ity. Then Eq. (1) becomes '

                    Qt=Qs.',' '(2)
                                                      '                                                                        '                                                          '                                                                           '                                                        '                          2)
ffI{AT [DRANSIiiER POma･LATION

     Heat energy is transfered between the air over the reservoir'surface and the
  '                                     'surface water which' are at different temperatures Ta and Tw, respectively. rn'

this case convection are considered as a 'mode of heat transfer and the 6onvection

boundary condition is used for this study. The heat flux across the reservoir

surface may be taken as proportional to the difference between the surfaee water

temperature Tw and the Burface air temperature Ta. Eq. (2) then takes,,the forn

                    .                    Qs=hA(TatiTw) '''･.''.'''i''.(5･)･
where h is termed the (surface) heat transfer eoefficient (Keal/m2hr'c) ,･ ･.･･..

     On the other hand, when the thin layer portion of water' (depth: d> near ･the,;･.

surface of reservoir is considered and the temperature of this water mass･de- ,,
creases from (Tw)1 to (Tw)2 after time t(hr), the rate of change of heat energy is･

      '
                                                                '                    6,=mcp-g:w , ,,.,'... (4)
                                  'where m = Ad is rnass Cm5), C' is the specific heat of' water: 1 [Kal/KgeC), p is the

density of the water: 1000 (Kg/m3) and t is time (hr).' F'rom Eq. (5) and Eq. (4)

    , mc}pgut=Ah(Ta-･Tw)'''" '''-
                                                                      '                                                        '                                                                 tt                                                          '                                                        '
                    mclp(T.(t))Z,4!'lliA-g"Ta(t)dtrhAtf2"T.'(t)dt･･ (s.)

                                                                      '                                                                         '[:l,le.n...- ･.'Tg･i`･:`,',LD2gjliP D.;J:,g'II.(t)dt, '･･･.'' (6)

                     I3"(Tw(t))t.o"O<21[irw(t)dt '',,,',･'

                                                   tt ttt tt tt tt ttt                                                                   t tttt                                                            t t ltt
                                                            '                                                       'DETER)E!NA.{IrlONOFo(.AN[DBYOBSERVIIDDA{I!A ･1'･.'
                                                        '
     To obtain the values of OL and t6 in Eq. (6), records of surfaee water tempera-

ture (at the depth of O.1 m) and water temperature of inflow and a discrete time

                                         3 2e2
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  series of daily accuanul[-i`ced surfrnce air temperature (at the Dam･Control Office)

 were Studied ±n each year (l964-1968). One example of them i$ shown in Fig. 2.

  The･daily accumulated temperature is an algebraic.sum･of hourly temperatures in

 degrees obtained from se･lf-recordin.g ,continuous series,of the surface air temper--

 ature, {ewQ results of the crosscorrelation analysis of,Da(t) and Tw(t) are shown

 in Fig. 5, representing thal a couple oC,.time s,eries without shifting has better

 correlaSion. ..,, ･.･ '...      The results of computing oL ana te in Eq. (6) by using data above--mentioned

 were shown in Table 2 with sufficiently sat±sfactory correlation coef£ieients.. ,
 And oL was found to be almost a ,constant value in these two reservoirs and in .each

 year, including the similar h. F3 was also found to have almost a constant vqlue

 for.ea.ch year in the same reservoir. However, te has a little different values

 for two reservoirs, since te depends on decreasing features of the surface water

 temperature and so on. The re!ation of Tw to Da in Eq. (6) ip 1964 is shown in .,..,

 Fig. 4 as ap examp,le. Pata fr. om Juiy 1 to ,the incipient date o£ iee cover for--

 mation are gsed. Thus, the linearity of Eq. (6) obta±ned,by observed data gave .
 praetical vaiues to this simplest heat transfer model Eq. (6).. ,. . ... ..,,

       '          tttttt tt tt tt/ tttttt t/tjtt ttttt/ tttttt/t
 D.AelDTIREQUIRED.FOR:CECOVER,FH)RPULTIQN ..i,,..... . ..........,
                                                             tt
     Considering the tra'nsfer of heat energy required to change the surface water

of TleC of the depth d(O.i m, for example) and unit area, to the water of OeC of

the same volune ･and to c6nvert, a part of the water (di in depth) at the･freezing

te'mperature 'into ice at･ the.same ･temperature, the following equation is derived.

rn this case 79`67 Kcal/Kg of,1-atent heat of eonversion,must be deducted in Eq.

(6)i.･･. -,,.･･.. -.i,･･ .' ab -･- ･.1,.i,.,'･･
            -mcjoTl"80mlp=hA(Da"" J3Mwdt) .. (7)'
where' ･m=lxlxd(m3):massofwater, '･ '''
 ,'･ ･-,, m',= 1x 1x.di(m3): mass 'of water to be' converted to icei

  i.･;･.･'c=l(Kcal!Kg"CJ:.'speci£icheatti･'･../...･･,,..- ･
            ?=looo(Kgh3):densityg . ･.
                                                  '                                         /tt t            Mw =-"4 t+ !l}1 .. ,, .,.
Hence･ Dkr=.tZ4T.(t)dt=[-lltit2+mitJIi;ix-=i2cei

    .., 'D.=-･-!M!ft2?Ti+i2Ti..:Qt9i}:Orne.mp(iS2g9.,9･..i2)Tz..8L9(Xa2L/ (s).

FbeomTable21andEq.(6) ,'･',.･ ',
            ' oL= -NL =o.osi
                    mcV'

               h=O.031MXP .･ '1.,'1･..',''...'Hence

l:.l:.iSICaSe, .ll :: ],5dm2} ', ''m.ts Ad = d(IB3) ,'., ..(l. = ICDO gKg!m31 ' , ('g)
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Forexample n=t3.1(Kcal/m2hr"C) focd=O.1<mJ

?romEq.(8)andEq.(9) .･ , ,.
                  D.¥-20Tx-2580gi .･ (10)
     This relation of Da and Tl is shown in Fig. 5 ve..t. .sve plots of incipient

ice cover formation data in the Katsurazawa reservoir (1964-1968). Wl - Da

diagram in Fig. 5 indicates mutual conditions required for a complete iee cever

to be formed op t.he date. Tw of the date when ice cover formation is expected if

only Da becomes lower than some standard value, namely, Tl may also be estimated

                                                                     'by Fig. 5. Pm for Tl,,is obtained as Da for Tw in Fig. 4.

     The thickness of ice formation di may be estirnated as O.O03-O.O09 (m) for

d = O.1(m) in the region which covers five observed data. As this thickneBs

means the last part to be closed with ice cover, the thickness ef ice cover in

mostpartsofthesurfaceistobemuchmore. . ,
                                                                     '
                                                      '
            '
PROCEDURE OF ESTIICATrON
       '          '     An estimation of incipient ice cover formation in the Katsurazawa reservoii

in 1964 is shovrn for example (see Fig. 2). First, an average decreasing eurve

for Da series is drawn by use of moving average of ten days or by a free hand

method in order to know Dm value. And Din becomes lower than -1oo pe hrJ on Dec. 7

(Tl = 3eC). Daily Da after the date in its series is checked and Da becomes lower

then -140(eC hr) on Dec. 9. 'And this date is estimated as the incipient foirmation

date. [Ehis result is coincided with the observed one. [Vhe results of estimation

for five years are relatively good with errors within four days.

                                                                                  /             '

     The author is grateful to )Cr. M. ll'ujita and Mr. K. Hoshi for their hglp in

various phases of the study and he is also grateful to l(r. K. Nakazawa and

engineers of the Katsurazawa Darn Control Office, Hokkaido Development Bureaus '

for their continuous observations and surveys on ice problems which made this

study possible.
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Table X Observed

 (After

 date on ice eover in tQo reservoirs

the Katsurazawa Dam Control Office,

Hokkaido Development Bureau)

Observeddateonice cover Si' gnificantdata
Name

Year
Formation, Breakup,･

.

forreservoirs
noice--freesurface noicecover'

Katsura-- !958 Dec.28 Drairxagearea:299sq.Km
zawa -l959 Apr.8 Surfacearea:4.99sq.Km

1959
-1960

Dece18
APr.26 Motalcapacity:92.75millionm

'1960

-1961
D'ec.18

Apr.24･
Plannedinflow:(Dec･i-s)s.7sm3/s'ec

1961 .

Max.waterlevel:187m
-i962 Jan.4 Apr.Z6 Damheight:65.6m
i962 Dec.27

(concretegravity)

-1965 Apr.Z4 Damcompletedin'i957
'

1963
--1964

Dec.28
' Apr.15 Drainagearea:470.sq.Kin

1964 Dece9 Surfacearea:9.2sg.Kta
"r1965 ,May8, Totalcapacity:150.455
1965
-･Z966

Dee.Z7tt 'Apr.26 millionm
p!annedinflow:s.72rd3/sec

i966 Dec.i3
(Dee.i-5)

-1967 Apr.23 blax.waterlevel:545m
1967 I)eceiS Damheight:59.7m'
-1968 Apr.Il (Concretehollowgravity)
i968
"-1969

Dec.5X
Apr.24 Damcompletedin1967

l969--1970 Dec.i6
ICay4

Kanaya-
rna

1968
e-1969

Dece51.

Tabie 2

!Pw,4=atDa+1(3Eq.(6)
Nane Useddata

year
ec ,(fi Correiation

coefficient

Katsurazawa
reservoirt//

X964
X965
1966'
i967
1968

O.032
o.o3x'O.029

O.031
O.032

5e702
5eB74

6.640'
6.220
6.I40

Q.970
O.957
O.964
O.967
O.951

Including
1964--1968 O.031 6.XOI O.962

Kanayama
reservoir

1968 O.03X 7.079 Oe938

6 2e2
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9n .Raper l)iLYnmaokajdiT

DISCUSSION by Tsang, G.

     I would like to see some physical argument supporting Prof. Yamaoka's

assumption of d, the depth of the affected water layer, equal to O.1(ln).

Otherwise the physical and mathematical refinement in the first half of his paper

may be tarnished.

IDIs!lyEE,Ly":-Rugg!ggtEa!-£:!SCUSSIONbY k I

     I thank Mr. Tsang for his diseussion on my paper. My assumption of d to be

O.1(m) as an example is a trial (on the convenience of my having long-term data

observed at the depth of O.ICm) in thts case) taking into account that d should

be fairly small as I adopt an elementary heat transfer model of ice sheet

produced by rapid freezing of the surface-water film.

     In order to dbtain a further knowledge for assuming appropriate d, some

typical water-temperature gradients for surface-.temperature variation from Tl"c

to O "c were studied by computing the solution of the thermal diffusion equation

(or Fourier heat conduction equation) with tC (thermal diffusivity) of O.Ooo472

(mZ/hi:). The conveetion flow is neglected in this equation. Computed gradients

for various values of Tl show almost linear variations in temperature from the

water-surface (O ec) to depths of d(Tl"c at the depth lower than d) for the values

of d which are less than or approximately equal to O.1, O.2, O.4 and O.5(mJ for

Tl of O.6, 2, 5, and 10 Oc, respectively. In my data, initial water temperatures

(at the depth of O.1(m)) on the beginning date of freeze-up Tl are scattered

between O.6 and 2 Oc as shown in Fig.5. Hence, d should be less than or equal to

O.1-O.2(in). Thus, the assumption d = O.ICm) inay unobjectionably be supported for

practical problems. (In my paper the transfer of heat energy required to change

the surface water of Tl "c of the depth d and unit area to the water of O`c of the

same volume is considered schematieally. hnd the heat energy transferable to the

air may be constdered the same even in the practieal case described in this

comments as the surface-water temperature (in Fig.2) has daily periodical varia--
                                                                 ,
tion effected by the air temperature and Tl may be assumed as the mean value of

2Tl and O"c for Tl of low temperature such as O.6-2 Oc.

Namely,--i}-2TldAEY)="-MCIf}Tl )
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