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. The object of.the present study was to determrne which, if any, meteo/ologlcal
’:parameters could be used to forecast the physical characteristics of breakup on the
Athabasca River at Fort McMurray, Alberta. . N
To this end, hydrologlcal and meteorological data presumed relevant to breakup
were collected from varioys: s, including the Water Survey of canada.
Atmospherlc Environment Senli& and’breakup observer records. An examination of .
the various datd revealed firgtly that two meteorologial variables: degree days of thaw -
- and hours of brlght sunshine, mﬁsurecfgn a daily basis at Fort McMurray, could be
used in the form of a regression equation to predict the discharge at breakup As ,
conventional discharge racords are,j\uring the several days pnor to breakup, unrellable -
dae to l\vdrauilc dlsturbances generated upstream in the flow, the development of sn.lch
a relation was a ne ssary first step toa meteorologuca‘l descnptron of maximum stage
at breakup through thi\sole use of meteorolog FI variables.
Secondly it was assumed that the amount of solar radiation absorbed by the :

river ice cover-in a short perlod pnor to breakup provrded a measure of the strength of
- theice at breakup, and that soiar radiation was adequateiy descrrbed by the hours of
, bnght sunshing accumulated over the same short period. Regression techniques were
- used to compare the estmated drscharge at breakup and accumulated hours of bright
" sunshine pnor to breakup. to observed values of the maximum breakup stage. ‘Several
_ relattonshlps, both\near and nen-linear Were produced, with on& non-linear model °
f ‘demonstrating the best correspondence with observed values. A maximum stage
, forecasting technique was developed for field use. It relled on four-day meteorologrcal
 forecdsts of cloud cover and temperature and was based on the best regression.
' Thirdly. an attempt was m’ade to estlmate the time ot breakup, through the
examination of the meteorlogrcal vanables used to estimate stage and dlscharge over

édilferent pre—breal&p periods. The results were mconcl‘usrve

Flneliy. the characterlstics of the antecedent upper atmosphenc synoptrc pattem

and tlow above Fort McMurray were exarnrned for any apparent connection to the
~ timing and | properties of breakup. Some indication of such connections existing were
- revealed, however the examination was of ms_uflic:ent detali to be conclusrve.‘ "
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o _the AtHebasca Rrver at Fort McMurray that the presence of an ice 1am can increasa the .

CHAPTER 1.

e . -

INTRODUCTION N

A

Severe ice jams a'ld their associated fioods have daused propertv damage and
on occassron |03s of life. A 1952 ice jam flood on the MISSOUI’I River caused the
deaths of 9 people and property damage equrvalent to about: u. S $ 450 million 'in
current dollars (Carey ot al, 1973). In New Brunswuck's St. John River valley in 1976,
two hves were lost and propérty damage and destruction was estimated to have cost
n $ 3.5 mulhoq (LeBrun- Salonen, 1983). The spring of 1987 saw extensive
P ﬂoodmg at thrj Town of Perth-Andover suffrcuently senous to require large scaie

: .evacuatlon and result ng in the destruction of a railway bndge Although such ice related

floods in New Brunswuck have constituted only 35 percent of the total number of floods.
they have ca‘u’sed 70 percent ‘of the-flodd damage In the Sovret Unron ice related floods .
~are said to "inflict tremendous losses on the natroh“al economy” (Smotin et al,, 1973)

Itis ewdent that glven an appropnate comcrdence of certain lce. discharge and |
meteorologlcal condmons ice jams and ice ;am floods can occur on virtually any river
fowing in atemperate or cooler climatic zone. Thls would rnvolve anywhere in the
contfhental Urited Statesiand Canada north of the 0° C lsotherm. an area which
' includes more than two-thirds of North America (Carey, et. al, 1973) (Fig. 1)..

' Water lavels resultmg from ice jam floods can exceed those of even rare open
: water floods ( Gerard, 1984). Andres and Doyle (1 984) have, for example, shown for

P

N
: openwater stage by as much as 5;m, resultmg attimes in .a sudden and catastrophrc

. inundation of- sectlons of the townsrte
" lce jams can ocourat both breakup and freezeup Breakup ice jams are,

‘. - however, more damaging and more difficult to predict. They are therefore the focus.

. of this mvestigatfom Accordmg to most mvestlgators the sequence of ice jam. formation
at breakup in ariver isas foilows In'the spnng. wuth the onsét of milder weather, the

~ thawing of snow in the river basin begins and the discharge starts«to increase With

. rncreased dlscharge comes-higher- stage, eventually itis hrgh enough to hydraulucally llft

'-; S 1
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the river ice cover and detach it from the banks Concurrently. the river ic\e weakens and
decays due to exposure fo direct solar radiation and:the exchange of énergy with the
‘mcreasmgly warm sprmgtlme ’atmospherq At some time and place ‘the force provlded b'y |

. flowing water is sufficient to break the i ice cover into iioes Thesemay encounter an

* impedimentto thelr transit such as a sectlon of river wrth an as yet intact ice cover, or a
shallowed section of river In an area of greatly lessened bed-slope Atond or several of
these places, the motron of the ice is retarded, and may stop, form[ng a jam These can

. | stall or break and reform ,at any time, /causmg surges and,other types of erratic flow at

- breakup. When a jam is strong enough, or well entrenche enough to remain in position,
the stage beging to increase because of the resistance to flow under the jam. The
‘increase in stage may become sufficient to cayse the river to overtop its banks. .
Eventually the jam is destroyed by hydrauhc fo'jces, thermal decay or by a oombination of
both i , : v
THE NATURE OF THE PROBLEM
; B,r'eakust'_a complex phenomenon involving the interactions of meteorological |
“anhd hydrological inputs, which produces what would appear to/fe a random output: the -
“opcurrence of an ice jam flood. T
Breakup processes are governed in part by chara ristics that are unique .to a
hannel or catchment. These include abrupt changes in chan , latitudinal extent
of the catchment and climatic regime of the basin in question Prowse 986) lndicates.

[ for example, that the rapid reduction in the slope of the Liard River near Fert Simpson is

| one cause of ice jam formatlon at that point. Conversely, there. are meteorological and

) hydrological factors that are common to all breakups or ice jams. In the determination

of the relative rmportance of these common factors one must consider not only the local 5

] geograpiiic and climatrg conditions, but also that an intrinsic variation from site tovslte

is likely to alter the nature of the interaction between the common factors and local | :

features, and thus change the specific characteristies of any derived relationships, if not

their basic form. However although there may be variations in the relatlonship of
hydrometeorological varrabies to breakup at dissimilar sites, the underiylng physical

. prccesses govemmg breakup should nevertheless be consistent and any fundamental

| slo
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relations.,should be universal

- Any advance knowledge of the seVenty of break—dp -the maxrmum stage
attained by the river when in the midst of an ice jam fiaod - - can be used to implement

: ,defensive strategies However. as is true for all forecasting techniques, the longer the'

interval beween forecast and event the less’ accurate and specrfc the forecast becomes

- Inthis study a method to predrct the seventy of br’eakup with some lead time or warning

is the goal; a forecast of the actual tlmrng of breakup itself is a secondary aim.-:

"This study will generally rely on emprric.al techniques to determine relationshrps ,
between hy\;lrological and mefédrological parameters and breakup on the Athabasca

| _ :Ftiver at Fort McMurray, and to develop a forecasting method b ad on such;ﬁﬁi

. t-

.’ ","p:-_ e

:P:_',

relationships Data used to derive the relatronshlps will be used to provide a means of
checking the performance of any forecast method created from the re tronshrps, by
*hindcasting". S ' :
- @nsight into physrcal processes may be provrded by a separatron of the. processes
mto smaller and interrelated components iti is assumed that measurable meteorologrcal
vanables do influenée the nature of breakup. both rndrvrdually through their. unique
characteristm and collectively, through their rpterrelatlonshrps itis desrrable that the
uhique tunction and the interactions of such vanebles rf any, be suggested by the
nature of any relatronshrps denved in this study. : :

PREVIOUS STUDIES

There have been several studres that have attempted to relate
hydrometeorologre@l antecedents td ice 1amm|ng at breakup. Shulyakovsku (1 963)

- investigated the relation between the maximum. stage caused by ice jammmg at several

sites to such variables'as rce thrckness, the depth of snow cover on the ice, the rate of
change of stege prior to jam creatron, an index comparing the energy input in the local -
. ice !\am areato the energy input in the regron of ﬂoodmg, and the occurrrence.of
negative-air temperatures during the breakup penod He suggested however, that not

- all of the above parameters would necessarily be mvolved in each breakup and so the -
\ .
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predictlon of maximum stage at all sites by the method d dtdepend on an lnput about’
every parameter. A sample calculation of the maximum stage at breakup for the Tom «
‘River at ‘Fomskwa% for example, arrived at usir n empirical e_quatlon of4
_parameters, based on 19 years of observations. ' \
- To predict the approxlmate time of breakup. Shulyakovskll examlned the
teasnblllty of using a merlodonallty index" - a parameter decribing the oomponent ofthe
- upper atmosphere flow along the mendlans at approxumately 5400 m or the 500 mb
constant pressure surface- over the Sovret Unlon A large positive value: indlcates the ™
presence of a ridge over the western half of the oountry and a trough over the eastern
half, with- corresponding southerly flow into, and warming of, the westem region. If this
pattern occurs in the spring, it results in an early breakup. Large negative values
. indicate northerly flow into, and thus lower temgeratures at, the western reglon Thrs
 sort of pattern was said to delay breakup Small -absolute values indicateda
predomlnately west-to-east ﬂow with little temperature changes in the region, and was
- thus an ambiguous and insufficient mdlcator of breakup timing. When applied dlrect&
, predlctlng the date of breakup, a method using a forecast of the upper atmosphere fl
produced one month in advance of breakup was sala to have some accuracy, but like
the forecast could be subject to large errors. v
In Canada Beltaos and Lane (1982) used stage lncrease above the maxlmum )

’

freeze-up stage as an lndrcator of breakup severity. They envigiofied the breakup
process to proceed as follows When the surface’ energy balance becomes pbsltlve in -
the sprmgtlme itis accumulated in flux density form (W /m?2 /day). A large sum prior to'
breakup indicates consnderable thermal decay of river ice, hence a elatively low |
breakup stage. Conversely, a lesser accumulatlon of energy indi tes the presence of -
strong ice, capable of contnbtmng to a severe brealeup Meteorolo cal - parameters :
lncorporated lnto an mdlcator of the energy balance of the i ice surface, and presumed
to determine the strength of ice included mean air temperature, hours of bright sunshine,
. wind speed and vapour pressure To predict the time and stage of breakup, . '
meteorologlcal forecasts of the energy input parameters are used to determine future

- values of ice thickness for 3 to 4 days in advance of the date of foracast. Sincethe rise
in stage is also a function of the sum of energy mputs thls too can be calculated using
the same energy |nput equatlon Fnally,when the energy lnput causes a sulflclent
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increase in stage to h;rdraullcally,displace the calculated thickness of ice, the stagé of

the river will exceed anempirically derived critical stage, and breakup will occur. p

 Beltaos and Lane concluded that stage was a useful indicator of breakup .

severlty, but that the conclusions were site specific. Water Survey of Canada (WSC)

eatlmatee of dlscharge were used in plotting the - effectrve daily stage prior to. breakup.

Mehn daily dlscbarge data were found to be inferior to estimates of the rnstantaneous

discharge when plotting effective daily stage. -~ . y

This investigatiori did'ngt consider the method by which energy’input translates

_into stage increases, as It did not discriminate between the increases in stage caused by

increases in llow, caused by runoff into the river wtchment and those stage changes .

resulting from the hydraulic, ﬂow bloc ng propertres of thé i g:in the ﬂow .
. White (1 984) undertook a statistical analysrs of 48 hyarometeorologrcal factors -

ge W?nd their relation to breakup on the Red Deer Flrver at Red Deer, Alberta. Several.
multlple regression models of peak stage at breakup were derived. The best version
consldered several pradominately locally important and somewhat arbitrtary

| parameters, including the occurrence and persistence of chinooks in the upper reaches ~

of the basin, and achieved a correlation coefficient of 0.96. This highly empirical
approach, hov&evei‘, greatly restricts the portability of its conclusions, though perhaps
not the method. Moreover, little physiwl' insight into river ice process is revealed by
the lunctlon used to predrct maxrmum stage, as the. relatlonshrps between the '
parameters are ‘not defined.

' Gerard and Stanley (1986} rnvestrgated hydrometeorologrcal aspects of ice 1ams
on the Dawsor} River, Y.T. They speculate that both discharge andi icg competence at
breakup provided the best indicators of bi'e'akup severity. In this prellqiinary study, the
exclusrve use of meteorologrcal parameters did not prove sucoessful Using trial and
error, it was determined that the best index of discharge at breakup was a sum of the
degree days of thaw aooumula_ted 7 days before the event. Due to noise in the data, the._
relationship is somewhat indistinct, but a trend is evident. The discharge was oomp‘ared

' tothe sum of de‘gr'ee days of frost accumulated in the winter period prior to breakup, -
» which itself was theorised to be an index of ice competence. A relationship between the
above two parameters and stage at breakup with a consrderable scatter atbout a best-fit
discharge vs. accumulated degree days line was derived. ' ‘




chart crossed over a Ime of constant degree days of frost, breakup fould oocur ‘.f.~
day (Fig.2). From this relatnonshrp it is theoretically possible to use forecast data to ; )
determine both the stage at breakup and its timing, the length of the forecast perlod
beirig governed by the reliability of the meteorologucal forecast available.

Limitations of this method rnclude its reliance on WSC drscharge estimates, as a
meteorologlcally based discharge estimate was not 8uccessfully denved The influence-

(solar radiation_on either ice competence and dlscharge was not included in this
“preliminary study ‘

’ Fogarasi (1985) studiedthe breakup of the Lrard River in British Columbia from
the perspectlve of the influences of synoptic meteorologrcal patterns on the energetic
inputs to the river and basin. Actually, the study was intended to be sub-synoptic, asit
was claimed that "all weather factors that may influence a meso-scale ....breakup may
oocur over a spatial extent of 20 to 1000 km", but the lack of a dense tlimatic station
network in the study area forced the rehance. in part._ on synoptlcescde data. Froma
series of observations a climatic classification system was constructed, based on such
parameters as wet-bulb potential temperature the surface temperature anomaly, the -,
700 mb constant pressure surface height contour pattern (orientatlon), its persistence,
and the meteorologlcal phenomena associated with such a contour pattem over the .
study area, ie. warm or celd air transport, subsidence and ascent, radiation, and wi d
speed. Some classuf‘catlons were ascertained to hasten breakup, others to impede i

- Real time identification of a particular pattern, or the forecast of one, can be used to
-predict in a general sense |f breakup is lnkely dunng the penod of persistence of the

| pattern. - : < :
‘Fogarasi's study did not attempt to explicitly define or quantify those
meteorological or hydrologldel agents responsible for breakup. Both the warm air. ‘
transported into the basin and radrqtron were, however, suggested to be the parameters
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responsible for the breakub event. Thi_s,me\hod provides a means of deurrnlning both
the air-mass, andYhe solar radiation properties from synoptic scale information, as
meteorologuool activity at 700 mb'is sufficiently elevated to be somewhat Iess directly
_affected by the small-scale features at the surface thanis the activity measured at the
surface by climate stations in'the basin. Since local surface characterlstloe are not
considered to be the primary control on breakup characteristics in this method, it seems,,
to have a wider appllcabllity than do fachniques that depend on iogally procured data.
McMullen (1961). in a rather quahtatuve manner, compared surface thermal ) &
characteristics and précipitation to the upper flow at 700 mb, and hence to stage and
discharge at breakup on the Thames River in southwestern Ontario. It was concluded
-- that 3 day forecasts of surface temperatures based on upper air data would have some
utility in flood forecasting for the region. ,
Savchenkova (1972) used an index of the component of flow parallel to the
meridians of the 500 mb flow to calc:la}ﬂ'ftdate of river Qreakup in the Soviet Union
If, in tha month of March or early Ap synoptnc features are such that warm air transport
- prevails over the forecast.area, ;a "spring synoptlc season" circulation is estabhshed
When so established, the date of breakup can be predicted 15 - 20 days in advance and  °
is predictable to the day, with an accuracy of 71% to 953%, about two weeks in advancs. |

4 . “

Summary of Previous Studies

~ Inthe above mvestngat:ons, either empirical surface studies or quasi-empirical
upper air classification technlques have been used to describe the characteristics of river
ice jam formation. Empirical surface studies have the benefit-of some rigour, but are not
' rdirec_:tly portable. Upper air techniques have been generally too qualitative to be of.
" direct use. A synthesis of the two techniques to produce a more comprehensive, and
hopefully more realistic model of ice jam events and their relation to antecedent
meteorology was the intent of this study.
/ Specmcally, ice jam events on the Athabasca ‘River at Fort McMurray and their
antecedent meteorology were to be exammed in detaul to develop both an
understanding of the breakup and ice jammmg process, and a means of forecastmg
. breakup ¢onditions. ‘ N
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STUDY SITE DESCRIPTION

TheCatchment C ;
“ | 9%

The Athabasca River rises in-the Rocky Mountains south of Jasper. Its
headwaters are located in the Columbia Icefields. About 130,000 km2, or 80 percent of
the Athabasca River basin lies to the south and upstream of Fort McMurray. This section
of the basin has a south-east to north-west orientation, and contains ‘four major
tnbutarles the McLeod River, jounmg the Athabasca at Whitecourt; the Pembina River,
ﬂowing into ‘the Athabasca at Flatbush; the Lesser Slave River, joining the Athabasca
River at Smith; and, located just to the north of Fort McMurray, is the junction of the
Athabasca with its largest tribu{ary. the Clearwater River.

" The matn townsite lies within a small flat, low lyrng plain surrounded by an area
of slightly. rolling countryside, posmoned just south.of the conﬂuence of the Athabasca
and Clearwater Rivers; as depicted in Fgure 3. 1ti is confined to the reglon beneath the

260 m surace cohtour In addition, the town is bracketed by a small tributary of the
Clearwater. the Hangingstone River, running south and east, and a small tributary of the
Athabasca the Horse River, to the south and west. '

The River at the Townsite : . ' .

At Fort McMurray the Athabasea changes from a confined channel of about 450
.m width, with a slope of about 0.0010, to a wide channel with a gradient of about
0.00023, and'a 750 m ch\annel width (Fig 4). Here, the peneplain adjacent to the nver
spreads honzontally, but the-éntrenchment of the Athabasw River valley remains about
100 m at the valley walls. In addition, the channel becomes imbued with islands and -
mid-channel bars (Kellerhals Neill and Bray, 1972). The mean annual discharge of the
| river at the townsite is 6756 m%s: The Iowest discharge usually oceurs in early March
,and the maximum in early summer.
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Local Climate -
) : | N o : i . .
Fort McMurray is Iocated ina region of continental glir%gate. characterised by Iong,

cold wnnters, a rapid onset of sphng, and short. warm sum%ters As expected of a region '
- within an area ofa contmental control of clim e, the mean annual daily maximum
temperature is 5.3°C, and the annual mean ally mrrmwm is-6.8°C. Longley (1972)
prowdes a comprehenswe view of the climatology qf'the Prairie Provinces Cllmatic data .
- of some Alberta sites and a detailed climat logy of the Fort McMurray reglon are L
provrded in Tables tand2.

\\ .

~ AVAILIABLE o’m |
-y N |
Meteorologlcal and hydrologlcal data are used i in thrs study The meteorologlcal

~information was obtamed from the records of synoptic lnformationlcollected at Fort

McMurray Airport. This class 'A' meteorological statlon commencad operatlon in 1953. 1t
is locatedona relatnvely flat section of the uplands jUSt south of the Clearwater Fiiver ‘
valley, 13 km southeast of the Fort MeMurray site.-The data used includes daily records M
“of precipitation sunshme and temperature It was obtalned from the Atmospheric o '
Envrronment Service (AES) in magnetlc tape format o

Some hydrologml data were abstfacted from the Water Survey of Canada
(WSC) "Surface Water Data” serles of publucatrons, N particular the. mformation denved’ ‘
from the records of the Wager Survey of Canada hydrometrrc station 07DA001 onthe |
‘ Athabasca River. This station has been in operation since 1958 and is located 35 km
downstream of Fort McMurray t ' ,

Other sources of hydrologrcal data for. the Athabasa River at the townsrte
mclude WSC obsewer records. the actual stage hydrographs of the
gauge downstream of Fort MoMurray avallable at the Calgary WSC office, Blench

© (1964), andD Andres (personal communlcatron) B S | a
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. Tablé 1 Climatdlogi(:al data for selected muynicipalities in Alberta

-~ .
—Source: Longley (1 9:/2)
Station | Lat.
Leithbﬁdge | 495383 |
‘Calgary . 51°08°
: Edmontoﬁ 53°43
Grand;.Prairie - 55°11‘;
FortMcMurray 56°3§'
Fort Vermllflon 58;23',.

LY

Long. -

112°48'

114°01'

113°31"

118°53' -

11113"

116°03'

Mean annual
temperature
5.4
36
“2.7
14

-0.6

-1.6

N

Precipitation ' .
total snow(cm)
438 1669 _ .
443 148.6
473 1367

NS
439 166.4
. @ d
42.8 ‘01127.0

354 129.3
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Table 2 Climate of Fort McMurray, including normals of temperature,

idity, pressure, wind'and sunshina.

Soﬁrce: Atmosp

fn Fb Ma Ax May hn dul Ag  Sep Ot Nov Dec

. Temp (C) o T 5 a -
Maximum -185 -90 22 87 169 210 231 214 148 88 -35 -122
Minimum -27.1 -218 161 45 24 70 95 80 31 -20 -j27 217

Mean . 218 154 92 21 97 140 164 148 90 33 -é.2 -17.0
. Precip- -~ |
" itation . . (,«\

" Rain(mm) 05 06 09 73 334 641 754 766 544 182 25 09
Snow(cm) 264 219 242 135 27 T 00 00 40 127 20.1 203

Hurnidity

Vapour pre- : 4 ‘ R C
ssure (kPa) 0.13 0.19 026 045 068 1.03 1.27 121 086 0.56 031 0.18

Dew : ‘ C

Point (C) -229 -185 -132 52 08 68 102 94 42 -18 -112-19.1
CRH(%) 78 76 72 6 58 & 70 74 77 74 & 8
? | ’
Wind

Prevailing - :

Dlractm E E E ESE E E W SW W  :E E E

 (emh) \B6 91 99 112 114 98 92 89 96 108 93 84

Sunshine o ‘ ~ . -

Bright Sun- - - .

shine (h) 88.2 129.3 165.1 231.8 2764 2726 85‘.4424%;43.2121.5 832 61.7
% of . . i
Possible 377 483 452 544 544 514 (538 526 372 385 337 287

~ » ‘ . 3

s
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BREAKUP AND ICE JAM STUDIES AT FORT MCMURRAY
Typical jamming evolution®*
In general, breakup onv.theAth‘abasca‘in the vicinity of Fort McMurray begins upstream in
_ the region of steeper gradient and rapids, after a period of some ice decay and
" increased flow in the channel. Upon amval at the townsite, the speed of the ﬂow will
sharply decrease as a result of the dlmwshed channel slope, causmg a reductlon in the
momentum of the breakup front of i ice. and a subsequent j jammmg against either the
downstream intact cover of ice or a shallowi\r region of the channel Depending on the
dimensions and Iongevrty of the jam, a flood may result. s

x

* " Previous studies

Until the WSC gauge was installed in 1958, accounts in hlstorucal records & -
the local media represented the antxrety of available mformatron on ice jam occurrence
on the Athabasca at Fort McMurray In 1964 a study was commassnoned by the °
' Provmcial Planmng Board of thg Province of Alberta to investigate the charactenstncs of
T,lce jams adjacent to the town site, wuth the objective of planmng protectwe measures
against the flooding caused by such j jams (Blench 1964 ). Durmg this study, Blench
" compiled a‘historical chronology of ice jamming at the townsite from various sources,
including Hudson Bay company records Iocal newspaper artgies and interviews wnh
- local residents. -
-Since 1974, a detailed mvesttgatnon and documentatnon of |ce jams at Fort
McMurray has been undertaken by the Alberta Research Council and others under the
o ausptces of the Alberta’ Cooperatlve Research Program for Surface Water Engineering.
Physrcal effects of the jams such as extent of flooding, location, duration and damage
have been reoorded along with an analysns of, the hydrolognc propertles of the " _
o mteractron of tlowrng water and ice with the river channel atthe j jam site, and a summary i
- of some meteorologroai parameters, including precipitation, mean temperatures and.
' degree days of thaw prior to jam (Gerard, 1975 Doyle, 1977, Doyle and Andres, 1978
1979; Andres and Rickert, 1983, 1984 1985)

£

AN
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it is clear from an analysis of the above sources that major ice ]am floods on the
rwer have occurred several tlrhes ln the last century, the earliest being recorded in
-1875 when the river rpse 7 m above lts banks. Otheﬁsb jam, floodlng has occurred in
1881, 1885, 1925, 1928, 1936, 1958 1962, 1963, 1972 1974,1977, and 1979 with
varying severity. Table 3 provrdes details of those eVents that have occurred at Fort
McMurray since 1960. o

STUDY OBJECTIVES | i o

* Because drscharge and the cdmpetence o} ice seem to be the maln agents of
breakup severity and since both presumably depend on aqtec@ent meteorology, the
overall objective was to define the relatlon between both maximum stage at breakup and
the timing of breakup, and local antecedent meteorologncal conditions. The tlme of
breakup is, for purposes of this study, sard to occur when the maximum stage is
reached at Fort McMurray following the commencement of either movement or melting of

' the ice cover, but before the water surface becomes ice-free. ’ '
‘ The specific objective was to determinb a set of relations that would allow
several days of warning of breahu;: characteristics. based'on current and lorecast
meteorologtcal condmons at Fort McMurray Addrtronally, it was hoped that such asetof ..
relations would illuminaté the meteorological components that have a significant ™
influence on the formation of ice jams and would thereby contribute to the
“understanding of the i ice jam process. '

In an effort fo better determine the manner in WhICh various factors lnfluence
‘breakup, an initial group of locally collected hydrologlc and meteorologlc factors were
analysed, at first mdrvrdually. then in concart. In accordance with the objective of
_providing a means of forecasting breakup parameters, |t was decided to focus on a few

| of the more promising parameters, and thus SImpllfy any derived relations. Finally,
attempt was made, ina prelrmunary lashlon to relate the srgnmcant local meteorologlc
factors to a more general synopt:c perspectrve This was lntended to provide the basrs lor
a Iong-term breakup forecastrng technlque. ina similar manner to those methods
 developed by Soviet and other researchers ‘ N -

The initial requrrement of the process is to mvestrgate the hydrologlc regrme at
breakup, namely, the dlscharge T

’
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- Tahle 3 Maximum stage and mean daily discharge on date of breakup for

F

Athabasca River at Fort McMurray, 1960-1985

Stage Source Codes: 1. BLENCH-BIench"Repori,W 964
2. CHART-hydrograph chart record

" All discharge data from WSC Surface Water Data

'YEAR

1961

1962 .

1963
1964

i,

1965

1966

- 1967

1968
1969

1970 ©
1971 -

1972
1973

1974

1975

1976

1977

1978

1979 -

1980
1981
1982

- 1983

1984
1985

\_,\)

¥
.

(m)

242.66
244.06

239.6
>238.8
238.4

239.0 .
2384 _..

239.0

244.69
240.36
243.76
>238.7
242.36

- 244.16

238.66

" 242.66
+ 240.66

240.66

.238.86
. 237.66

240.16 °

24116

- 3. DA - D. Andres, Alberta Research Council,

. personal communication .

STAGE DISCHARGE -

(m3/s)

796.0
976.9
1359.0
283.0 -

643.0

507.0
595.0
377.0
646.0
1780
513.0

7790
2860

1133.0
765.0 .
991.0

775.9

544.5
1366.0
574.7
558.3
560.0
596.0
650.0

%o

SOURCE NOTES

CHART
CHART
CHART
CHART
CHART
CHART

 CHART
" CHART
CHART

CHART
CHART

CHART

DA
DA,
DA

DA
DA !

DA

" DA

DA
DA
DA

\

" BLENCH corrected to WSC datum (235.66 m)
BLENCH —recorder malfunction

recorder malfunction April 15 /

discontinuous record at breakup
breakup not distinct-thermal breakup
discontinuous record at breakup

discontinuous record Apr. 26

- 18
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An analysis of available (WSC) data indicates that, although available ,
~ hydrologic data are usuajly accurate and reliable, it is necessary to synthesrze data for a
short pre-breakup period, because the recorded observations from this period are often
-~ unreliablé. Itis assumed that the meteoralogical data fOr the site are generally rellable .
for the study penod o
In comparison, hydrological data are generally only rellable only dunng periods
. of relatlve& quiescent flow, up to a few days before breakup. Furthermore, at the
Initiation of breakup, ice will damage the orifice of the WSC gauge, rendering it
inoperable, and hence the flow information unavailable, as seen in Figure 5. Similarly,
observer estimates of* discharge do not seem to be reliable during ice jamming or other
' periods of disturbed flow (Doyle and Andres, 1973) Even when stage data during
. breakup are provided by a functronal gauge, one must consider what the effect of ice
and its hydraulic roughness will have on estimates of discharge. Several studies have °
tried to relate discharge to roughness. hydraulib radius, channel slope and the flow
area underneath the ice cover dunng breakup, but with dubious accuracy, as the flow
m_ust be assumed to be steady, and one must estimate rolughness parameters from data
desoriping the pre—breakup ice characteristics (Andres and Rickert, 1985) )
As:a consequence of the difficulties of obtaining accurate discharge information
at breakup. it was felt that a dlscharge model based solely on antecedent meteorologuca'
condttlons could potentially be more useful ‘

A sufﬁcxem discharge to cause breakup requures a large enough input of |
energy or ramfall into the snowcover of the basin to cause sufﬂcaem meltwater to be -
produced. of coyrse, a significant fall of rain on. to a snoweover may rapidly produce a

‘tremendous volume of runoffina bas‘lh (Thompson and Sporns, 1962), but at Fort
McMurray, too little precsprtatton falls:in the form of rain dunng the breakup period to
, greatly mﬂuence the net rnput of energy and hence °the rate of runoff Fgure 6 oompares

%
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rture to precipitation for April at Fort McMurray, over a 25 year
pert d (1960- ). It can be seen that-little precipitatlon falls during this month, and

s remain near zero for tho first half of the month. Even when falling as rain, it
is unlikely that April precipitation will often contribute significantly tq the spring runoff.
Upstream in the basin, precipitation patters gre similar. Hence, in this analysis, it was
assymed that snowmelt was the sole source discharge Increase. -_

Slgniﬁcant sdurces of incoming energy atme study area can be crudely
parameterised by -meteorological indices; two of thtmact readily available are degree
days of thaw and solar radiation. Theoretically, both dogree days of thaw and bright
. sunshine should be related to discharge, as energy tnput from both the transfer of
sensible heat from the alr to the snowcover and direct radiation from the sun will cause
melting of the pack if the temperature of the snow can be raised to the melting point
(Oke,1978). Storr (1978), in an exammatioq)f‘;nowmelt at Marmot Creek, Alberta, used
“the U, S. Carps of Engineers theoretical model of daily snowmelt. It was determinel that
during the so-called melting season in a region of partial forestation similar to the Fort
McMurray area, shortwave (direct solar) radiation was responsnble for 78% of calculated
melt, with long wave energy accounting for nearly all of the remainder. the component
- of melt resulting from long wave enérgy was described by a linear function containing
. paran_teters such as the difference in the environmental temperature, measured at 3 m
above the surface, and the surface (snowpack) temperature. Appendix A contains the
U.S. Corps of Engineers snowmelt model.

The measured daily solar radiation shows a good linear correlation with the daily
duration of bright sunshine throughout Alberta. Typical relationships are given in Table 4
and Fig. 7. Similar relationships have been established by many researchers; for |
example Goodison (1972). Asa oonsequence. it was decided to use hours of '.bright
sunshine as an index of incoming solar radiation. To measure bright sunshiné; AES
uses a Campbell Stokes sunshme recorder. _Appendix B desonbes the usme of the
device.

For reasons of stmphc:ty, it was decided to use degree—days of thaw (mean daily
- -temperature above O C) asan index of sensible heat Other researchers, lnc!udmg
: Prowse (1986), Gerard and Stanley (1986), and Beltaos (t984) have used degree days

in the same manner. Accordtng to chk (1986), degree days of thaw is also a useful
AN .
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Table 4 Relation between hours of bright sunshine and radiant flux

# (Global Solar) received 'ét the surface on a daily\ basis for various ‘
- "sites and yqars in Alberta, during April.
o
R net global solar surface flux in Wm™2 and Sa units of 1/10 h. of bright sunshine
received each day-no cogrection for solar angle: see Titus, R.L. and Truhlar, E.J;, A Naw
Estimate of Global Salar Radiation in Canada, DoT, Meteorological Branch, CLt 7-69.

® = square of correlation coetficient

Cal

MEAN VALUE

. year Badometer/Sun recorder site . __Function 2
1964 Edmonton Iridustrial Airport Re1.125'107+ 1.;'78'1 0°S 0835
1964  Suffield Airport _R-9.1és'106+ 1.250°10°S 0.905.

1969  Stoney Plain/Ed. Ind. A R=9.388'105+ 8.576°10°S 0.718
1969 - Suffleld Airport R=7.832"108+ 1\.281'105; S 0911,
1972  Stoney Plain/Ed Ind. A R=8.434'108+ 1.078°105S 0.847
1972 Suffield Airport R=9.807°108+ 1.023*105S '0.853
1572  Beaveriodge A. R=9.555°10%+1.105°105S 0.896"
1974  Stoney Plain/Ed. Ind. A. R=9.049°108+1.201°105S 0:883 .
1974  Suffield A, R=8.208'108+ 1.302'10°S  0.937
1974 Beavérlodge A. R=9.545'108+ 1.003°10° S 0675
1975 ét‘oney Plain/Ed. ind. A Re1.221°1074+9.70710% S 0.642
1975  Suffield A. "7 Rat .195'1o7§§-.1\88'105 S 0783
1975 Beaverlodge A.*. h R=1.126'107+9.156*10°S 0.773
R=0.826'10841.104*105 8™
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25 °
index of net longwave radiation.

As both bright sunshine and degree days of thaw were clearly lmpllcated in
snowmelt; it was dacrded to investngate their connection to discharge during the
pre-breakup period. Some meteorologlcal data /v( not availiabie for the early part of
the study, however. Sunshine data, for examplg were not avallable prior t01972. Hend‘e
most of the anayl_sis is performed usihg meteorological data from 1972-1984.

Data Appraisal
If the snowpack in the basin is too cool, radiation will not create runoff. The
accumulation of hours of bright sunshine is therefore subject to the condition that the &
mean daily temperature remain above-about -5 °C, as it is assumed fgr purposes of this
analysis that any melt produced at a lower ambient temperature would likely not remain
in the liquid state, but would refreeze within the pack ( it has been established that
snowmelt can occur in negative air temperatures in the presence of sufficient solar
radiation, although given a sufficiently low air temperature the quantlty of melt will be
negligible (Oke, 1978) ). .

"~ Todetect it any potential spurious correlation exists between accumulated daily
bright sunshine ahd daily degree days of thaw, a regression was performed between
the two as recorded at Fort McMurray. Figure.8 illustrates the retationship found .
between hours of bright sunshine and degree days over a seven day period, an interval
judged sufficiently long to establish their relaﬁonehip Evidenﬂy, the two variables are
not closely related This is to be expected, as d‘egree days of thaw is an average dturnal
temperature. and so consnders 24 hour temperature values, whereas bright surishine
should have an mﬂuence pnmarxly on daytume temperatures. The two parameters were
therefore consudered to be independent for the purposes of this study.

~To appra:se the supposition thatdegree days of thaw and hours of bnght
sunshme can be used to quantify the dnscharge of the Athabasca River at Fort
McMurray, the sum of degree days of thaw and hours of bright sunshine on a daily
basis at Fort McMurray were. com pared to the increase of duscharge that occurred during
both the entirety, and various sections of a period of more-or-less steadlly increasing

S -
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,_dlScharge 'of the Aift"abasca*‘ﬂiver at Fort- McMurrayk(Table‘S) A smooth inorease of
discharge over the period of companson was an additional prersquisite of the model,
- ‘since the absenoe of anincrease would not reveal any information about basin melt
-except that lf it were occurring, the water was not reachmg the main flow. Furthermore, '
in the penod close to breakup. rapid fluctuatrons in drscharge over short periods are
- .caused by hydrauhc events, (such asa ]am collapse upstream) which obscure the

Lo hydrometeorological relatlonshups

Ideally, the perlod of the oompanson of bnght sunshme and degree days to the o
increase of discharge should be as close to breakup as possible. Henoe. the. final days
prior to the' end of steadlly mcreasmg flow were chosen for the analysrs The pertod

should also be sulftcrently short, if possible, as to permit the use of meteorologlcal
' forecasts to estimate future discharge.. - " *

Ftegression A\nalysis' v
Using trial and error, it was determined that the accumulation of degree days of thaw,
and hours of bright sunshlne in a four-day penod |mmed|ately prlor to the cessation of
steadily increasing ‘flow (Iabeted T40 ) correlated well with the change in dtscharge ‘over

- the same time..Figure 9 illustrates the retatronshlp between accumulated degree days of
thaw and dlscharge and thure1o reveals a correspondmg relationshlp for accumulated
_'hours of bright sunshlne both over T4q. Table 6 provrdes the data used to denve the )

, relattonsmps .

' - When accumulated hours of bnght sunshine and degfee days over the four day

) penod were together compared to the net increase in discharge by means of multrple
regression, the following retatlonshlp wasfound. o A

v '
oo

M sq-251 (degree days}s 40 (hours of bright' sunShine) o

- was found where AQ isthe chanqe of dtscharge ln m3- /s The correlatton coemctent of
© the relatlon is 0. 97. Figure 11 rllgrates the companson of the calculated drscharge

increase to that me\asured over twelve years: Thrs relatlon isfar supenor to that possrble

<



~ Table 5 Mete

\»n

Year Begining of
discharge
~ Increase

1960 Mar20 ° Apri5

Apr28 44
» Apr17 - 17
' Apr2y , 17
Aprtd 8
Apr15 15
. R o
Apr28 18
Apr 27
Apr14 9
Apr7 22
A;>r20 - .16
Aor22. 18
. Apr 18 11
Apr254 9
‘Appéf 1
Apr15 14 -
Apr 28
Apr 14; 13
Apr 10°
) Apr25 18
Apri8 16 °
Apr 10 22

- Mar 20

w

1961 . Mar15
1962 Ap@Y
1964 Apr 5
1965 . Apr7
19“66 ~Apr 1
1967  Apr10
1968 Apr9
1969  Apré
1970 Mar 18
et
1971 @ hpr5
1972 Apr'7
1973« -Apr8
1974 ‘r“A;g,s
1975 Apr17
1976  Apr2
1977 - Api2 -
1979 Apr13
. %
1960 Apr2
1981 Mar2s
I .
1982 Apr10
1983  Apro3
© 1984 '

[

L

orological and Hydrological data, Fort Mc

Murray

.28,

Endof Duration . Increase of Aecumuiaﬂm Accumulation of
discharge

increase (days)

19 .

16 -

17

<

(m%s)

98

344

216

106

161

128

359

st

485

100

754

" 396

639

238

1390

360
210

300

of bright degree days
sunshine (h) . (°Cdays)
.7 IR .
N .
440
‘ 361
38.1
25.2 |
210
’ 202 J
56.5 )
543 —
71.7
; 91.8 A l17.2 .
1083 449 .
b 1008 625 .
822 ')'5'3‘.2 (1\/
109.3 91.5 |
102.1 ' 694
92.5 ez
8.
» =
15157 % oo y
\]24.8 540
106.1 658
5 138.6 - e28
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‘Table 6 Comparison of bright sunshine and degree days of thaw o discharge -

_ Nomenclature: Qs is the hoan daily discharge on the last déy of staadily increasing lscharge
megsured inm3/s. Qs - 4 s the mean dally discharge in m3 / s, measured 4 days prior to the end
of steadily increaging discharge. 3Qs is ( Qs ) - (Qs-4). The degree days accumulated during the 4

. days is 3dd, and the hours of bright sunshine accumuflated over the same period s labeled ZR.

. 1] [
Y_ear‘ \Days‘ Q. @s-4  30s  Td 3R
1983 Apr15-18 480 289 g0 36.:0. | 337
1982\ Apr22-25 460 . - 200, | 260 | \ 307 e
1981 " Apr 07 - 10 _eéo . 444 169 73 29.&_ d
1980 Apr11-14 483 w8 4 a7 36.0
to79 Aproa-zz 578 35 1@ 153 438
1978 Apr11-14 . 484 | 445 39 25 32
1977 Apr12-§:l5 85 591 | 264 402 397
1976 Aprog-12 878 ;sosr a9 . 477 483 . -
. 1975 Apr22:25 . - 65‘1" - 353 28 340 ‘A 393
1974 »Apr\i5-18 ‘681 278 403 - 300 59.4
1978 Apr17»-,2ov"' ass 20 197 : 251 472
| 1972 ‘Apr07,-10 .o 20 s 00 K 9.9

i
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when using d{gree days or hours of bright sunshine separately as a measu:a of
discharge. '

)
€1 f

" Discussion ofthe discharge equation

\ J The oompanson of measured to calculateq discharges rndicates that Equation 1 -
can be used to provide reasonable forecasts of drscharge increase over the breakup
period when reliable hydrological data is unavailable. .

Both the parameters used in the model and the time scale seem to successtully
predrct most of the change of drscharge as seen in FFgure 11. There is one year in the

~ data, however that does not fit the regressron as well as the rest: In|1984 the predicted

- discharge was a significant underestimate. A further examination of the meteorological
record indicated that over 10 mm of precipitation in the form of rain fell in the week prior
to the cessation of smoothly increasing flow. Even though the climatologlcal record )
indicates that rainfall at this tlme is unusual, the effect of rain on pre-breakup d|Scharge

_ must be consrdered if estrmates aré to be accurate. : .

To determine ita Iag existed between the snowpack melt as described by the
‘.meteorologlcal parameters, and the subsequent increase in discharge, the
measurement of discharge change was initiated atter one, two and three days .

._ accumulation of the meteorologrcal components had commenced There wasno
improvement in the relation.

. Fortunately, for forecasting purposes, the best correlation between ‘
meteorological variables and the increase in dlscharge occurred over a four day period
as this length represents the limit of reasonable accuracy of meteorological forecasts,
and hence the limit of any drscharge forecast based on meteorologieal data.

Fgure 12 illustrates the various portions of drscharge increase resulting from the

. runoff created by degree days and bright sunshine for 12 years of record, as ._
determined by Equation 1. In general, the solar radiation makes the larger contribution.

. This_is consistent with the conclusions drawn by the U.S. Corps of Engmeers study.
o It can be argued that substantial portions of the basin are the sources of runoff,
Hc{wever 'since 4 days seems to be the period requrred for snowmelt to produce the

, drscharge 'reqwred to forge breakup, any concurrent discharge increase must. result

E3
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from the snowmelt in a region defined by the speed of the meltwater throug/h the basin
and into the stream during that period. If 1 m/s is used as a very rough estimate of the
- celerity of the runoff, then the most distant significant source of meltwater is about 350
km from the tqwnsne ‘ ' :
Thrs lrgurb although only an order of magnrtude estnmate, suggests that the use,
of meted'ologlcal data gathered solely at Fort McMurray airport is reasonable. There are,
of ?\lrse, spatlal varlatlons of climate in the Athabasca River basin, but the magnitude of
variatlon encountered over the 350 km upstream of Fort McMurray. as distant as the
town of Smith, is not large. The closest meteorological station to Smith is at the Town of
Athabasca, 35 km to the southeast Figure 13 provides a comparison of the dally: mean
temperature at Fort McMurray and. Athabasca. in April, 1982. It is apparent that the dalily
' means at both sites are well correlated Andres and Rickert{1985) also determined that
the mean temperature trends for Fort McMurray, Slave Lake Whitecourt and a field site,
100 km south-west of Athabasca in April, 1984 were very similar. y |
‘Sunshine, as measured at the site nearest to Smith with a sunshine recorder,
- namely Slave Lake Airport, seems to be more sbattally \rariant t&tan is temperature.
Figure 14 illustrats the correlation of daily values of bright sunshine accumulated at
Slave Lake Arrport versus that at Fort McMurray anrport for April, 1982. Itis evident the
two are. essentlally mdependent The Slave Lake. Airport is, however in a region where
| orographic cloudiness is not unusual Ten km fo the south-west are the Swan Hills, and
' to tl’rth-east at the same dlstance are the Pellcan Mountain Uplands. During
periods of either easterly or westerly flow the Slave Lake region is likely to be more
cloudy than is Fort McMurray, assuming an air-mass of mare-or-less uniform
characteristics prevails over both locales. | o
The physiography of the reglon surroundung the Town of Athabasca is, however
_similar to that of Fort McMurray, and so not as prone to orographic effects. In the absence
of better data, it was asssumed that the sunshlne characteristics of the Fort McMurray. |
- region were representatrve of an area large enough to account for the sources of
meltwater mfluencmg the volume of dlscharge The valrdlty of this is borne out by the
- success of the dlscharge regressron ' , ' ’ '
Equatlon 1 provrdes the means for estrmatrng the expected increase-of \
dlscharge wrth 4 days warnmg, and hence a method to: predrct the net drscharge on the
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date of breakup. This estimatejwill be independent of flow irregularities caused by
caused by upstream hydrologic events. '

Discharge forecast method

Based on the above analysus. the following forecast method is proposed: when it
becomes apparent from daily discharge estimates that a steady increase In discharge is
beginning in the springtime, the discharge can be estimated using Equation 1 for three
days hence from the current days data, and three-day forecast temperatures and
estnmate{of doudmess The forecast temperatures will perrmt a direct.estimate of degree
day accumulation over the subsequent three days. For bright sunshine, a forecast of

"sunny”, \ for example, can be interpreted as an indication that‘he entire daylight penod
should be included in the accumulat:on of hours of bright sunshme Table 7 provudes an
interpretation of the component of a general m\reather forecast regarﬂg the expected
} duration of sunshine. The use ofa general forecast does not praclude the use of
specuahsed information obtamed from a meteorologist at a weather centre. }

It now remains to relate the discharge at breakup and other parameters to-the
maximum stage that is likely to occur at breakup - the chosen measure of the severity of
breakup '

\
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" Table 7~Atmospheric Environment Service Definitions of Sky Conditions

Eorecast
A) CLEAR

B) SUNNY
.FEW CLOUDS

C) MOSTLY (MAINLY)
CLEAR OR SUNNY

D) MOSTLY (MAINLY)
~'CLOUDY

E) CLOUDY

F) FREQUENT SUNNY
(CLEAR) PERIODS

G) FREQUENT GLOUDY -
PERIODS

H) OVERCAST

Meaning ‘

For use whgn the amount of cloud Is expecte\d to be
less than 2 tenths, thus implying a virtuaily "cloud
free" condition o

-~

For use whsn the cloud amount is expected to be 2

'to 4 tenths or less

For use when the
less than 5 tenth
of asmuchasf h

ud amount is expected to be
wever, there may be periods
when there is expected to be

For use when th t of cloud is expected to be
on the average greater than 5 tenths. However,
there may be periods of as long as 5 hours when
the cloud amounts is less than 5 tenths.

For use when the predominant sky cover is
expected to be between 5 to 7 tenths or more.

For use when the past sky condition has been
predominately cloudy and (sunny) (clear) periods
of up to several hours are expected.

For use when the past sky condition has been
predominately sunny (cleaind cloudy periods of
up t0 several hours are expected.

For use when a complete cloud cover is expected
over a significant period giving dull, grey
conditions. , )



“ " CHAPTER3
N . MAXIMUM STAGE AT BREAKUP
‘ 5'1  ;‘ . T 3 i
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Background Information-

Accordlnggto S“hulyakovskii (1963), "ice cover drift ang breakup on a rlver are -
usually the result 8f two processes the meltmg of thei rce cover .and an mcrease inthe
discharge and accordtngiy the. ﬂow velocities and rise of the river. stage
| When sufficient discharge is produced to hydrauhcaily lift the ice, fracture it, and

| propel #t downstream, breakup is occurnng Ifice jams-occur at this time, the uacreased -

. 'resistance to- flow provrded by the ice will i mcrease the river stage, gd may cause

_ lloodlng This i mcrease of stage during a jam is evudently a functton of both the discharge - )
“ n.and the flow resrsting propertles of the jam-pack. It is presumed that the formatron of a

and its resrstance to flow, is related ta the strength and thlcknesss of the soird ice
cover ‘at breakup. .. ey
Meteorologtcal parameters that mrght reahsttcally be expected to descnbe nce

v . .,thickness mclude degree days of frost (accumulated mean daily temperatu;es below 0° -
Uy C over the prevrous wmtec), and snowoover estimated from snowfall amounts asan”
o _‘index of insulation and the potenttal formattori of ice dunng the snowmelt period,

’ r'Additlonally, the reﬂectlve propentes of 8 snow protect the ice from exposure to the dtrect

= solar-beam. Such parameters have been investlgated in other studies. Gerard and

"Stanley (1986), however could not find a relatlonshtp between either’ total winter

'snowtall or degree days of frost and stage at breakup gn the Yukon Ftnver at Da{{rson
N Simtlarly, no relattonshlp was tound between*etther the snowfall aocumulated between
. i January and March or degree days of: frost and the. maximum breakup st& on. the

Y _Athabesca River at Fort McMurray (Fig. 15 and Fig. 16). These results are not surpnsmg.

. asthe influence of degree days of frost nice thlckness is dlmmtshed a shprt penod gter

‘the tnmal freezeup due 10 the msulattng ffect of the i rce cbver In the cass of Wall the

7 amount accumuiated over thls penod te, ds to be both small and relattvely consistent.
With the return of mrlder weathehn the spnng comes not only mereased

)_1 dlscharge. but nver |ce decay A greater solar elevatton, longer dayleng‘h' and hlgher -
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tem"peratures all contribute to the breakdown of an intact ice cover. Above freezing
temperatures and solar radiation act to ablate the river snowcover and eventually
expose the ice to direct sﬂlar radiation. When so exposed lce undergoes adecay .
‘ processtcalled candling, an internal weakening of the ice matrix along the crystal '
boundaries. As exposure time lncreases the lce oover becomes progressnvely weaker,
.~ until finally it is easily dlsrntegrated By frapag,

'Data Appraisal - | PR

Because of the small variation in ica thickness frorn year to year, and the
expected close relationship of solar r radiation to.the strength of the ice' sheet itwas
' decuded to gxamune discharije at breakup and aocumulated
bright hine to assess their relation to the maxrmum breakup. stage As for Equation:
d of accumulation was to be four days, in this case the 4 days before breakup,
"abeled T4S Several condmons had to be fufilled, however, belore avalid

alysrs couid be undertaken | _ :

%'Prereqmsnes before accumulatlng the hours of bnght sunshrne mcluded the

_- ‘ mamtenanoe of daily maximum temperatures greater than or equal to0°C both prior to
and dunng T4s, srnoe ator below that temperature, the snow-eever on the ice would '

- likely' remain mtact and protect the i lce cover from decay The optnmum Iength of the
greater-th‘&n 0° C maxlmum temperature period was to be suggested by.an examination
of the data. By tnal-and error, it was determined that a perlod of ten days of maxlmum

daily temperatures greater than 0 °C had to elapse before commencnng the -
accumulation of hours of bright sunshme, and is labeled Tyo- This criterion is likely - v
related to the: mean Qme requ:red for{rncreased temperatures and radiation prior to -

breakupto completely ablate the snow covel on the river ice. F"gure 17 illustrates a
typical chronological relation between Tyg and Tyo .

ln years with little pre-breakup snow cover and a rapid onset of sprlng-lrke
weather perhaps this period, of delay is excessuve However as is evident in Table 8, no
year of record from 1960 to 1985 expenenced breakup until at least 13 days of-
maximum temperatures greater than 0 °C in successnon had occurred The dlscharge at

® . . . 4 . *
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Table8 Length of pre-breakup period when maximum temperatures were
greater thah or equal to zero '
“Year Le.nﬂlh.(d&ﬁl mmm.enis
‘ 1984 25 Thermal breakup
1083 27 Thermal br'eakup

:,T"J ' \ '
1980 26 - Thermal breakup
1979 15 ~ Severs jamming
1978 14 " . Actual period of thaw was longer, however .
: : o it was interrupted by short periods where
- criteria were not met.
1877 + 13 Severs jamming )
1976 20
1975 19
1974 15 . Severejamming )
1973 23 -4
1972 13 Severe jamming A
Mean | |
: 175

o - g . ] .
1982 . 19 . - . ) o C
T1e81 18 SRR | .



| breakup, as estimated through the use of Equation 1, ahd bright sunshine data for the
years of record are gwen in Table 9, and are used to derive the following relationships.

e
Y

* Regression Analysis

~

El

A contribufor to enhanced stage at breakup is the resistance to the flow provided
by the ice in the channel. This resistance is assumed to be proportional to the thlckness
and internal oohesron of the rce (competence) ‘and competence is in turn mversely
proportional to the degree of internal decay that results presumably, from exposure to
shortwave raldlatlon I this assumption is valid, andd thq initial ice thickness is the

-from year to year, it should be possible to describe the flow resrstance by an index of

' solar radiation. Figure 18 illustrates the relationship between maximum stage at breakup

and accumulated hours of bnght sunshine during Tys. The trendis as expected

- Slmrlarly, a component of stage increase oan result solely from the usual

, ’enhdnced flow at breakup, so that high stages can result from the greatly increased

“ runoff often eoncurrent with breakup Such' atrend is evident in Figure 19. Hence, as
expected, the maximum stage at breakup depends on both the discharge at breakup and
the amount of radiation recsived prior- ‘to breakup A relationship between the stage and
- these two parameters was therefore sought using regressuon In the following |

" “analysis, AS s the stage \1 metres above zero-gauge datum at the WSC gauge a short
»’drstance downstream of Fort McMurray, Qand Rthe estrma‘ed dlscharge inm3/s at
breakup (from Equation 1) and the accumulated hours of bright sunshlne throughout

T4g respectively, and a, B and e are regrassion coefficients.

Two perspectives of the physical properties of brealup a&s related to stage
mcrgase were considered, Firstly, it was possrble that stager the result of the
summatlon of eflects of dlscharge andi ice decay In'this case the increase in stage would
be a Ilnear function of the discharge plus a radratlon- related factor that reduces the .
pot_entlal maximum stage as incident radiation i mcreases. An equatron of the form:

z
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Table 9 . Accumulation of bright sunshine ln the four day period prior to
breakup, and calculated change of dlscharge at breakup for 12 years of

record.

Year

83
82
8
80
79

78

76
75
74
73

72

*Calculated
Discharge’
(m3/s)

" 139
259
202

122

248
103

166

213

207
241

197

230

136

ine

()

226

359 ° -
37.3 ¢

30,6

35.2
18.7
32.8

335«

245 -
33.1
34.3

. '483
211

A R
>~ »

_ 47
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Figure 18 Relationship between maximum stage atbreakup
and accumulated hours of bright sunshine, four days prior
to breakup at Fort McMurray o
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2 ' AS= Q- BIR |
should therefore be appropriate, where o and 3 are regressuon coefficients.
Secondly, the discharge could act in concert with the competence of the ice . such
that the maximum stage at breakup was a non-linear function q} the productof the -/

discharge and the inverse of the accumulation of hours of brighi sunshine, so that:

X

(3) ' AS=aOB RE
W ‘

Three 'models, one linear and two non-linear were derived f[om the data. Inthe
simple linear model, the best relation was given by:

(4) AS = 0.0134Q -0.0923 ER

~This regression has a correlation coefficient of 0.81, anda standard error of estimate of
1.3m.. | )

In the first non-linear model the exponants and coeff‘cuent were determmed by
regressuon producing the relatlon

(5  AS=0:15Q! 08 FR0%6

with a correlation coefficient of 0.81and a standard error of estimate of 0.90 m.
The Manning equation, used to describe uniform flow in standard hydraulics,
suggests that, given constant hydraulic parameters, the mean depth, and hence

approximately the stage, should vary as Q° 8. A secondron- linear model was therefore’

BN

calculated by ﬁxmg the.value of B at 0.6, resultmg in one less degree of freedom and the
relation:

6).  AS=2.0Q08 TROETS

This relation has a correlation coefficient of 0.7 and a standard emer of estimate of 0.93 .
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Figures 20 ,.21 and 22 illustrate the respective performance of the three
-relationships when compared to actual values of maximum stage at breakup for 12
yeers of record. '

Discussion of stage equations

When correlation coefficients between observed and predicted maximum stage
are calculated purely on the basis of a small sample, for example, a few years of record
as compared to the total population of all ice jams on the Athabasca Rfver, any
correlation may include a large element of chance. Additionally, the calculated
correlation coefficient is only an estimate of the correlation‘coeffyicient for the populetioh
(Freund, 1982). A statistical test the Fisher Z Transtormation (described in'Appendix C)
- can be used to obtain confidence intervals for the mean correlation coefficient of the - |
population SO providlng an indication of the true strength of the relationshnp between
model estimates of maxrmum stage and the observed values. If p is the actual populatnon
correlation coefficient, the 95% confi dence interval of the corre1ation coefficient for (4)
is 0.73 < p< 0.87. For (5), 073<p<087 and for (6), 068<p< 0.84. Clearly. there is-
little difference between the equations on thrs basis, as is directly evident from Fgures
20 - 22, Of the two non -linear models, (6) has the marginally weaker relationship.

A statistical technique that measures the likelihood that two samples come from
the same population, withojit the requirement that the samples have a normal _
distribution, is the Mann-Whitney U test (Appendix D). Essentially, the test determines if
the null hypothesis -the supposition that the two samples oome from identical -
populations- is acceptable. When the predicted maximum stage heights derived from "~
the non-linear models are compared both to each other and the abserved values, it is
- found that at the 95% significanoe level, the predicted and observed valuas have
identical means, and are therefore drawn from identical populaﬂons Thls also indicates
the similarity of both non-linear models. '

~ To corroborate this finding, the standard error of estimate given above were
* calculated as described by Higgs (1967). The standard error of estimate is the standard
deviation of the residuals about a regressnon line, and js u§ualy taken to represent a

~
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- measure of rellabrllty oOhe regressron For the nonslinear models. th ard error of
estrmate is srmllar and the llnear model has astan:;akrgj error ofe ' |

. rnfzenorto both. | T

It is necessary that an equatron be recommended to usp to forecast stage at

L breakup. Becausa it has the lowest standard error of estlmate itis recommended that
Equatlon (5) be used for forecast purposes | o7

* A comparison of stage-related parameters and their 't“ime'scales ' "
ai;l'«af"-“: R l '
Fgure 23 illustrates the relatlonshrp be'tween stage at break up and net hours of

| bnght sunshine accumulated in the period between ‘the completron of Tyo and breakup,
.-‘.on a‘yearly basrs This relatronéhrp is similar to the one derived usrng Tas and has,in

| fact, a better correlatlon. }Unfortunately,_ the length of accumulatron of bright sunshlne o

varies from year to year as is expected, and often e’xce'edsfour days, and so a technique

of maxrmum stage predlctron usrng a Iong duration meteorologrcal forecast e
of sunshine would pot bé practlcable. itis apparent, however that when the hours of
brrght sunshrne,.accumulated in the mterval after 'Tw but before breakup exceeded 45,
| stage‘ r
critical
~ exceeded,

excess of 7. 0 m above zero stage datum did not oceur. There may exist a
ue of pre-breakup exposure to bnght sunshrne that will indicate, once
B reduced possrbrllty of hrgh stages occurnng at breakup

. /‘\sﬁgure 24 compares the maximum stage at breakup versus aratlo of the hours '

of bnght sunshine accumulated after Tw but before T4S , to those accumulated dunng
' T4s ltis evrdent that years in’ whlch there isa large rise in stage have had a

- consrderable fractron of therr,accumulatron of bright sunshine ln the four days prior to .
breakup. Thrs rndlcates either that the interval between the end of Tio and the beginning

of T4S was a relatrvely cloudy one it longer tQana or 4 days or: that it was short sayless .

| than 4 days duratlon From an examrnatlon of the dleteorolegrcal recdrd, jt rs clear that
erther explanatron can be correct In some cases of hrgh stege at breakup, Tus was

A

’ comparmvely sunny and produced consrderable dlscharge‘ an‘d t‘he penod pnor to T4s

R
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was relativaly cloudy, in other high stage cases, T4s wasa penod of Iow solar radiation g
nput, ‘butthe 10 T4s interval was very shon and so the ratio was hlgh only by default,
This strengthen&the argument that high stages at breakup are governed by both solar

. radiatlon and dist;harge Addltionally, the ratno mdicates that the decay of river ice is a"
functlon of solar xposure fas years wntﬁ‘ a low ratio generally expenenced a longer ‘
perlcd of exposure to bright sunshine priot to breakup than did high stage years, With the
*resutt that the ice in szlu at breakup lacked sufficient competence to form.a strong ICG

- jam, ‘ i, ,

N .



'CHAPTER 4

TIME OF BREAKUP
- Background information
In addition to forecaSting physical breakup parameters, it is desirable to know
when breakup is Irkely to oceur, eSpecraIIy if,” for example, the situation seems likely to
result in flooding. To determine in advance atime of breakup. itis necessary to
ascqmm what characteristics of meteorology and hydrology are related to the time of

. breakupina quantifiable manner.

A stattstlcal analysis of breakup onthe Athabasca River at Fort McMurray for 25
' years reveals that the distribution of breakup dates. is cIUstered about a mean of April
22, wrth a standard deviatron of 5.8 days (F‘g 25). Based on the distribution of. breakup
~ dates dunng the period April 12 - May 02, breakup has about an even chance of
~ occurring on any day in this mterval Such a simple Statistical analysrs does not,

however, provide any insight into the meteorologml and hydrologml interaction
involved in the tlmmg of breakup '

It is clear that breakup is related to the decay of ice and the increase of discharge.
A precrse estimate of the time of breakup i rs. however, drfﬁcult to calculate since it is'
necessary to predict exactly when a ‘combination of both sufﬁcient ce deterioration and .
sufficient flow wrll corncrde Addutronally, Iargely unpredrctable pre-breakup surges in
the flow. may compnse the forces necessary—to rnmate breakup, prowded the other :
parameters are OOnducive to such an event. L

| Data Aupraisal ', ] R S |

\

A srmple nndex of i |ce cover detenoration hourseof-bri(ght sunshme- has been
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of Breskup Events:
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- Figure 25 Distribution of breakup dates at Fort McMurray, 1960 - 1985
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| days) that are likely too short to. be useful when applied.to the timing of breakup, as the
-event seems o unfold in accordance wlth'prooesse's that have a lbnger evolution. It is
clear that the accumu /atlon of energy over a longer perlod perhaps in the form of
_sensrble heat and Iong%a@e radiation as describgd by degree days, bright sunshlne
. prior to breakup, and a meteorologlcal index of ahqharge should be considered in any
o attempt to determine in advance the date of breakup - e -
“ - Table 8 provides the length of a permd of mean daily temperatures greater than
' 0° C pnor to breakup for several. years of record dnda description of the type of breakup
that ensued An average Iength of this san;e penod was termed a "critical period" by
Thompson and Spotns (1964) in their studyof breakup on the Liard and Hay Rivers, and
was linked to the rate of downstream propagation ot the flood wave.
No obvious relationship exists between the Iength of a period wnth
~ mean daily temperatures greater than 0¢ C at Fort McMurray, and the tlme of breakup on
~ the Athabasca at the townsite; It is clear, however that the'period of mean daily
temperatures greater. than 0° C is generajly shorter than average for years in which -
there is asevere breakup, so that, as mrght be axpected breakup stage and Iength of the
‘melting season at Fort McMurray are inversely related. '

B Analysis
A number of hydrometearological parameters were hypothesised to be
breakup-‘timing reated, and were tested by means of regression. Because the evolution
- of breakup was supposed for purposes of this study, to be'a long-term event, _
, ?heteorologlcal parameters were' gyaluated for their relation to the timing of breakup over
the interval bounded by the oomr?encement of steadily mcreasmg flow, and the date of
breakup The only promising relatlonshrps between the Iength of the pre-breakup

period and the variables include. the ‘two linking the rate of accumulation of bright.
TR sunshrne ona darly basis, and the réte of change of duscharqe The connecttons

: 'f,;between the two are rather'“ eak, however. Addltlonally, both oi these quantmes are
* —;’ y veraged over the enttre penod and sodo not provnde any explicit indication of. the |
/:ay-to-day physrcal process lnvolved ' S - o '
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Discussion | o
. To sumrﬁa’r’ise that which is known about the timing of breakup, no breakup has
occurred before a minimurﬁ of: 86 hours of bright sunshine, 15 conbecutive days ef
steadily increasing dlscharge w:th a minimum net accumulation of 0 °C degree days of
thaw , 13 consecutlve days of Mean dally temperatures greater than -5°.C with a '
minimum accumulation of 17.1 degree days of thaw, and 4 days of mean daily -
| temperatures g‘réater than 0° C witha minimum ‘accumuylation of 13.9 degre'e davs of
thaw have been recorded at Fort McMurray inthe 1972 - 1984 period. For. all years of
record, the daily mean temperature ‘has vatied, but remaunad above 0°C for atleast
several days betore breakup. During this penod breakup has occurred approxlmately
3.5 days after the mean temperature peak with a standard deviation of 2. 4 days-
Prasumably. the rat8 of accumulatnon of the meteorologtcal and hydrologlcal
variables are related to the synoptic: neteorology over Fort McMurray, and hence Much
of the Athabasca River basin during the Melting period. A good irﬁicator_ot the likely
severity and timing of timing of br'eakub :Mmay therefore be found by an exam'ination of
both Iocal and regnonal meteorologncal cohdmons. at both the surface and aloft, dUl’lng
. —the pre-braakup penod ‘ n : - S
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~ LowPTens .
SYNOPTIC MET‘EOROLOGY AND BREAKUP

i
BackgrOund Information SR B : | >
. a e '

Relations betwsen local ‘hydrhmeteorological parametlars and ic  Jarn formation
have been derived empincally from surface climate data at the Fort McMurray weather
* office during the breakup period. Such relations do not, however, provide |nicrmatlon |
about how the basin’is pnmed" for breakup, or under what long-terrh conditlons -of
meteorology breakup will occur nor do they give an indication of more general
hydrometeqrol§ptfbl pattems under which breakup severity will vary. The utility of the
above relations for the forecast of breakup is therefore limited.

) Some additional shortcomlngs of locally derived breakup relationships,
Dertaining to the the period of Sprlng melt,. lnclude the metecrological aspecle of thé
scales used. Weather can vary dramatically about a normal climate dunng short periods

‘as the seasons progress, and over relatively small changes in horizontal distance and
elevation The data obtained from a single station may therefore be quite -
unrepresentative of even nearby stations. In data-sparse areas such as the area of study,

~ local orographrc lnfluences may, for example change the mean darly cloudiness over
small areas in adiacent regtons and so affect the cumulative solar exposure. Henca.

. without a broader knowledge of the larger scale, or synoptic meteorology durlng the
1 breakup Season, the utility of a forecast of breakup parameters is tenuous a(best By
~ conducting a meteorologrcal analysis ot such parameters as temperature and

cloudiness, both at the surface and at a sufﬁcrent altitude to ellmmete local effects, and

by extrapolatmg observed and forecast conditions to the surfaca, more general
: statements concemrng the meteorological aSpects of breakup can be derived, and the
. conditions that are conducive to the ingaption of brealup can be. predicted. |

¥
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Com parison of the locally observed meteorological aspects
of breakup to the synoptic regrme

An examination of the daily temperature record reveals that, in general,

. approximately half of the degree days accumulated betwéen the start of increasing

discharge and breakUp are accumulated in the week prior to breakup. As the mean
leng® of the period of increasing flow is 20.4 days (for 12 years of record), it is probable
that a period of eletrated tem’peratures typically occurs.during a short period a few days
prior to breakup, and may in fact be a condition for breakup.

~ Figure 26 indicates the mean temperature trends for 25 years of racord, from two
weeks prior to braakup, to two weeks after the event, divided for purposes of comparison
Into those with a severe, and non-severe breakup. A severe breakup is defined as one

| resulting in some flooding of the Fort McMurray townsite, and has occurred in 1962;

1963, 1972, 1974, 1977 and 1979. There are several dtfferences between the mean
temperature trends of severe breakup. versus non-severe breakup years. Erom 141010
days prior to breakup, the mean temperature forisevere"breakup years ranges from 2 - 5
°C lower than that oalculated for non?severe breakups. Both trends do, however, show

" some- S|mtlanty insofar as the general trend evident at this time is toward rapidly
| increasing c[arly mean temperatures (approxrmately 8 °C in 8 days). From 9 - 6 days

before breakup the trend reverses, with the severe breakup years of record generally

. experiencing mean temperatures hlgher than the non-severe breakup years. Thefinal5

days prior to the debacle are characterised by lower mean temperatures for the six

severe breakup years. , . ' . ,
The trends of mean daily temperature apparent in the plot must be rnterpreted

withﬁsome caution, as the standard deviation of daily mean temperatures in April at Fort °

'McMurray is 33°C (A’Eﬁ, 1981). Several inferences may neverthe!ess be made from

the apparent temperature. trends. Firstly, the rapid increas'epf mean temperatures:in the -

Initial period of measurement likely indicates the north-ward progression of the™ ,
* Continental Arctic (cA) Front -aline of demarkation mdrcatlng the positions of the cold,

* continental air to the north of the front, and warmer air of mantrme origin to the south-

and its encroachment into the north central Alberta ared. Figure 27 illustrates the usual
seasonal position of the Arctic Fron. For both severe and.non-severe breakups, this is

P
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the clearest ‘precursor of breakup, and is indicative of a change in the general
upper-atmopheric flow regime, as will be examined later. Secondly, as as
short-wave disturbances have a tendancy to form on, and propagate in a generally
olsterly direction aleng the cA front, it is likely that the Fort McMurray regian, when in the
! vrcimty ot the recently arrived front, will. experience temperature fiuctuations with a
period proportional to the propagational speed of the disturbances on the iront or say,
every 2 or 3 days. ' ‘

- To summarize, the typical Jl{synoptic evolution during the breakup period is n
characterised by the arrival ot the cA front at Fort McMurray and envrrons inthe 14 1o 7.
days prior to breakup, ioliowéd by apprmmateig ai week duratwn of fluctuating
temperature andt bright sunshme conditions For years of record in which a severe jam
-has oocurtdu the week p‘nor;to breakup was typically cooler than the 'same week for the
non-severe breakup y@ars f .

'Temperature trends‘are however, not the sole means o.f inferring
meteorologrcai cor’ldmens on the synoptlc scaie An exarhination of the records of bright
sunshme during the 4’ weeks pgedeed}hg*breakup reveals what on first inspection,
would seem to bea p;arapbx that the, propo*rtnon of total-sunshine received during the
‘last week of a four-week period pnor to breakup iorisevere breakup years is greater than
the proportion of Sunshma received durtng the same period for non-severe breakup
years, even though the' year&with a severe breakup are cooler, on’ average Table 10
provides a oomparisort ot the\proportionalnty of hours of sunshine accumulated in the
four weeks prior to breakup rnclusrve, versus that aqcumuiated in the last week beiore
breakup, for severe and non-severe breakup years Those years with severe breakups
have, in general, a'higher ratio Qne mterpretation of the ratio is as follows: a "low” ratio,
that is one of about 0. 25 or iess, |mpi|es a steady and consistent period . '
of daiiy sunshine over the entire period, or perhaps the occurrence of a cloudy final
- week before breakup ‘A 'high" ratio, thatis one greater than 0.25, suggests either
extensuve c!oudiness in the three weeks prior to breakup, with *normal* sunshine
duration thereafter or that a rather more sunny perlod occurs in the week just prior to
breakup ‘ '

h In the case of severe breakup years a detarled examination of the week prior to

L

4

breakup indicates that the above mterpretation is not entirely correct, It is not a smgie
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" Year ' 4 weeK sinshine (h) -~ 1 week Sunshine (h)  Ratio, **

v

C 1977 2007 ¢ Ui . 615 T 0306
1979 1448 " 803 . 10.416

iM“e'én. .« .1 1"81,'4; Lo 651 | 0359 -

" Nonflood years ¢ - SR ‘
| Year | .4weeKSunshine(h) " 1week Sunshine (h) . Ratio
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type of weather that pnlceeds a'severe brezﬁw“ but rather two somewhat different ‘ e
weather types The first type is that characterised by conslderable sunshine in the week
' or so. pnor R breakup, but with: close to average sunshine over the four week period
ThlS describés the 1977 and 1974 breakups A fore detailed examinetlon of the mean
,Hltemperature record for the week pnor to breakup reveals that for the flrst type, the final 2
. oor3 days before breakup bnng a return to cloudy and cooler weather, hence most of the
: '_ sunshlne occurs in the first half of: the week prlor to breakup The, second type has .
relatlvely low values of sr.inshme dunng the entlre four week period prlor to brhakup. but ’,‘
. similar to the f' rst type, has a large fraction of the total sunshlne occurlng in the week . &
prior: to breakup, and is representatlve'of the 1972 and 1979 breakups ) ‘ e
“The above dlscussrdn suggests the seventy “of brea%) is mfluenced by the
'-rmteorologtcal cendltlons that accur in tl;ie day or two prior to reakup It this'is $0;! an \ L
examlnatlon of those condltlo S may tndlcate the nature of the reSponse of. the breekup .
‘ .regime to potentlally classn iahte types of weather that occur jUst prior to}a severe: -

l~5

| ‘breakup R MR S L
ArSImple method of determmrng the general characteustlcs of surface synoptfc
. condmons is to examine. the condrtlons aloft above thetdlrect and multlfanous TR
) mfluences ofthe surtace. aFor thls, UMnderW%the gene,ral c:rcl.ﬁtlon is - g "

requlred "" S v 7" l | '- :5 ”*- ' N /-\./_’// - R :. L b ) s f.‘;.

FEA'T'ueE's’f@’f T_HE GENERAL .cmcuu\n‘on e
e The general carculatron consnsts ot the average motlon cf the atmosphere,

- lned over a sufﬁcrcent penod to determine a mean flow pattem Wrthln the general
crth’:Ilatrcn certarn meteorologlcally relevanSlelds are shnfted aften\d and transported
: .-.‘tabout the atmosphere in. accordance wnh known physloal laws and relatlonshlps, and so
“in a ' mewhat predrctable manne? ‘\ EUTINS _; ' S T e
A fmportant atmosphenc t"eld that |s transported by the general cfrculatlon ls R
L zatmcsphenc 'thlckness “The tlyckness of a layer of atmosphere betwsen two constan; .
P '_pressure surfaces ts prepomonal to the mean vurtual temperattlre of that layer In the B

: 1 absence of data re‘gardmg the mean thrckness of a layer, the “helght" of a oonstant

e
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,,pressure surface provides a reasonable substltute Height is deflned as the vertrcal

- - .

N dfs{ance ab%e sea level of g constant pressure durface, and so the 500-mb height is-

o therefore th
' , sea level;, added to the 1000-500 mb. thickness. In general the 500- mb helght field ofa

- y

000-mb height - the hefght of the 1000 mb surface above or below ‘mean.

reglon correlates well wrth the‘ggﬁ 1000-mb thrckness field (F‘gure 28) (Wallace and
Hobbs, 1976). . ¢

_ _ Anempmcal equation has been derrved correlatmg 850-mb temperatures w:th N
,Szpmb height and 1000 - 500-mb thickness (Kagawa and Jarvns, 1968). Of course,
r

apolation of 850 mb. arrmass propertres to the surface asa means of determmmg
surface tenmeratures requrres some mformatlon regardlng the mrxmg charactenstlcs

Surface temperature The major portlon of the Athabasca River basin is located beneath

a5 the average 850-mb contour The usefulness of their method will not bﬁexammed

in thfs study, however o

Upper-arr hlgh g;gge areas or ndges WhICh have greater helghts than

o adjacent regrons of lower pressure are generally assocrated with cleanng and elevated
B vtemperatures upon their arrival over a statron “An upper flow regime dlrectmg upper

: eater thlckness toward a reglon of upper low pressure, or ;elatrvely

} lesser thickne ls sand to.be honzontally transportmg, or advectmg pos:tive

) thlckness. ie. hrgher mean temp s, "to that regfon Flldges aloft are normally
- aSsoctated with warm Larr advectlon at the surfaoe (Chang, 1972)

‘1

'One srmple method used to determrne the type of flow at upper levels, .

L wrth regard toa surface station, is ;Sne 500-mb hefght anomaly- that dlfference from the

Pféf'sz Stﬁdie.s SR

%

meteorologrcally normal herght partrcular date (Nlmchrlk 1983) A srgnrfrcant

o gposmve anomaly usually mdlcates the presence ofandge asrgmfreant negatfve
._anomalyanﬁ‘ppertrough* AT R R L

W o

: Nevertheless, the 850 mb temperature is.a useful mdicator of the potentially attarnable A

A few mvestlgators have attempted to use upper flow data as mdlcators of ice ‘-a,' o
jam condltions"McMulIen (1960) Iinked an abrupt change from a perSrstent northerly, R

henoe cold flow at the 700 mb Ievel to a predomrnately westerly flow wrth the
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subsequent rapid breakup of the Thames R'VGf in southwestern Ontano As illistrated in "
. Figure 29, a considerable warm-air advection lnto the region over atwo day period was -
© assoclated with the flow pattern ghift.- A vigorous snowmelt and rapidiy rising water ).
levels resulted i ina forced"breakup It was ¢l imed that-a forecast of expected changes o
in the Upper atmosphefic flow. Could be of gr at use in the forecastlng of breakup durmg L
springtlme SR e » ,
_ Severe ice jam$ and CO|ncident flooding at breaRUp on the Liard River in Britlsh
o Acolumbla and the NWT were shMo resultifrom an ab&ve-average .iperature and
| solar radiation regime foma three-week penod ‘pnor‘to breakup inApril, 1963 (Thompson '
- _and Spoms; 1964Mstabkhmgnt ota patsistent upper ridge atthe 500-mb. level in
" "H'April initiated etuatad,‘tﬁa mrld a%,sunny conditions Tequired.-for the rapid
‘ above average ’sr‘IOWfall in the basm (Fﬁ 30). Add,ﬁonally, nearly 150% of
"norrrt Ibright sunshine was recorded.. in the basrn%r,;he pefiod of ridge pegsistence
R Henry (1965) claimed that a forecast of "no flobd*tor the Yukonﬁrer |
~.in Alaska could be mads on the basrs of a ao-éay outlook and a Sday for&cas of the E
 upper tlow forthe Guli of Alaska regron THe location ‘of the qu\aSI-permanent m ’:ﬁ,
‘trough in the Guif determmes where Melting condrtrons in'the Yukon River basin Wi
-~ occur in spring-time.. If for example, ‘the trough is well éstablished in the Gulf, and
- Ppersists throughom the latter Part of April and into earty May, the headwaters reg|on of
- the basin wrll produc@considerable melt while the ice’in the mlddle and Iower sections
~of the river, remains °°l'ﬂp€t9"t Conversely, the presence of amajor ridge atthe sama
- »Iécation and time, with its enhanced tempefafuf es and sunshine, will resuit in a breakup‘
. Ofthe '°‘ﬁ'°" strétches °f the "VS(W’ ® the arrival of ﬂ’)ﬁ headwater melt thus avording
. jams. R , _ ,

’

.oW

5

¢

. Savchenkova(1 972) denved an index of atmosphenc circulation for the |
o European territory of the Soviet Union, based ori the mean tiow pattemrfor a particular N
| y period -usually derned asa Season Essentially, 100 stat.ons in the area under
j'ﬁ‘%f'conSideration were geographicauy deaignated as either eastarn or "western The '
"diff enm between the monthly average her% ptthe soo-mb surface ot\the westem .
\dsast érn stations oomprised the index. When the crrculatron is zonal; the rndex &4 :
,should be nearly zero. dunng a mencTOnaJ circulation, the mde)?»has some posrtrve or L .
- negatlve vaite. it pOSlthe. the westem tegion has a greater mean geopotential R
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Figure 30 Adapted from Thormpson and Sporns, 1964, v
. Alteration in t‘rse-sqo;mmow__‘uucjng the menth of ‘April..-

.. Soliglines represent SO0 mb contours in 10's of metres
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indlZatmg the existence of erther a ndge over the westérn region, a troughj Ll
nastem seglon or both A Iargé'posrtive fndex’ 1ndlcates the presence ofa etr’dha
. _.western region ridge, with associated cold—afr advection and lower thlckness into the
’ ~ eastem sectldn and-hence delayed eastem reglon ryer bibakup dates. " ks
W"' o _Thls tech,,\‘ Pivas used to forecast the breakup of fivers In the north-eastern
quret European terntones Flgure 31 illustrates the correlation between the clrculatlon
- mdexgndthé dgtgbfnbm%# _ ’etyertical axis represents the datd and month of
iy _anld the%orizontal axis represents the value ofthe crrculatioqmdex The?'
| ”.dlagonal lines m&rcate cdnfidence rntervals, ‘however thelr value is not revealed fﬁthe

wl

text. Supenmposed on the plots is the year of breakup' Based onha ‘lf ﬁs"‘day advance

. forecast penod the correlatlon coefficrent of the regres*ns is 0.71 13 0. 93 &
. A *e sophisticaté: system to forecast the nature of breakup from
"fmeterorologrcal conditlons was devisegi ‘ Fogarasr (1 985) A scheme to categonze |
'standard weather patter_; andgir inflience on she evolutlon of breakup was - '
developed for the Liard Mer UM i the NWT, based on the vertlcal profile of the
'potentlal wet-bulb temperature obtarned frqm daily radiosonde ascents at Fort Nelson,
British Columbia. Essentrally, the potential wet-bulb temper prejs a conservative
atmospheric property, sothat evenif an al.mass rises or G%ﬁeends adlabatlcally, and,
F"”rensauon or evaporatrbn oceurs,: such as in orographic rﬂnfall or a chinook, the
potentlal wet bulﬁ temperature is nevertheless mam’falned(lrnbame and Godson 1973)
. eFrom this property one can deterrnme the origin of the airmass overhead regardless of
“ mthe adlabatfc transformations it may have undergone. provlded non-adlabatic effects are
L mmumlzed while the a,lrmass ls in transrt Knowledge bf the erfgln of the air helps to
R -predlct lts meteorolog charactenstros and to identity the probable upper flow - '
o pattern. In addltlon, al conclusrons can be drawn regardlng the state of the
‘atmospher om the appearance of the. vertrcal proflle of Wet-bulb potentlal
'_ tem'pe‘raturglL
when -averaged over time, of a partlcular weather pattem T 3 _.“ o

: to the pattem aloft A warm well mrxed air-mass in the basm will result in snowmelt
: Conversely an mversron may be drscerned by an examlnatron of the proﬁle and vl)fll
| mdrcate the preventron by atmospherfc stabrlrty, of an’ energy transfer to the surface.

uch as vertlcal energy exchanges (mixing), advection and the p\erslstence .

A vertical proﬁle consistent wrfh mixmg wrll indfcate the exposure of the surface T
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Flgure 31 Relatlon of cnrc ulatlon lnd |¢|es and the tlmmg~of breakup for
four rivers inthe Soviet Union (adapted from Savchenkéva 1 9?2)

The honzontel axis is Iabolcd Whthevdue of lhe cwculollon index (dimensionless)
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thus reduclng the probabllity gf wsnowmelt Figure 32 rllustrates two typical vertical

' wet~bulb potentlalﬁmperatt% profiles: olawtied by Fogarasi Table 11 provides a.
A summary of the m

orological condrtrons. and snow melt potentlal associated with each
profile and Fgure 33 illustrates the typical state of the 700 mb flow observed in

akup, -others promote rt and a tew are neutral Those
patterns indicating a large-amplitude, high-thickness rrdge over a region in the
spnngtrme are assocrated with thickness advection with resulting increasing warmth and

- clear skies and hente enchanced snowmelt Troughs are, at this trme, associated with

cloudinass and reduced temperatures and hence with breakup delays; the length of -
delay dorrespondrng to the persistence of the feature. Both troughs and ndges transport

' atr ina merrdronal*manner, orina drrectlon along the mendians

Flowina drrectron parallel to lines of latitude, or zonal' flow, is assocrated wrtha .
mmlmum mendronal transport of air, and hence no drastrc warming or coolmg. but rather
with either the maintenance of existrng weather or the moderation of extreme |
condrtrons Although not-a distinct category oﬂ . ogarasi S, such a flow reglme in the
breakup season may either accellerate or delay breakup, dependlng both on the pnor '
/ﬂow and the lateness of the seasorw Early in the breakup penod zonal..ilow should

: generally provide hrgher than normal temperatures as it will bnng, to the major part of

* the basin, relatrvely mllder Pacific air. Toward the end of the season, zonal flo~w should
delay breakup, srnce the Pacific air will,: by thls ime be relatrvely cooler than the
seasonal normal. - ‘ N : ;
An amrnatron of the 500 mb fl hence the features of the general crrculation
ort Mcmurray region durrng @ breakup period should reveal the characterlstio ‘,
ttems associated with breakup, |f any. In addrtlon iti is hoped that the following '
cursory analysrs of the atmospher‘ c ﬂow over the four day | forecast period used fer the

. previous stage andldischarge models wnll indicate whether the immlnence of breakup

can be deten'mned by condrtrons aioft - :

-
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‘ _5- Example.! {llustrates s well-mixed lower stmophers. Example 2
_ lustrates a strong inversion with Tittle mixing st the lower levels ,



_Table 11 Descnptlons of weather associated with upper flow
ck ssuﬂcatlons relating to breakup (adapted from Fogarasl 1084)

Range of Surface
temparature
from RM

E1 ‘lo-+lo
A g->+lc
after Apr. 5
always >0° C
‘ D o - +1g
B . " -lc-RM
‘ e i R
-
AE - RM->+1¢
c - <-1c- Ry
: always cold

Dt _-16-RM

N

u
A
LAt

.
* AL

~ note: RM = running mean

e

700 mb mean
synoptic pattern

ridge

ridge

ridge

variable -

- small gradi'ent

~ ridge ’

" NW arctic flow,
T
trough :

Possible processes between
Sfc-900mb  900-800 mb

cold advection - same

‘radiation clear
subsidence subsidence -
Warm advection same
E inversion
. radidtion - advection
_ nd advettion varies
no advection - same
radiation , )

turbulent transfer same

4

no advection ~ gme
radiation subsidence
warm advection . same
negative energy  overcast
‘budget- flurries’
-radiation ascending
no advection flow

cloudy
\ . | N
. '\ , . ‘ \_

delays

delays

79,

General

‘conclusions

s
N,

' silghuy\

favours
snowmelt

favours .

~ snowmalt - -

wamierl than
RM In second

_partofApr.. -

- cooler than - -

RMin Apr.

«

*-promotes

spowmelt
] .

breakup

breakup. ;‘ .

.



Figure:33 Typical, categorised 700-mb
Tlow patterns.associated with breakup
(moq\tmd from Fogaresi, 1986) .=
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' RELATION OF THE UPPER ClRCULATION TO BREAKUP AT FORT MCMURRAY

One problem with the use of 500 mb data is the relative scarcity of oollectfon
sites. The closest upper air $tation to Fort MoMurray is Stoney Plain, Alberta, just west of
Edmonton. Features of flow and herghts are, however, usually of sufficient areal °
‘dimension at the 500 mb level to make the difference in oharacterfstlcs for Fort
McMurray not significant in a general qualrtative analysis A typical 500 mb feature. such
as a wave, has a wave - length of 1000 to 10000 km and an amplitude of 2000 or more
km (Holton, 1979). Therefore. for purposes of this investigatfon it will be assumed that
the large-scale features of flow will be rdentroal for both Edmonton and Fort Mc.nurray.
hence generalizations oonceming flow oharactenstrcs and heights will be consrdered to
be equallyspplicable to Edmonton. ‘Fort Mcmurray, and the intervemng terrain. )

-

500 mb H_eights_and Breakup Timing
. ! _‘ 9 .
An examination of daily 500 mb heights recorded at 1200 hours GMT for the
perrod of i increasing discharge on the Athabasca a Fort McMurray over 13 years of
reoord ihdicates that hel in excess of those consrdered normaf' a positive height -

: anomaly (PHA) - occurred annually, during the two weeks preceedrng breakup. Figures
34 - 40 illustrate the trend of the 1200 GMT 500 mb hef‘ght from 15 March to 30 April, for
the years 1972-1984, inclusive. Table 12 oontarns relevant ridge data. On average, the

 last’ posrtrwg’h,t anomaly of the 500 mb surface prior to breakup czr:ehood 12 April,
with a standard devratron of 8.5 days, ended 18 Aprfl wrth a 6.6 day dard deviation,
and persrsted 6.5 days with an assocrated standard devratron of 4.2 days Addrtfonally,
PHA; was thd“usual sge mb .ﬁndftron at breakup -9 of the years of record weré in a,
- PHA meteorologrcal girme within 4 day of breakup. and no year of record .escaped the -

. rnﬁuenoe of some form of upper rrdge within a week of breakup. With, however, the
standard deviation of the length. of the PHA nearly as Iarge as the mean PHA length, it is
clear that the meteorologrcal effect of rrdge establrshment may vary greatly from year to-

year . v
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1083
1982

1084 - '

1981

1980

1‘379

1978

1976

1972

1977

1975 _

1974
1973

\

Start PHA

Marcp 27
Apnl‘13 ‘
- April 20
~ .
April 10
April 8
April 22
_ April 13
Aprii14
March 30
N
Apri'l 18
April 13
April 7 -
April 23

"‘S

EndPHA -

Ap'lﬁ

April 21
April 23 .
_ Aprii 10
Xpﬁljé
Aprit29
April 18

Apil 16
April ¥2
April 20

. Aprit 18

April 13

April 23

*

Y

* ww “Table 12 500 mb Positve height anomoly pargmqters S 89
during the pre-breakup period ' o '

Duration ~ Mean height
(days) -~ . of PHA (m)

11, ™ g3
4
L )
i1 128
. 7/
8 47 .
e 70 '
3 ‘28
14 ‘f 135
3  ' 21
6 }1ni )
‘7 124
1 34
f ; .

o
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Ridges, or at least a PHA, are phenomena that occur within days, and generally” -
vless than aweek prior to breakup, during the years. of record. This, lends the forecast of . k

, ridge-building asa breakup precursor in early to mid April some credibility asa
forecasting tool. Itis their properties of intensity and persistence, however, that should
show the greatest influence on'the severity of breakup. |

C %
.

500 mb l‘l‘lA and Breakup Seya“ri;y_ |

“ The quespan, or' persnstence of aPHA - |dbeled Pggo for purposes of this

" analysrs - in accordance wnth the usual metsor Nogical definition, and without regard t0

its strength may lndlcate aflow reglme favourable
suffi clently enhanced !warmth and radiation in a basin

the development of a length of

including the decay of the river ice. If river ice decay isrelated to Pyyy- then the greater
the persistenoe prior ta breakup, the lesser the stageshould be at breakup. Figure 41 ‘
illustrates the relation for the years of record. As expected the relation of maximum stage

- at.breakupto - P500 is, although weak, an" inverse one. .

j |
The intensity of a PHA - Iy, - can be defined

clnmatlcally normal heighton a daily basus termed 500, divided by the persnstehce or:

(7) - lsoo=Hs0/ Psoo

- High lge9 vafues should lndlcate the presence 6f elther a strong ndge or a strong

impulse, with its usual meteorologlcal effect, and low 'soo values wull tend-to occur in
\

e

2 ,more “zonal cqndlttons or low amplltude ridges.

A comparison of the maximum stage a preakup to l500 |ndlcated the need for the.

) msertuon of some &onditions regarding ’the tlmlng of the PHA and the date of breakup.
Firstly, an ini {al ingpection of the 'soo versus stage data reveals a wide vapabthty inthe
stage reSponset sumllar intensities (Fig. 42). Some years expenenced pre-breakup

accelerate the breakup process,

‘mean height in excess of the

-
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PHA ot only one or two days duration, as indicated, and do not seem to fit the overall
pattern of the- -other data. These short rldges may indicate the pass_age of translent short
-wave features, and hence not indicate a major adjustment to the upper flow. Based on
~ the observed response of basin discharge to a four day period of measurement, it was

supposed that qshdrter period of persnstence would not produoe significant basin

' effects. and so It was decided to omrt those yeye with PHA persistence of less than four
days for the purpose of comparlng stage t0 Igqg-

The resuiting relation has/éss scatter than one incorporating the shorter

persistence years and has a correlation eoeﬁicieﬁt of approximately -0.5., hence it seems
that I5o has a weak inverse Telation to maximum stage at breakup. Too few yearsof

~ record are left in the analysis to be conclusive.

In those years when the last PHA prior to breakup persists foq l@ss than 4 days, it
is possible that higher stages at breakup are a likely outcome. Of those 4 years with 3or '
fewer days of persistence, 2 were flood years. (1972 and 1977). Thisisnotan
une;rpected‘result asa year@@l a ridge of Iimifed pe(sistehce is likely to be a year _
either wrth generally cool and somewhat cloudy pre-breakup weather and hence a year
with relatlvely str&r;g ice present at breakup. or a year with consuderable discharge
produced during a strong pre-breakup ridge that decays in the few days before breakup.
The former scenario is descriptive of the 1972 flood, where ridge-type clrculation was

_never estabhshed ‘during the period of increasmg drscharge and up to the daté of
eakup. Conversely. the latter scenario is the most likely for the 1977 flood, where a
syrong and lengthy pre-breakup ridge resulted in a’high discharge, ,bui decayed during
the four days prior to breakup., A return to cooler weather in the.final four da_y:gn;y have

e

resulted in some reconsolidation of the river ice, but was insufficiently ooo! to diqninish
the trend of incfeasing discharge. ‘

1

.Breakup forecasting method using 500 mb data

2

Both the properties of upper ndges and their influence on the nature of reakup
' exphcitly determined by a simple analysis such as the above. Although the
general meteorological effects of ridges are understood, their meso and micro-scale

o
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, effects on energy-related parameters attecting brsakup cannot be expiaine% without
further study 1t s clear, however. that changas in the general circulation regardius of (
their magnitude. are precursors ot breakup, and that these changes have occurred within
a week of breakup. One -of the objectives of this study was to provide a means ot
forecasting breakup severity and timing. Some exampies oi the general circulation
changes associated with breakup can be depicted on 500 mb charts, using atechnique
" known as map typing”( Kociuba, 1974) . Figures 43 through 45 provide a simplified
illustration of the pre breakup upper-fiew changee, as depicted by the path and
, orientation of the 5400 m, $00 mb surface height contour, for selected years. It is
© assumed that the flow aloft is basically geostrophié thatis, it is parallel to the contours.
; Figure 43 llustrates the Iarge-scge shift in atmospheric circulation that occurred 2 weeks
prior to breakup in 1975. A large upper low dominated the circulation over the western
' half of the contment_ in early Aprtl. A rapid north-western retrogression of the low,
combined with the development of an upper high pressure teature in Saskatchewan
allowed for the adVection’of warmer air into Alberta and increasing river flow ,
commenced. A strong ridge with a conside'rable PHA was established by the middle of
the month as thwsuit of an eastward ‘movement of a Pacific ridge. This feature
persrsted until 5 days before breakup. when conditions became slightly unsettied but
remamed mostly clear. The iong persistence of the ridge seems to agree with the
reiativeiy low breakup stage expenenced that year.
" Figure 44 indicates how only a slight shift in the upper flow can srgnai the
beginnmg of the breakup sequence. A generally north-westerly tiow aloft, in early April,
- 1974, veered to the southwest just prior to mid-month, and basin meit commenced. An
initially strong but weakening ridge remained in place for 11 days thereafter, however it
“was too weak to prevent the return of the .cA front to the vicinity of i=ort Mcmurray. 3 days
prior to breakip. It brought cloudy and cooler weather , and a resultant reconsolidation
of the river ice may have been responsible for the subsequent severe breakup.
Figure 45 illustrates the.flow regime in the 4 days prior to the date of breakup in
' 1977. An earlier-10 day period of a PHA had likely primed the river for breakup. From 4 -
2 days before breakup commenced, a short wave trough altered the upper flow, and cool
~ and cloudy weather prevailed basin-wide, possibly giving river ice a chance to refreeze-
somewtiat; and to reduce snowmelt, thus del_aying breakup. Clearing and warmer -
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Flguro 44 MovermrtoM and?7 day moan 500 mb hooght contours,
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weather in the final two days may have precrputated the event, but the lncreased strength '
of the.ice resulting from a period of coolet weather just pnor to breakup could have
contributed to th%hrgh stage that year.

A forecaster can examine upper. charts, and upon the detectuon of analogous
shifts in the upper flow oocumng wnthm roughly the same periods as the above three’
examples, should be aware of the enchanoed possibility of breakup, or the possibility of
a breakup with enhanced seventy oocurrmg shortly thereaft&r The seleotion of charts is,
however, not comprehensrve The upper flow patterns are too complex to categorise
without the analysis of a larger database. “



CHAPTER6 -

 CONCLUSION |

The dynamic connection between meteorological variables and breakup is not
~ well understood. An examlnatlon of the meteorologlcal condrtlons assocnated wrth

- breakup has, however, mferred the existence of some promlsmg links.

.Firstly, an analysuS‘bf a tew gllmatlc vanables has revealed tWO such Ilnks degree e

days of thaw, and hours of bnght sunshine, pgrform well in combmatlon as an lndex of

 runoff for the lower saction of the Athasbasca River. Perhaps these two variables have
umversal appicabilty to dlscharge forecastlng in similar climatic regimes. , Rehable

. dlscharge data are necessary when developmg a forecast of breakup seventy Yoo

_ Secondly, three regressron equatrons using the same meteorologlcal vanable‘e\e
but of differing form have been developed to describe the. maximum breakup st‘ﬁge The \
non-linear equatlons represent an attempt to incorporate a reasonable assum ption of the
, relatlve physlcal relatnonshlps of breakup parameters, and do so with some success.
Oneln particular was chosen for stage forecast purposes on the basrs ofits sllghtly lower
andard error of estimate N

o A oomprehensrve energy balance method of forecastmg run~off and ice '

, steripration may be more accurate than an emprrlcal correlatlon of breakup condmons

o Hegree days of thaw and bright sunshme It would, however, be vastly more’

comphcated The empnncal methods seem tohave a. satlsfactory accuracy and. have

| some utility as forecastmg tools. A forecaster can, for example, by usmg the short term o
weather predrctlons publicly available, determrne with reasonable confidence the
maxlmum stage- of breakup up tef four days in advance . T '

, ‘An mvestigatlon of those hydrometeorologlcaLparameters hypothesrsed tobe
assoclated with the timing of breakup did not meet with any success,. however It seems

‘ there are short-penod hydrauhc effects in the flow that may initiate breakup but donot "
Iend themselves to descnptron ina snmrlar fashlon to stage and drscharge '

, F‘nally, a cursory exammatron of the upper synoptlc meteorologml data has -
o mdlcated that it rs possnble. through the exammatlon of the trends in the upper flow at.

&,
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500 mb m April, to determme the approximare time of breakup and to make a .
.' reasonable estlmate of its sevemy A shuftun the upper ﬂow is a breakup prerequisrte. : \
* and such a shift indicates that breakup erI oceur. wnthln about two weeks. An .
exammatron of the nature of the shift in flow, mcluding the establisment ofa ridge, its
0 persistence and its mtensrty may mfer breakup severity Long-wave changes inthe
., upper ﬂow are breakup prereqursrtes ‘butit is the short wave variabmﬁ/ in the few days
before breakup that seems to control the severity of the event. The synoptic aspects of .
: —breakup are the least well understood but may have the most potential to become the
umversal means ef descrrbmg breakup charactenstrcs S .

' A more extensive data base will endow future st/udles of breakup with greater -
statistical confidence. Moreover, a basin - wrde consideration of climatological factors:
may reveat some pecullarmes of oertain basm sections and reveal their affect upon th.e
-breakup sequence The upper atmospheric synoptic aspects of breakupare -~ -
under-mvestrgated and show great promise. An extensuve map—typmg technique, much AN
greater than that anempted in the lést section of thrsthesrs, may reveal that a Irmlted o
number of characteristic flows will serve, m a general manner, ;o describe breakup. orto .
‘reveal its potential for severity. - . o _—
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Appendix A

-

LR S Corps of Engineers Snowmelt Model ( From Storr. 1978)

This version of the U.S. Corps of Engmeers snowmelt model was developed in
1960 and is:

-

Ma=K(1-F)(0.004KY)(1-a)+0.0084kV:(0.22 T+ 0.78 T'g) + 0.007 AT

. where'M Is total melt in inches per dy, and the four right hand terms
include melting from shortwave and longwave radnatlon co/nvectlon and >
con,densation and melt due to rain on snow events. ' ‘
_The indmdual terms are: |
short wave radiation melt factor on an average slope and aspect as
compared to an unshielded horizontal}surface (M MR) . p

F - the average fractional forest canopy coverage

KY - the symbol for incoming shortwave radiation (W/m?)

a - the average snowcover albedo ‘

Ty -the difference in-degrees Farenheit between Bhe temperature at the surface

and.10 feet aloft
k a convectnon/condensatlon factor dependent on wind

V - the mean wind speed at 50 feet aloft in MPH
T “the difference in degrees Farenheit bet\’yeeh the dewpoint at 10 feet aloft

", R -the rainfall in inches »

and the surface

105.



Appendix B

The Campbell - Stokes sunshine recorder (ﬂ’om Canadian Climate Normals, .
Atmospheric Environment Service).

- In Canada bright sunshine observations are made by the Campbell -
Stokes sunshine reco:der, first developed in 1863. Sunshine is recorded by, the
uée of the magmfying glass paper buming technique.

The recorder consists of a 10 cm in diameter glass sphere n}fxunted inthe
‘cantre of a spherical bowl. The sphere foccuses the suns rays onto & card placed
in a pre-ordained position within the bowl, and the rays burn or scorch a trace
onto the card. ‘

Y

. The cards dimension vary with the season: equinox, suimmer or winter
- solstace, and are incremehted in intetvals of 1/10 hours of axposure.
Observations of bright sunshine are accumulated at individual stations and
forwarded monthly to AES for checking and processing. - -

L 3
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Appendix C

Figher 2 Transtormation |

e
When a corellation coefficient ( r ) is calculateq on the basis of a sample of
data, the resuiting value of the coefficient is only an estimate of the &)pulatnon

corellation coefﬂdent, denoted by p. N

To make inferences of p from r, several assumptnons must be made
concerning the distribution of the observed variables. One important assumption
is that the values of the x's are random variables with a normal distribution.

o According to Freund (1 §84), the sampling distribution of r i§ compicated under

these assumptions, hence inferences of p are based on the Fisher Z
neenn _
tranformation, a transform of r to Z, where Z is given by:

Z=12"In((1+n/(1-n)
R.A. Fisher was able to show that for any value of p and given the‘brevnous

‘assumption, the distribution of Z is normal with: ‘ o
- h )

= 12*1((1+p)/(1-p))

and

o,=1/(n-3)12 .

. 0 | \“ ’
 hence’

= @) = (Zkg)"(0-3) T2

»

.

is the standard unit.. To construct confidence intervals for P, confrdence mtervals
A 1 0"
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are constructed for the mean of z, by substituting

s *

4

) = ! “fe 12
N~ z=(271;) 7 (0-3) 7

v

for the middle term of the double inequality given by:

-sz <Z<Zw2 .

-

' and thén algebraically manipulating the terms until the middle term is ‘)‘z

-~

. This leads to the following ( 1 - &) 100 % confidence interval far p:

. j ‘ '
Z-zgp /(n-3)V2 << Z +zgp/(n-3)12

Using standard statistical tables, we can convert this p, value to a confidence
N .
interval for p, based on a measurement of r.
-
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" The Mann - W‘ 'ey U~_test _(from*Freund,“'t 98.2), '

. o o
A » [ . S -~

. This |satest deslgned to test for the dnfference between two means. It

5 .Vdetermmes |f 2 samples come from ldentlcal populatlons, wuthout the requnrement

" thatthe sampled populations are normally dlstﬁbuted Comne '
) : ',"‘l'he U test is. commenced by arranglng the data jomtly by rank, say, fsom largest

to smallest Next lf the sample sizes are n1 and n2 the sum -of the ranks of
each sample W1 and W2 is:: R '

D
(nten2) (a1 sn241) 72

Now: *  Ul=nt"n2snt*(nl+1)/2 -Wi = L — |
and’ g '_U2=n’1'n2+n2 f_,(nv2__,+'1__)-/2 f\W2- n

 The statlstlc U |s always the smaller ol U1 and 2. If U is less than or equal to a
o 'cntlcal value founp in- tables. then the mean of sample 1'does not: equal the .

- mean of sample 2, and thus they are drawn from dlfferent populatlons



