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ANALYSIS OF ICE JAMS AND THEIR METEOROLOGICAL
INDICATORS FOR THREE WINTERS ON THE
OTTAUQUECHEE RIVER, VERMONT

Roy E. Bates and Mary-Lynn Brown

INTRODUCTION A second phase of the investigation includes a
study of river water temperature profiles and ice

This report examines meteorological data, ice conditions on the Ottauquechee at and down-

thickness, ice conditions (including ice jams), stream from the Woodstock Sewage Treatment

and water temperatures for three winters on the Plant's outflow. The purpose of this part of the
Ottauquechee River at and east of Woodstock, project is twofold: first to measure the manner in

Vermont (Fig. 1 and 2). Meteorological variables which warm sewage effluent, with a wintertime

discussed include air temperatures, precipita- temperature between 30 and 70C, mixes with the
tion (including water-equivalent snowfall), wind, O°C river water; and second, to evaluate the ex-
and solar radiation tent of the effect of this warm water (only a

The period of record covered includes three small percentage of the total flow) on the ice
winters November-March 1975-76, 1976-77, and cover below the plant. The report, Analysis of
1977-78 In addition to a general interpretation Potential Ice Jam Sites, Connecticut River at
of these data, emphasis is placed on the Windsor, Vermont 2 , shows an aerial photograph

documentation of climatic (cooling and/or of a similar situation caused by warm sewage
warming) trends (App A) which lead to ice for- outfall into the nearby Connecticut River
mation and growth as well as to breakup, when The objectives of this investigation can be

i(c lamming and flooding are usually a major summarized as follows.
problem After examining these climatic condi- 1. To present the meteorological conditions in

ions. this report attempts to determine the me- the Ottauquechee River basin during the winters
vorologic(al indai ators needed to predict ice for- of 1975-76. 1976-77 and 1977-78

mi
t in, lam iing. winter flooding, and subse- 2. To identifv meteorological events leading

iwwn hrnf,ikui *N dics riti e ,i ( (o ntof i(V((41- to ice formation. lanmming winter tlooding and
h!i,,,, !,r th , thre, .inters stulied is given in i(e breakup

\i)p'r,(!l Ii \ ro idditi il rtortr tOo o',ing ol 3 To determine the influenr v ot %arm ,% igi

-i, i i wtiirtn i ori t)l)ik linuir, i<Tfo. effluent on ri\,er s after ttnipertire,  ind 1( tor
,-,:r, :, i' 7 in i(,ir,i mn nation and grossth

- -
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Figure 1. Vicinitt and measurement locations, Ottauquechee River, Vermont.

West Waoodstock I MHflove,

CaHartland
f~~~e igure 2Mtroo i ('ttit oain

AND MEASUREMENTSigure 2.Mtoool0sain loationsniut~v i ~kt oiteNs

[ 1ngfand (fimrnatologtc '11 Dlai~ titonthIN suml
(RRI I t-stablished a fleirnoi)4i( al data of- ti-arv) ir Vs iiiib'tiiiI. %einiont' During the

fec lion site on the ()ttacluec hee River at the 1976-77 \winter actt t11Wt'rtir- an s iUld
Vs ooclstiic k S(evs age, I reatinent Plant iii Novem- (speedf and diiec htn vwenciitc ( ontinuI
her 1071h. Prev\iotjN to that time- 0 v durhing tht, l)tii\\ at the ( RRI i 'ate auto po.r-,hiialon datai

w~inlter W 147) 'f)), weekfs ice cihwr~at ions and "sere i,l~ainl ikor Iroill ti' %\ iioutlte k~ (fiuat..
fmpf'rilhirmiiirf! ciicahltrcit'iit, were made y ii-i a)r ' iti 'I ttitttttl *,lfltli' Itc \ti

4 1RRI I 1i'r'.innv1 )aif\ nOXI L111tr 11i iif ni mrun) tor thte 'Atnto,(" k - 1, h il Illt. t11,n ice kc )tl

air tiiirtcr A sere ohiiainc'i) t roll) the Wood tiiK gd i't' VN 11 d kii.'l !i ' I i ttelt i



Dmqo,k.m UMmean- WMnirccm--

figure ?. Vlinter air temperatures at Woodstock, Vermont:
:975- 8.

207m

1e2an0b a

MONT

b 00

4040

'Ind'r'1O~

*6 i lw -tva,, YI'~t 1, ~ ~ t/ 11 tT00{-

-t 'I k ; , e.



Table 1. Air temperature comparison (0CQ, Woodstock, Vermont.

L onl- termi
Month a verag.e 1975. 7t) Departure 1976 7' (eparture 19-' '8) 1 part all

,November 2 4 b 1 -+ 7 -04 -281 1 2 ~
jeember -5 7 -5 1 + 0 f -94 -17 -7 0 1

(anuar), -8 1 -97 -1 4 -13 0 -4 7 10 1
I-ebruary -7 4 -1 1 -4 41 -6 3 + 11 -11 -41
Maribh -1 4 -04 + 10 19 -11 -1 q

Witer 1975- 70 data trom N f ChIma 1,1 SurveN tor Waac!'o k, Vermont
W inter 1976-77 dat a from N I C Iimat 1 Su rve,, for W aa(, , k, Vermnit
Winter 1 977-78 preuipi tat ion data from meteorologir a site nea r ev%5age plianat 11)

Woost 00111k, Vernint

Table 2. Precipitation comparison (mm), Woodstock, Vermont.

Month Normal 75-76 % Normal -6-7- %, Normal -78 1o 'U orij,

Noseirber 9162 1229 1278 45 7 47 5 82 1 85
Del ember 84 1 836b 992 58 2 (r9(0 10803 128 1
january, 71 4 1176 164 7 61 ') 86 1 2011 7' 282 2
I eft-irv 658a 94 7 1439 t'5 1 989) 11 .3 50 f)

March 76,7 869 11313 125 5 16101 1151 1 171)
1 aa 19N4 4 505 1 15601 5 W 2

Reported pre(i pita t ion da ta (7 2 4 mm) a t t he ( R RI I si te were reiv te oi a% in-alI id a' am
pa red( to air aunits rec orded by other iwa rb station, I he a moun t used (2(01 7 11)[1) IN,],a
or arded ti the Woods tar k Vermoiit Cooperative S tation Site

Wi nter 1975- 71i dat a from N F Climatic So rveN tar 55oodt(slo K -ermlont

Winter 1 970-77 data from N L.- Climatic Surves till W iiarStOk or-Vermont
Win ter 1977-78 pre( ipitation data from meteorologic at site nea r w~age pilanlt iii

'A oirdsfo tr, - Vermont

Table 3. Number of freezing degree days (0CQ.

f9195-7 1976- 77 19- '8 Nrr
Month A( CcitmUlator Month Act uar la ted Month 5 (ciorirllated Monthf A ci nra ldtlii

Novemrber 2 2 28 28 20) 21 0
Oe( rnber I151 151 241 i119 217 217 17- 1(81
ionoarI 242 445 4" 1 7 22 10 51-41i
I ebrtlars ii( 44 177 89911 122 879 (1 646
Mlan hr 12 "51, 8 40117 98( 4(7 4( h,9

was installed on the OttaUqUechee River. Tent- Climatic data (temperatures, prec ipitation,
peratures. precipitation, and wind (speed and di- snowfall, and snow depth) for eight other 1r al
re( tion) Were recorded on a daily basis. In addi- stations -Hanover, Lebanon, and CRRI L in NessN
tion, water tenmperature's were electronically Hampshire and Woodstock, N Hartland [)am

monitored at two sites one near thle Wvoodstock U nion Village Dam. Ro( hester. and Caivendish in
Sewage T reat metit Plant (IFig 0r) and the other Vermiont -were exanmined as ia niea (sirt ovri

near Quek hee at the Yankee Musket Shop (fig Is-ing meteorological ottdit ons (lit the entire

1 ) Be( ause of rec(order and thermistor (able dit- OttaUquechee River drainage basit"" I 1ih,
fia ulties. only one site (the Woodlsto( k Sewage talbles ill Appendix A SUmnlari these dj ia
I reatment Plant) (ontinUously rec orded water Teeadttn uat e rs~e~ so a~
temperatUres iti lanUarv 1978 valuable during thle Issur 'ojgnitiatit v% (titer l(ie

4

1Ir

ZIA- . ,



Ir, ( ri .. ~. ti I I hIbtde ol I(1A ! ' Ia t 10(1 lodina per t io the

1 1 7'ximu% nate% ii Itoe hat, la( o aited ros t

anar flef Sftenlt ttI r irom temperaT re ot ap-

ONT RIVE ICE IOE Coiqtncn ith the irnid Hing ei d tem e

ture was heavv raintallI which accounted for
Winter 1973-76 over one-half of J anuary's precipitation' The

In conipa,on~ to tilhe vs inters of 1970-77 and combination of ternperatures above freez ing
1()7-/-' the inter wt 1975-70 was wvin Corn- and heavy precipitation on an already high

ire~d to the long tlerm is erage air temperat ores, water-equivalent snow cover" caused extensive
ttiiovever, the vInter ot 1075-7f was, closer to iior- flooding and lamming of ice on the Ottau-
"11.1I than the to) lowing two winters Air tempera quechee River (F ig B1 )
ttires in No~ eniher I1975 and F ebruarv 1970 were The period of 4-7 I-ebruary witnessed a quick
signitci ant lv higher than normalI (Table 1 ), and end to the I anuarv thaw as temperatures rapidly
ree/ing idegree daN, d id1 not begin to 1 LIIIL- dropped (F ig 7a) and ice re-formed around the

lite until eirlv Dec embher In mid-l' ebrUary 1976 jammed and rafted ice (App 8I.
the, numbher of a1((iUlIa1ted freez ing degree However, the remainder of F ebrUary 1976 was
ili s began lto ditfer noticeably fromi the long- extremely warm, with a mean daily air tempera-
term average~ Jig -) and] Iable 31 ture of -3I 31C. 4 10(7 above the long--:erm aver-

Vs ithF the ex\( eption ot D~ei ember 19)75, and to age. Because Of the higher temperatures and no
dlesser estetlt ,.an( h 1970, there was abnormal- heavy rainfall, the ice jam on the OttaUqUie itee

Ns high pun, ipita ton (Table 2 and Fig 4) Table 2 River disappeared gradually with no further
shows, that In \oS em~ber. I anuarv, and F ehroary damage by 1 March (App 13), two weeks earlier

qpre( ipitato tiryi aouints were. respe( tivel\(, .27 8. than during the two following winters
64 7 ind 41 994 higher than average

447



1975-76Winter 1976-77
In contrast to the previous winter, 1976-77 was

10 typified by extremely low air temperatures (Fig
3 and 5, Tables 1 and 3) and below-normal pre-

0 cipitation (fig. 4 and Table 2). Temperatures in
November 1976 were 2.80C below the long-term
average, with a mean monthly temperature be-

-10 low freezing (-0 40C, lable A2). 1reeuing degree
days began to accumulate on 8 December, 17

-20 days earlier than normal (fig 5) In addition,
precipitation in November was less than 50% of

-301111~el 1,1 11 11 _ 4normal. The lack of significant preipitation,
-30 C J n-e a coupled with below aegetemperatUres, led

Month to an early freeze-over of the Ottauquer hee

a. Wnte 197-76River. Ice was first observed flowing in the ri-,er
a. Vt/nter 175-76on 11 November, and b W0 Nos-emibr f reezte

over occurred on the I aftsville Vond (App fit

197-77In Deemher. the mean tenipt'raito otv ss 40(

20 -belows noria I ( 91040( f and uPte-r 2901 lrFt c -,iti

(Jegret' dayvs wtrt' rt( orded 1 ,- i 4-N.4-t

10 - ~thoLugh dam1IN temptiratUrt''. ros-- ,timt\. a\,,ai.

nIm~ir ternpt'rattire'. ,ipprotmi hcit-l d -Iirin !hit.

o ~~iI re(o(rdltd ()n 12 lDe tmbor' Ii.it 1r ti~id

10 - cititedl slight ratting 'Ind1 I'iil 9,i,4 I !)

the 01tauiquoe hit Ro.(, ti s'.li I,*. I

Jo0~ ~ ~ ~ ~~~~O, Feb1I) 01,n111it ot rainitall Owsct*'i:i ,t- i.

Nov De Jn e Mar I hi' retii dtiti of itt t- tioith vs ,! - ti w Ii

.3 ~ ~ Mot anrd 2lf I i d i 'r-Sis .oii int ii '- tii t t

b. "'n e %\I,, t'i't'ii ( ' l titilo.ii.. nt I it- %\jI~ lit! ti1

of 40 -r c/n I.r-i a ' 1 , h l'rid ,

tj1~( -) H 10 110,1 \.~li I'111L- % J

19 7 7 ,ir l oA p 1it,% mt r (-

\.,m "ro Ig(n wfOf. j

SbITT 1o s il RV , th t kilosii ml th - 1 l 1It i',

V I ,'ut' N i'ai (difb air lt'nIj~'r~litt fo t itt v.et' ii it ii tu d ta it (),i t) \% '' mit

N, Derttr' J" Ce Mar- t1 lii iilI iiir I o Ivi e at Irv d.t , ) (t- )
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1 es', thloa 0rmil pre'( ipitat ion I roni Noveni- ture measurements at the Yankee Musket Shop
iewr to I t'hrtiars % is tollowt'd bv 1295 mmr of pro- were unsuccessful because of recorder problems
ipitat ion in \Iarc h, Ift 6% of the normal 77 and destruction of the sensor by i e, movement.

niii Ill~e 2' ()tt t his pre(ipiutaititun, 52.8 mmr November 1977 was near normal, with no ex-

42"0 ot the mointh's to~tal) fell from 1 3 to 10 treme climratological variations. Temperatures
Start h' Ses a-rn ai avs prior to the rain, tempera- were slightly above normal + 0.8 0 C, Table 1)
WurS 10Iirrer )--,0(' aboAe the MonthlyV mean1 Of and precipitation slightly below normal (85.3,
1 91( (f ig -bl, wimh was Itself 3 31C above the Table 2). Ice was first observed flowing in the Ot-
long-term as 'rgr' tor Marc h (T able 1). As in j an- tauquechee River on 27 November (vs 11 No-
oarN' 1976. the high temperatures, ou.pled with vember the previous winter), but it was not until
abnormnal Is high pre( pitation. atised estensive the major cold spell of 8-12 December (Fig. 7c)
It e tinid '.Ut)5eCfIeflt tloo~ling (Fig.111,.134, that the Taftsville Pond completely froze. As il-
aInd 115) Siusx d isamwrart'd virtllyII overnight. lustrated in the observational records (App. B),
ritot 0015 at v~oodstouk. but at siti,, throu~ghout ice rapidly formed at many Ottauquechee River
the lo( fl area !or e'sdnipl&'. it Hainover, New locations during this period. Significant snowfall
H aimpshire !I (iii ot snow mieltedt overnight in also occurred during December and January.
the periid twil ()-10 M-.arch' Although recorders broke down in December,

It (an thus be hypothesi/ed that heavv rain, water temperature data were obtained for ap-
pre eded or I( oripanieti by a soidden increase proximately one-half of the month. The mean
in air teemper.itt ore and (ombiried with an esist- maximum temperature of the water for that time
n.ig high ss at tr'equivaient sno%% t over, -auses period (20 days of data) was -0.01 'C. The mean
nolt ol Is a iii nL andl raiting ot the it v0 or, minimum water temperature (only 13 days of
Mt 1110 It i dlli It fig tu'illper~itrires alone .in data) was -0.28 0C, giving a monthly mean water
aoLse .iimiiing aind ratting te g in D)e( emher temperature of -0.14CC. This negative tempera-

I 976], hot thesC' onl t the problem is in reaised ture can be attributed to three possible factors.
o hen high tenperitore is i omhined with v\- First, the recording device experienced mechani-
e(sf , "I"' i "1" 20-211 hianuair 19)70 1 1 16 cal difficulties and electrical interference during

\i0inu h I,)--) the early winter period. Second, slush ice forma-
tion around the sensors could have caused incor-

Winter 1977-78 rect water temperature readings. Third, frazil ice
The winter o? 1477 -8t (ouild best be described was observed and the existence of supercooled

as a winter oft ost illation. in terfws of both tem- water (<00C), in conjunction with the turbulent
IeratUre an(! ;ire ipitation 1-reel ig ir tempera- flow of a river, is associated with this frazil ice
tiires ( oniiii'it d slighl L -i ti~ -haii in 1976-77, formation'. Figore 8 gives a plot of the average
tioss ever. spring breakiup s s site in arriving. The daily water temperature obtained during the
977-78 winter Nos'u'nitier- %Au 'ii ) was colder period january-March 1978

.1. Iiaiirorni a I. with "he' o !'niw~rat ores (Fig I Although [Der embher 1977 coulId be considered
irid t)) ii orini.d hs insu irlflii jlrer pita- a wet month, with pire( iIitation 128% ot normal
on j-ig 4., sail all ii oloars empe-ra I tirs (table 2), ariuary 1978 definitely experienced

o ere riot as, io\s is those- e~porien i'd through aIbnormally high precipitation. For example, the
IanlUarv of !t- prWOLS writer However, in con- Woodsto( k, Vermont, Cooperative Weather Sta-
ra ,t to the relatively early arrival ot spnirig in tion (data in(complete at the CRRF IL meteorologi-
IerUarv t1f7' temperaitUres rermained signifi- al site) re( orded 282%/ fJnar' vrg
anitk Ibelows normalI in fehrtriary inid March 1978 precipitation this figure is compared to that of

*f he latc arri a t htier t('rnperatur'% is evi- three other lo( aml stations in Table 4.
demi i'd hy the 25 .ytarr hi ii v breakop dlate vs 1 Two minor thaw% o( curred in I anuary 1978 (4-
%SIiri h in 19176 anid to 1 ir( h in 1977 9 January. 24-20 January), causing slight jam-

In ,idaltin ,i) -heu dtail air temperature antd ming and raf ting of the ice (App B) I he second
%Itnil (1.1ta ;t i'sioosi\ monitored at the (RRF t thaw was the more serious one According to the
ti', ptn' qWiat t r anrd waiter tenriperat tre were observational report -'thaw and heavy rain
ontiuoiil -'u irded during thi \,%inter of caused flooding and a new ite jam at Wood-

11177 78 \V,uta -r irilfieratui's were elet troriically stock'' (F-ig 116).
mioniritoire'd it 'sso sites un the ( ttauquerLW hee On 9 IJanuary 1978, the water temperature re-
k<is Pr i A u. lst! i k eargic Plant and Yankee cording system at Woodsto k was put hbick in

\iii 'ki t shop fi Q H owf'ver. "sater tenmpiera operation. Water temperatures oscillated slight-

L ,3 "1
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S4 -Table 4. local precipitation:

E january 1978.

Ii. oft 21 1 1
2(tiH - I2

jon Feb Ma, ),t'ir21,1
Month .,tnd' 2-1

I igure a. Averaige dii/ water temperature near wae2.
the V'.oodstock Sewage treatment P'(ant: win-
ter 1977-78

k dUring the mionlthI, hoivering bairely abhove' 00 C
airid rising slightly with high air tenmperaturtes 8

prior to flte rain% o1 24-20 Janua.1,ry (I ig 0)i
I liV ()ttauue hee River ret ro/e in early Ileb- 6

rUdrv Ili terii ot ( liniaitt I ehruaroo, varied More O

f romr norml than 1,11iiuarv Not only wa% the4

liniei Ilv temipera ture 4 10C( bolow normal i

(1 able 1) with over 100 more treezing degree2
das(I able 3), but pre( ipitaititn A4as even mre / L ~ ~

sigritit ,iit when it is noted that riost of it 0 ?24 25 26 2? N4 ?9

(88 8%) It'll Iii jitsiid pt-riod j8~-4 1 ebruary) Days (Mo ch 1978)

dunring a severe snow% stormi. whil' the remainder
of the j)ionthl w,is dry ' I lit' om hi nat ion ot low Iigure 9. At erage daf, i sa ter temperature'
temiperatu res anid ll( k of pret, iittion illowed near the %oods rod. Sev age 1 remefltI
helit ev over ti o it ONl re-torni (App BI) PlIant. 24 29 March 1 978

Water teniperatu re ( ut Fiii'd to Itu[Jttat
slighit l, rising to a masiriini1 daily rmean ot
I) 0 0 C onl 7 1 ebruar . and theii dec reasing to the i t, I lhe assm ittd gratal "s armnilg of the

0(on 14 1 t'hrlarN I he end oit the rionith sawv ssatt'r, tvident late inl lit' ssinter (I ig 8) aind
tlit, beginning of slighitlv higher \s ater tempera detailed tor the lanst vsse' ot Mart Ii iii I igore- It
lures the start ot the seasonal "sarming trend ai1ded this prtot ess St' ond. hiet atbst' ot januming

Mart hi 19~78 oritiriued to hev ( iioler than aver andl nmeltiiig of thev itt v o\ en earlit'r ill flt, % Inter,
age, (air temiperaturt's 1 t)o(' belovs the long tii' itt thfil lsne'ss \,%as less than r'\peit(l d liti
termn a.vrage) I reezing ttrgrev da\ s at umu- ever, a t onipltlx open n is tr (lninil %%,ts not
lateil into early Marc h, surpiassirng the ttotal nuni reported Mnild 21 Mair h 1478 (laiter thin th it i
her ot tree/irig days ot the pres. ious winter (Ifig \.ious tso %% intersi, tdlots irig wssti dis , ut lvI%'i
')) I hev t rev., irig degrt't da, t iirvr' rema lit'd its ra in

* ~pea~k tduring fltt riiirth anid started tti tet: lint' as
a ritii e'ahle warmnig trent be'gair (Ifig 1) As in
the prteviouis yt'ar, 1prt,( itnitaitioii"was above avter ANALYSIS Of ICE FORMATION AND DECAY
age (1 17'%), althou.gh utit to the samet extremnt
( lahle 2) No signif it ant addit iiinil tamniing aind Mechanism of ice formation
flrotding ot flte river wt'ri tihst'ri'tl as the itt' As air tt'inliirattirts drtop birloss 01( . a ss ater
graitoill iTivlted, tesiiitt' tI'~ pnf'( ipitatiori 11% hibotl respiontds tti the heat luiss b\y iormnnig iot'

an11 i', at tribted'u to two i Iat tiir% I irst , the slow I le%it' etr muikst lit tiooledt ht'lt% th eq'u'tilIibritum
bsarniiiig tro)I (i t' air tniiperittires slightly pint ot 00( hietotir it ' alililars A slight degree
ahio\t' tre'liig tduririg thle thay "sith trei'tlrg teni of supern iiliig was apparent ini te (ttatitttte
jtiUrit's ,it riight) pernnlittt'd gradtltal rno'lting of li'e Ris en, as i'vinisu i'd b\ iu.,isiurinnunts tit
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water temperatures during the 1977-78 winter. (hee River on 11 and 27 November respectively.
Ashton contends that "in rivers supercooling Solid ice was reported by 15 December 1975, 30
is seldom more than a few hundredths of a de- Noverber 1976, and 10 December 1977
gree below 00 C when ice first appears."' Al- The physical characteristics of the river re-
though the temperature sensors installed during mained nearly the same during the three winters,
the 1977-78 winter were accurate to0.050 C, elec- as did the amount of effluent flowing iio tnE
tronic noise difficulties with the strip chart re- river. Thus, assuming that meteorological vari-
corder and frazil ice collection around the ther- ables such as radiation and wind are negligible
mistor at Woodstock prevented accurate contin- in comparison to the effects of temperature and
uous measurement of the water temparature precipitation, ice formed relatively late in
during the critical ice formation period. A mean 1975-76 because of higher air temperatures and,
water temperature of -0.14 0 C was recorded for to a lesser degree, precipitation. In contrast to
approximately one-half of December, indicating the following two winters, temperatures in No-
either supercooled water or an ice-coated senor. vember and December1975 were above the long-

After the temperature sensors and recorders term average. In addition, precipitation during
became fully functional on 9 January 1978, con- this same time period was at or above normal
tinuous monitoring of water temperature was (Table 2). This rainfall led to increased flow in
possible The water temperature beneath the ice the river, preventing earlier ice formation.
cover remained extremely close to 0°C (0.00 -  However, November and December 1976 ex-
01 0 C) from 9 lanuary until nearly all ice melted perienced temperatures significantly below nor-
in late March 1978 (Fig. 8). mal, accompanied by below average precipita-

Air temperature is not the only meteorologi- tion. As a result, ice formation and growth were
cal element controlling ice formation Other me- accelerated.
teorological variables that influence ice cover The precipitation and air temperature during
formation on both stationary and moving bodies the beginning of the 1977-78 winter season were
of water include snow cover, precipitation, radi- near the average of those of the two previous
ation and wind. On a moving body of water, winters (see Tables 1 and 2) and this period was
such as the Ottauquechee River, the physical thus more typical of the expected conditions.
features of the channel also play an important This is also reflected in the date of ice forma-
role The size and velocity of the river influence tion, which was the approximate average of the
the amount of mixing that occurs. Furthermore, two previous winters.

influx from tributaries, the quality of which is The relationship of precipitation and air tem-
heavily dependent on precipitation, sediments, perature with river ice formation and breakup
and water impurities from sources such as the at- continued throughout the remainder of the three
mosphere, power plants, highway salt and sew- winters. For example, in comparison to the fol-
age treatment plants, influences ice formation lowing two winters, the maximum amount of ice
and de(ay rates recorded at any of the sites along the Ottau-

Finally, because of the dynamic nature of the quechee River (Fig. 1)was significantly less in the
Ottauquechee River, uninterrupted natural ice 1975-76 winter. The maximum amount of ice
growth is rarely recorded over periods longer measured in 1975-76 was 58 cm at the Taftsville
than 00 davs For example, (luring the three win- Pond on 12 February. In contrast, 91 cm of
ters under ( onsideration, high temperatures, a( - frozen frazil ice (nearshore ice) or 76 cm of mid-
(omp)anied by heavv rains on several o( ( asions, channel ice was measured near the Quechee Vil-
- aused melting, i(e floes and jamming of the i(e lage Green on 2 February 1977. Even during the

. (over 1977-78 winter, which experienced two thaws in

January, 74 cm of ice remained on 7 March 1978,
Ice growth and decay on the Ottauquechee 6 m from shore above the Woodstock Sewage

- River, 1975-76, 1976-77, 1977-78 Treatment Plant (App. B).
During the 1975-76 winter, data were not ivail- The winter of 1975-76 also experienced an ear-

able regarding the date of initial free/e-over IV ice-out date Ice had virtually disappeared by
lbove the Woodstock Sewage Ireatmemn Plant the end of February 1976, whereas normal river
However, the date of the appearane )f frauil ice was still 41 cm thick on 16 March 1977 Dur-
i( e was recorded (17 De ember) In ( ontrist, ing the winter of 1977-78, the ice was 43 cm thick
during the following two winters flov;ng tra/il in the middle of the river near the Yankee Mus-
and slush ice were reported on the (ttauqjUe- ket Shop on 20 March Even after (onsiderable

-
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pre(i op~tatioi duiring 21) 25 %idre i 1) i' PC IA e i I( 4- 1 *iks P~ondts

I- InII) still remOainiedi It sevseral site'si Apit) I Qiii hieei I ,ikts I afttSI lIt - P(ini

t Iigheitr t haIn nor titi l Iat vI' 1 eruart a r Iid e'1,eIr I The4 ItIestI I(n relaIdns a% te()I, whjt mnet eorolI(eg
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tat tior in the earls I( v'out was thle e'i~re I( v aril te'riptrature" dl t onipanied bs hem.s v ramnfall

and the subsequent floodl that oie ( irri'i on 26 28 v hu h m re'ases the ntlu it of %at,r front treio

I anuarv 1471) t,iri's) oni a high water-equi\,ileii snow% i o\,t-r in
I n t he tI Iow ing tw o " I en Irs 'Mall1 I( qe clii' t reases the likelihood (It sev'erei I( Iaiiiiig toid

Unal( ( oiiipanied bv rain tormnede during I1 1 1 Do high water I he avaielable data indio: ate thait I( ni

Ienmher 1976 and 4 9 laenuarv 1978 Another jen appiroxmmte's I It of intertiie rainfal~l in the
tormedl late in lanuarv 1478 (24 20 )lentiers) as a I. )tquei heve Rer drainaege basin in a 24 hir lie

re'SUlt (It a heavv raiin storm., hemwe'se'r i n the nod o n a high w"ett'r e'quis~ele'nt snoiw Iiover

iother two sm,ill I( o ~nis, niot all a *as we're at t oses, signitie ant flocoding aend it e' aninelifig

tet ted he(t do e air temperaeture's rose onIN sight 'Sonic' gn 'inidigr raftting andl jammiiing of the to

IV above trpeing As opposed to the Ilinuars ose\,tr 1spiilm 11 (lie tr e'd va h spring, ais ithe raplid

1976 1(e lam, 'olow-normial air temperatures iii arris al ot \,arm weaeher does not niirniaill aillo%%

mediateIv tollowed these i(' janis tat ilitaing the. Ie( i.( er( time'. to ne'lt Ini pia e' 1 (if e'sanitlv

(omplete f ree/e-over ( Ilable I1), a , iindition the' spring (ot 1'178 e'spetie ee a graecti.il rise' in)

syhiil h "as not present atter the 1117(l iti , 1i tempjeraitures tiiiliiwi'i his no~rimal raiiiitill I hti'

Prioir tio theI ci jam tlooding (it luniuars !(- 'oliuidmg iinii aniining dhid r ,u akiii'' iki

more it c' was obsersed in the' ( )ttaique hee piriohlemns a (htiite i efrtrst Ic \1iri h it III

River thanr at similar times during the tollowirig "hen havs rain aind a raplid il reast, inthe I aimr

two w inte'rs Again, this re'dLI ed ie I' depth ,an te'mperaiture oc ( urred siniiiltaiiie'ell

he attributed to the e'arlv (e jam, Ii l)v'e e'mier Hoeever is demoristrjet'e inlinuJIJirs t11476

1976 and4 earlv lden!.Jrs 11 78 aind tol a le's~er e'xtent ill [De( emer 1'C0) i111d len
The seve'ritv of the ratting .initlinniiiiiu I(e' in oars 1978 (Apip B)L ile lamming is, piis'ihc ait

I anu.a.'A' 1976 and the resulting high "a~ter ins time' during the w infer gis en the aepjropri

le'are'd out the majoritv ot the ( e'. as it ailso did ate rne'te'orologo( al aend p1 I sal ( onditioics

in Mare, h 1977 Although the ( c' re'-tormed in

e'bruarv 1476c signit i( ant ie e grolwth vwas, not re'

ported The re'lative Ilk of I(c' growth (an he it INFLUENCE Of WARM SEWAGE EFFLUENT
trihuted tol the ahse'n e (it the ne "sirs nietem ON RI% ER WATER TEMPERATURES
rologio: al ( otditioiis (i v' loiw tenipe' r f ore il AND ICE CONDITIONS
long duration ad~ little pre ipitatiin)

WAhat ( JLISe' the' I ic tio jam mui %hat ieter -\iiete ifici lte (it thi" re';urt is the -\,mimi

rnines the iverit, (it the i' I, ii/ I (hinmd' MIti if tc e\tent aindi Ittli it the'rniiil cilhicril
morphologii is a signitii aint dttiriiiinant As (i', iltti' iroii the' \A iiidstii Is 'stv%%age I re'iti'e'ct
fined hy Calkins et al ''areas where Ile C ais llt (M the' ( )ttauqueo hee Rie'r s e' ( i\er

ge'nerallv form are- 1) o: onstra tions. 21 espeised IThe aiiiuct ut this tleiw is insigeiitit anit %% hen

rotk out( rops and mnan-nmde strut tore's (hridge I I ipared toi toitail rive'r flow Npproiia~tekl

piers), 1) long, low ve'lot itv, de'ep water pools. 40(0 000 galI is, isi harged dailv into the ris ir.
aind 4) shallow sco' tions ao: oss portins ot the k-ss thani 2% ot the rive'r s toitil flow 'Hoeiwiver,
hannel whe're grouinding of li(e dloes o:ould he as illust raited in) thle photographs IF ig w-7 and 1181.

Initiated "" Areas along the Ottauc~ue':hee River the signit ii Ii e' ut this warm wite'r inpuitt I dumnot

whit h are suse'p;tihle' to grounding and jamrmng be' tiui Vtlr'tmn~ited T he e'ffluent ( nibines vert i

of ic are, Outlined as fol lows (from App 2) ( alIk withI the ri\se'r wa~te'r and prli: veds downi-
1 Bridges st re'am l he wa rmer etf lue'nt t he'n e'spands later-

f lmn St hridge in 'voodsto( k allV hs t urhelenit nixing, as vsplained by

QUei hee Lalkes bridge (gelI ( Ouirse'l) Ashton''' and F nigmann' Ii the open sortmie
2 Da(,ms area the late'ral niimsmng is similar to that during

I attsvillIc and Que'chee non Ito' piriods hut bie'ne'ath the Ie (cs er the
4 Near WAoodsto Is Se'wage re'atment Plant iinig rite is approximatm'lv one'-half that Ii

douhle oxbhow) opileni 5% itr c iiiiticins Thu%, the late'ral nix



Table S. Water temperatures* as influenced by the influx of warm
(approx. 60C) sewagte effluent: 1975-7b winter.
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APPENDIX A: CLIMATOLOGICAL OBSERVATIONS
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APPENDIX B: ICE CONDITIONS, FIELD REMARKS AND PERTINENT PHOTOGRAPHY

DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

1975-76 WINTER

17 Dec Frazil ice flowing. Water temperature at
Quechee Clubhouse 0-O.1*C. Possibly some
super-cooled water near shore. Water

temperature near Woodstock Sewage Treatment
Plant outfall, 3-4*C. River temperature 5-7

m below outfall, 0.5'C. Temperature of
effluent at plant, 6C.

2 Jan Ottauquechee River at Golf Course almost

completely frozen over, covered with 3-5 cm
snow. Small open area near bend at club-

house, water temperature 0.05
0 C. Frazil ice

in water. Clear day, air temperature -18 to

-12 0 C.

At Woodstock Sewage Treatment Plant the ice
and snow conditions the same as at club-

house. Open river channel at outfall pipe
and downstream 30 m. Open channel I m

wide. Water temperature probe placed at

outfall pipe. Water upwelling, temperature

-7.5'C, 2 m downstream temperature 2.5°C, 9

m downstream temperature 0.05'C.

14 Jan Quechee Lakes: Air temperature '-18 0 C.

Sunny. River covered with wet snow. Water
temperature 00 C.

54 At Woodstock Sewage Treatment Plant open

water extends 450 m downstream. Ice thick-
ness measured 6 m upstream from outfall

pipe; water temperature OC. At pipe water
temperature 1.5*C. Downstream -6 m tempera-

ture O.bC (temperature readings taken near
outfall pipe depend on where probe was

placed with respect to pipe. Readings on
successive days vary due to difficulty of

finding the same location when heavy fresh
snow covers reference points).

At treatment plant and Quechee Lakes, frazil

ice flowing in open water.
21 Jan Quechee Lakes: Little change in overall

conditions. Water temperature O°C. Ice
unsafe.

g G ' l i-AI Ok I '  17" I
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DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

bi-64 Woodstock Sewage Treatment Plant: Two holes

drilled 6 m apart. Ice measures 61 to 64
cm. Water temperature 0.05*C.

At outfall pipe opening in ice -61 cm

downstream, water temperature 2.45'C. 8 m
below pipe water temperature O

0 C. (For last

three weeks ice surface consists of small
soft snow hillocks 1 to 4 cm deep below

which is ice and soft slush.)

26-28 Jan High air temperature coupled with heavy

precipitation caused heavy flooding and

severe ice jamming along the Ottauquechee
River. High water caused by over 6 cm of

rain in a three-day period. Air temperature

rose as high as 8C (Fig. BI).

A .

Figure IB!. Ice jam at Quechee Golf Course bridge,
26-28 January 1976.

"A"

12 Feb 13-18 At Quechee Lakes new ice formed between and

around old ice jam conglomerate that

settled. Water flowing between ice layers

and underneath ice jam. Water channel flow

restricted.

43-51 Quechee Lakes Mill Pond ice covered,

Woodstock Sewage Treatment Plant: Ice jam

entirely around sewage outfall area that

extends I mile upstream and I mile

9 18
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DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

downstream to Taftsville Pond. Small area
in the jam near outfall pipe is thawed.

Area is 60 cm wide, 3.5-4.5 m long. Water

temperature around pipe 1-2'C both slightly

upstream and downstream. Water temperature

2.5 m downstream 0-0.3'C.

45-58 (variable) Taftsville Pond: Dirt layer observed in ice

indicative of the flood. River ice

temperature isothermal at O°C, measured at

10, 30 and 50 cm below ice surface. Ice

closer to dam of variable thickness.

27 Feb Ice jam has rotted out downstream from Elm
St. Bridge in Woodstock to 250-350 m above

Woodstock Sewage Treatment Plant. Water

flowing through new river channel cut across

Billings Farm field immediately below sewage

treatment plant.

20-46 At Taftville Pond the water has started
flowing along shore.

Water temperature near Woodstock Sewage
Treatment Plant outfall 2-3'C.

Water flowing over and through portions of
jam. Water partially open upstream from

jam. Water rising in Ottauquechee and White

rivers as air temperatures on 25-26 February

10-18 0 C.

I Mar Ice at Woodstock Sewage Treatment Plant
melted as far as 180-270 m below plant by 28

Feb. Jam completely melted out of

Ottauquechee River down to Taftsville Pond

bv 29 Feb. Ice remains on Faf[sviLle Pond.

2 Mar Ice balls flowing in river. Frazil ice.
Ice or slush balls (8-13 cm in size) caused

by heavy snowfall at -7°c air temperature on

open water. Frazil ice flowing beneath

flowing ice balls.

1976-77 WINTER

11 Nov Slush ice flowing in river at Tat sviLte.

12 Nov First ice cover forming at Taltsvilie. At
Woodstock Sewage Treitment Plant water tern-
perttLire 00C.

29 Nov Ice al(ng shore of Iaftsvilie Pond.
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DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

30 Nov Freeze-over of Taftsville Pond.

1 Dec Solid ice cover on Taftsville Pond.

11-12 Dec ---------- Ice jam on Taftsville Pond caused by warmer
weather and rain.

16 Dec Ice jam area rafted along eastern shore of

Ottauquechee River, 120-150 cm high (Fig.
B2).

Figure B2. Jamming and rafting of ice behind the
Taftsville Dam, 16 December 1976.

19 Jan Woodstock Sewage Treatment Plant: Air
temperature -27%. Bottom water temperature
at outfall pipe 0.8%. Water temperature at
surface O.7°C. lemperature upstream of out-
fall pipe O°C. Temperature 3 m downstream

from outfall (mixing taking place)
0.1-0.3°C. Open hole (1-1.5-m diameter) at
site.

33 90-140 m downstream of outfall: Open water
area in fast waters 180-220 m downstream

from plant.

2 Feb 76 Mid-channel, Quechee Green.

91 Near shore Quechee Green (mid-channel): 31)
cm snow cover, 96 cm water depth under ice.
Water temperature 0.1-0.30 C. Ice

temperature -2.5 ° C.

20
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DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

41 Quechee Clubhouse: 5 cm snow, 66 cm water

depth beneath ice. Ice in area grounded and
rafted. Ice temperature -1.5*C. Water

temperature 0-0.2*C.

48.3 Ice measured above partial jam at
Taftsville. 122 cm water under ice, 20 cm

snow cover. Water temperature 0.1-0.3°C.
Ice temperature -0.5'C. In general,

considerable amounts of ice rafting, frozen

frazil, and anchor ice as well as new ice

formation in river.

12 Mar -
15 Mar Ice jams in river above Taftsville Pond and

above Quechee Mill Pond Dam in addition to

other are.s. High water on river 12, 13, 14
March from snow melt induced by over 4 cm

rain and warm weather. Ice jam formed

upstream immediately above Taftsville Pond.

Jam caused by remains old ice jam which
formed in late Dec. 1976. Old ice jam, new

ice formation and frazil flow caused ice jam
in river. Many areas frozen to bottom. Ice

flowed over river road. Huge ice jam also

formed above Quechee Mill Pond Dam.

Quechee Lakes: Quechee Golf Course Bridge

taken iut when ice moved in night of 13
March (Fig. B3). River so jammed with ice

Figure B3. Quechee Golf Course Bridge destroyed by

moving ice jam, 15 March 1977.

21
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Figure B4. i4ce rafted on Quechee Golf Course, 15 March
1977.
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DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

struck the solid ice behind the dam, it
shoved the sheet of ice forward, destroying

a log boom across the river.

16 Mar Jam just above Quechee Lakes office and
above Taftsville Dam. Blocks from old jam

piled and refroze in river. Some blocks up
to 1.5 m thick.

Normal river ice (41-46 cm thick) rafted on
shore. Ice sample 36-cm long taken on

shore.

1977-78 WINTER

27 Nov First ice flowing in river. Ice was

generated by snowfall and contains slush ice
with small amounts of frazil. Water
temperature O°C near shore and -0.5°C at

mid-channel. Overnight air temperture

-12 0 C.

28 Nov Taftsville Pond: Ice along shore. Slush

and frazil ice in river.

Temperature sensor installed 46 cm beneath
water surface at Woodstock Sewage Treatment

Plant.

29 Nov Less ice at Taftsville than previous day.
Higher air temperatures overnight. Water

temperature O-PIC.

2 Dec Water temperature 3*C at Woodstock Sewage
Treatment Plant outfall.

5 Dec Water temperature 0.15 0 C.

6 Dec Water temperature 0.05-0.1°C.

I 1(1 Dec Ice dam near Quechee sewer outfall pipe.

Solid ice above Quechee Mill Pond Dam. Ice
and frazil flow above dam. Frazil and

anchor ice at Taftsville and downstream
7hrugh y,, f course in areas of rapidly

moving v . Solid ice along shore of
river an, kpstream from Taftsville Pond.

Tattsville Pond mostly frozen over.

Frazil and anchor ice at Woodstock Sewage
Treatment Plant. So lid ice a long shore (1. 5
Sott from shore).

2-



DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

River frozen solid upstream of Quechee Mill
Pond Dam to old water level recorder site
(where road splits to W. Hartford).

Recorder fixed at Woodstock Sewage Treatment

Plant. Water temperature -0.2 to 0.3*C.

Ice formed around thermistor, necessitating
removal and placement elsewhere in area.

11 Dec Freeze-over at Woodstock Sewage Treatment

Plant.

Frazil and anchor ice in open river areas.

12 Dec Ice formation due to a major cold spell in
local area 8-12 December.

29 Dec 5-25 Woodstock Sewage Treatment Plant: Ice
unstable and variable. Water temperature on
recorder -O.1°C. Air temperature -30 C.

Water temperature 0-0.5*C at sensor.

22 Yankee Musket Shop: Water temperature
0.05'C. Air temperature 2°C. Ice
temperature OoC.

4-9 Jan Minor thaw, slight jamming and rafting of
ice cover.

13 Jan Ice re-forming along river, especially at
dam sites.

• - F:.. . % . -

* w o b . .% -

1Figure 86. Ice jam at Woodstock, east of Sewage Treat-
* ment Plant, 26 January 1978.
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DATE ICE THICKNESS (cm) ICE CONDITIONS AND REMARKS

25-26 Jan Thaw and heavy rain caused flooding and a
new ice jam in Woodstock (Fig. B6). Solid
ice remained in Quechee Lakes Mill Pond and
Taftsville Pond. Ice jam extends from just

below Woodstock Sewage Treatment Plant
upstream to Woodstock Union High School.

9 Feb 25-38 New ice formation. Ice rafted and jammed at
Woodstock and Quechee.

7 Mar 56 Water temperature at bridge near Yankee

Musket Shop OC or slightly below. Water

samples appear silty. Snow depth on ice 30
cm. Ice same thickness 3 m from shore and
in center of river at shop. 51 cm water
beneath ice in center of river; 66 cm water

near sensor.

71 Woodstock Sewage Treatment Plant: 3 m
beyond temperature sensor, water samples

nearly clear, 33 cm water beneath ice.
Water temperature OC. (See Fig. B7 and B8.)

74 6 m from shore: 3 m water beneath ice,
water temperature O°C.

9 Mar Some open water at Yankee Musket Shop and
upstream. Water temperature 0.05-0.1C

beneath ice cover.

-~ ~- .-w.-w _

Pigurc B7. ftect ot sewage effluent at Woodstock Sew-
iie Tre itnivnt Ptlint (looking upstream).
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Figure B8. Effect of sewage effluent at Woodstock Sewage
Treatment Plant (looking downstream).

10 Mar 450 m below Taftsville Dam: Water

temperature 0.2-0.35'C. River starting to

open. Open channel in many areas from

Taftsville Dam to Quechee Lakes G;olt Course

Bridge.

Yankee Musket Shop: Water profile beneath

ice; (-8 cm down, UOC; below 9 cm, U.1°C.

17 Mar 48-50 Ice measured at Yankee Musket Shop. Water
temperature 0-0.05'C.

40 Ice measured at Woodstock Sewage Treatment
Plant. Water temperature 0-0.05C. Open
water channels observed along shore between

Taftsville Dam and Yankee Musket Shop.

0 2' Mtr 44 Near shore at Yankee Musket Sh p.

" 43 Center of river at Yankee Musket Shop.

"3-2, lar ----------- Considerable rain (29 cm in 18 hrs) it
Ottauquechee sites.

2; ar ---------- River open at Quechee Cl Ubhouse.

temperatures in open water 0.1-i). 4°( frow
Quechee Clubhouise up to Taftsvi li, anm.
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l.1

V ..



A facsimile catalog card in Library of Congress MARC format
is rproduced )elow.

Bates, Roy E.
Analysis of ice Jams and their meteorological indicators

for three winters on the Ottauquechee River, Vermont / by
Roy E. Bates and .Marv-Lynn Brown. Hanover, N.H.: U.S.
Cold Regions Research and Engineerirg Laboratory; Spring-
field, Va.: available from National Technical Information
Service, 1981.

iv, 33 p., illus., 28 cm. ( CRREL Report 81-1. )
Prepared for Directorate of Civil Works - Office of the

Chief of Engineers / bv Corps of Engineers, U.S. Army
Cold Regions Research and Engineering Laboratory under
CWIS 31332.

Bibliography: p. 12.
1. Ice break-up. 2. Ice formation. 3. Meteorological

data. 4. Rivers. 1. Brown, Marv-Lvnn. II. United States.
Armv. Corps of Zngineers. 1ll. Army Cold Regions Research
And Engineering Laboratory, Hanover, N.H. IV. Series:
CRREL Report ' 0-1.

.V

-" ." "- I "i I I I-' . . '




