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o fa\lure can have catastroph1c consequences Cijmatolog1cal

'”found that po1nt est1mates of PMP were well correlated

'a,;fEst1mates of probable max1mum prec1p1tat1on (PMP) and
“ffprobable max1mum f]ood (PMF) are necessary considerations ine e

- Iirﬂthe des1gn and operat1on of - multxpurpose struotures 1n—wh1chffwﬂl“'

“,ﬁand meteorolog1cal stud1es can be used to ga1n an Lo
understahdlng of thp hydrolog1cal phenomena that result 1n
";ffemaJor ra1nstorms caus1ng eXtreme floodlng e L'= e

"'X‘ Meteorolog1cal and stat1st1cal techn1ques weretzsed toﬁ

”'vobta1n é5t1mates of PMP\for the s1x maJor r1ver bas1ns in . ;

Us1ng three d1fferent hydrologlcal models PMp

';es.were employed to obta1n est1mates of PMF Using-“

the stat1st1cal techn1que developed by Hershfreld it was

P

within a river bas1n and were dependent on/tde p051t1on and :

-elevat1on of the locat1on for’ wh1ch'an est1mate TS requ1red

The resulttng relat1onsh1p pro"

E

‘» “E3sy. method of

'comput1ng po1nt est1mates of PMP for locat1ons lack1ng

.

meteorolog1cal data _ o _
The ra1n on- snow event had the best potent1al for

produc1ng the max1mum water load1ng As a result, ‘the

.

- contr1but1on of snowmelt to PMF was descrfbed and an

'xequatlon was developed\igrest1mate max1mum snowmelt for

\\‘

Alberta r1ver1basjns.p
T examine the effect of basin shape on .PMF the author

;. . .. LW
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"frdev1sed the Time-Area Probable Max1mum Flood Model Th1s 3}v .

"ffnumer1ca1 model uses s1mulatxon teohn1ques w1th mir 1mum data

_r'Rlver Bas1n the Streamflow Synthes1s and Reservo1r».

'd1scharges from the three mode]s were compared to the .

‘max1mum recorded d1scharges

_r1ver bas1ns a square root (exponent equal to 0.50)

-

o . . o f . ‘

"requ1rements and computat1ona1 eff1c1ency Its ma1n features
?allow subd1v1s1on of. the dra]nage area. accomodat1on of thg
'shape of a watershed oons1derat1on of flood travel t1me

"'and product1on of flood hydrographs for a waters@ed . upl?hf'

' vy

Two we]l Known models were' also exam1ned for PMF. RS

"-_estﬁmates, parameter1zat10n and sens1t1v1ty in the Red Deer

il

';.r‘Regulatmn Model anpl the HYMO Model ‘The normalized PMF ST

Y
\

The spat1aJ d1str1but1on and Q-a relat1onsh1ps for PMF

%

est1mates are also presented for the maJor r1ver basins in

: A]berta COmb1n1ngd¢he results from a]l the river bas1ns in

A]bertaJ a Q A relat1onsh1p w1th exponent equa] to 0.29

‘seems to best represent the data, wh11e for 1nd1v1dua1( v \\/'

descr1bes best the relattonsh1p for the enve]op1ng curve of

PMF. For- many r1ver bas1G\\Jn Alberta the coeff1c1ent of the.

t
Q-A relationship with a squar -root exponent was found to

" vary IOgar1thm1ca11y w1th s1ope and 1ntens1ty
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CHAPTER 1

. INTRODUCTION .~ . = -7

7'Z'Ad ' }f‘,_ R
1.0 Background B | o o R
For many years sc1ent1sts have . recogn1zed the
a1mportance of meteoro]oglcal and c11matolog1ca1 phenomena to -
'hydrologwcal problems Major floods due to severe
' ra1nstorms, for-example usua11y are a result of -
;meteoro]og1ca] cond1t1ons and hence requ1re an understand1ng
of the c]1matology of a. g1ven reg1on Ra1nfa11 studles 4 o
frequently are d1rected toward est1matlon of the phys1cal
upper 11m1ts of storm ra1nfa1] 1n%;-bas1n termed the
‘Probab]e Max1mum Precrp1tat1on (PMP). The Amer1can
‘Meteorolog1cal Soc1ety (Huschke,‘1970) def1nes the PMP _as

“the theoret1ca] greatest depth of prec1p1tat1on for a g1ven
durat1on that is phys1ca]1y poss1b1e over a part1cular
drainage area at a certain time of year.‘ln pract1ce this is
derived overrfiat terrain by storm trans;os1tion'and
'"moisture adjustment to obSeryed storm patterns". Another
morejoperational definition emphastzing'appigeation
(Huschke, 1870) states that “"PMP is that magni tude of -
rainfall over a‘ part1cu1ar basin wh1ch w111 yield the flood
flow of which there is virtually no risk of.being exceeded."

| PMP estimate can be converted into flows by empirical
methods or s1mu1at1on models to. produce a theoretical flood

that is Knowh as the Probable Max1mum F]ood T?MF) Estjmates =

;
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.during a spec1ft

of th1s f]ood 1ncorporate meteorolog1ca1 and hydrologlcaI ,..;’
parameters in an attempt to descr1be the phys1cal upper B }‘
11m1ts to fhe fl ing that could occur ~over a certaln bastn
:§?t1me 1nterval - - va_ﬂ' . 'i;;~
For hydrolog1cal appl1cat1ons. est1mates of PMP and PMF‘
should be cqns1dered in the des1gn and operat1on of
mult1purpose struatures In some cases, the ]ack of these '
"estimates has caused underest1mat1on of the necessary des1gn

‘and has resulted in d1sastrous consequences when a ra1nfa11

-

- or flood occurred that exceeded the one. used in the des1gn

v

Although a number of stud1es of .PMP have been conducted
dur1ng the past 40 years in the Un1ted States on1y a few
have addressed @MF and these were only for. spec1f1c bas1ns
In Canada the number of stud1es on-: th1s topic is even . )
sma]ler Only after the d1sastrous hurr1cane storm of 14 15
October 1954 (ca]led Hazel) crossed 1nto Ontar1o from the-
Un}ted States and caused extens1ve property damage d1d
hydro]og1sts in Canada 1n1t1ate the much needed- program of
PMP’stud1es for, Canad1an r1ver basins: ‘Research advances _
have been slow in the last 20 years, w1th only a few studies
pub11shed for spec1f1c basins In Alberta there are very
few publ1cat1ons on PMP and PMF .. and these ‘are for basins
where spec1f1c-pr03ects ware needed One of the main reasons

4

 for 11m1ted research on this top]c s that these est1mates

requ1re extensuve ttme~7onsum1ng studIes that the user may

not have the resources tp undertake Secondly, the requ1red

14

cl1matolog1ca1 and mete%rolog1cal data are time consuming

I t
!
| L

- . . . !
i



qnd”expens1ve for the potent1a1 user or researcher to :_f.
obta1n Th1rd1y, the user often 1s not fam111ar w1th
ex1st1ng hydro]og1ca1 models espec1a11y the more-
soph1st1cated ones The user must know what models are .
ava1lable and where to obtatn them as we11 as. how to usev Cor
i these mode}s and recogntze the1r l1m1tat1ons These
11m1tat1ons are of Key 1mportance -for some models have been "
misused even though they were. des1gned for spec1f1c purposes,
and regions. A f1na] reason for the minimal effort on th1s |
: top1c has been the lack of a s1mp]1f1sg!g§5roach for - |
‘_est1mat1ng PMP and PMF . Itxwas this defic ency, namely, the
lack of a s1mp]1f1ed approach. for est1mat1ng PMF together B
| with an 1n?erest in hydro]og1ca] research 1nto severe storms €

that led the author t‘i:nvest1gate this tOplC./

=

1.1.1 Objectiwes of Study
- The .objectives of thls study -can be d1v1ded 1nto two
S -main categor1es L;) ‘those dea11ng w1th PMP est1mates and

(b those dealing with PMF est1mates

Thevobjecttves associated with'PMb eétimates’arev

iﬂ) to obtain a better understand1ng of the spat1al and
‘temporal d1str1but1on of PMP 1n Alberta, 1nc1ud1ng -
cltmatolog1cal and meteoro]og1ca1 analyses of ra1nstorms and '
estlmates of PMP |

(2) to obtain PMP est1mates for the}51x ma1n r1ver

‘ bas1ns in A]berta using the two most common approaches {a)

'
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the meteorolog1cal or trad1t1onal approach and (b)lthé-zi
stat1st1cal techn1que and ' S h |
(3) to derwve a model for the determ1nat1on of PMP faf?'
any locat1on in Alberta. - | -
The obJect1ves assoc:ated w1th PMF est1mates are:
1) to examirie the rajn- on -snow event and to define thefd

relevant parameters and prOCesses assoc1ated w1th snowmelt ‘fﬁ

necessary for PMF est1mates, -

q{2) to develop a cdnceptual model for. est1mat1ng PMF

-Alberta {in this, thests termed the TAPMF Mode1- ) and to

. compare the results of th1s model w1th estlmates obtawned

.from two geneﬂally used hydrolog1cal models (SSARR 2 and

'HYMO 3 ) 4 in.an Alberta watershed and

.ﬁ*\'l

- [3) to examine. the spat1al dlstrabut1on of PMF

est1mates in Alberta and to obtaln a relat1onsh1p wath wh1ch_'

'to estlmate PMF for ungauged watersheds

The PMP obJect1ves of this" work have been researohed

; 'prev1ously and were presented 1n two publ1cat1ons by the

'author ‘(l) Verschuren ‘and W03t1w (1980) ‘and (2) WOJt1w andM

Verschuren (1981) A summary of the publ1shed results is

a TAPMF Model: T1me Area Probable Max1mum Flood" Model

2 SSARR Model:Streamflow Synthesis and Reservo1r Regulat1on
Model (U.S. Army Corps of Engineers, 1972).

3 HYMO: Hydrolog1cal Mode 1 Computer Language (W1ll1ams and’

Hann, 1973).

A The SSARR and HYMO models’ are poplular models used by

government agencies and consultants in Alberta.

\
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B presented in Chapter 2 of th1s thes1s The~PMF objectiyes
are exam1ned in Chapters 3 to 7. '

‘ Before the results of the research work are presented
_'.a review of the ava11able literature 1s g1ven The rev1ew 7

has been d1v1ded 1nto a number of parts to give the reader a

1

_nbetter understand1ng of the h1story and techn1ques 1nvolved

~in PMP_ and PMF stud1es (1) cl1matolog1cal stud1es. (2)

3

synoptac stud1es.'(3) PMP stud1es. (4) historical’ flood

B studies-in Alberta 15) snowmelt studies; (S)Vfldpd'

| est1mates and PMF stud1es and (7) computer simulation . -

"5;;mode111ng of PMF.

o

1 2. O L1terature Review )

- A large numberég?hprecipftation studies have been

- cbnducted,1n,A1berta. Some of these have examined the

'clinato1ogy of surface rainfall, whi le others attempted to -

’ rélate the synpptic weather conditions‘to precipitation on

the surface. | |
o

1.2.1 Climatological Studies

. 'In_mqst studies of the climatology of surface ,

"‘ precipitation, point measurements are examined in terms of

the regional and temporal variattons of rainfall. The

results ot:the pdint measurehent anatyses indicate

Variations'fn~the point measurements of precipitation‘and

not-variations in the rainstorms, which are areal in

dimension. .Comparisons are usually made .of the heaviest

[2)
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prec1p1tatton»between one potnt and another whtch usually
are produced by two 1ndependent (1h ttme) events A good
example of such a study is the work bytstorr (4963 1967)
who examtned the prec1p1tatlon data for  the heav1est 1-' 2-
.and 3- day ratnfa]ls from 81 stat1ons for each month (May to
~ August) from. 4921 to 1960 The results ‘were expressed as
\\7maps of heav1est ra1nfa11 for the 5-"10- and, 25- ye*
return period. These maps prov1de the. spat1a1 d1str1but10n
’of the heaV1est ratnfall, with each po1nt represent1ng the f~i'
. max1mum observed va]ue recorded in most cases from\ =

1ndependent events .1?4d. ' )
a The f1rst study to examtne the cltmato]ogy of
ra1nstorms in Alberta was . the work of Verschuren and WOJt1w
- (1980) in whtch the authors 1dent1f1ed and analyzed 611
ratnstorms TbetWeen 182 1 and 1978) that produced a-minimum '
depth of 50 nmm (2 in.) prec1p1tatton In add1¢107/to -
presenttng the yearly frequency of ratnstorms (Figure 1.1)).
“the authors ,showed that .an’ average of about 11 storms A
ooccurred each year w1th depths greater than 50 mm (2 in. )
and that the number of ra1nstorms decreased logartthmtcally
with 1ncreased depth Over 50% of the ra1nstorms in A]berta
‘occurred in dune (23. 6%) and July (26. 7A); w1th only small'.
percentages occurrtng n. Apr11 (5.6%) -and September (10 1%) |

The authors found that the greatest frequency was in the :

Waterton Lakes National ParK area, 2:1 year event for depths -

50 mm (2 in. ) and more’ (thure 1, 2) approx1mate1y a 1:3

year event for depths 100 m (4 in. ) or more and
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FIGURE 1.1. Year]y Frequencyfof Ra1nstorms with Max1mum
Depth 50 mm (2 in.) and more in Alberta (Verschuren and
' W03t1w 1980) '
approxjmately a 1;10‘year event for depths 150 mm (6 in.) or

more (Figure 1. 3) The frequency decreased along the

Cont1nenta] D]V1de w1th a number of pockets of maxima in

central Alberta. Severe storms 5 occur in four ma1n regions

‘(or beits) of the prov1nce the first extends through.

southern A]berta Just south of Calgéry' the second is in
centra] Alberta from south of Edson to the Edmonton reg1on

the third is from Lesser Slave Lake to the Fort McMurray -

1

5. Storms that oroduce depths 150 mm (6 in.) and more.
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" area; and the fourth 1s around the*Fort Verm1110n area R
”ijtorms W1th depths greater than 150 mm (6 1n ) usually cause
flood1ng 7;»4i jjf “3;1 vvl - ;ﬂ,' ' i _‘.f

A number of other stud1es ‘have a]so been publlshed and

although they are l1sted tn the b1bl1ography they arelnot

:h]dlscussed here s1nce they are not d1rectly relevant to the PR

N

:ob3ect1ves in thts d1ssertat1on . fﬁi3;_

&

BT R T
1.2. 2 Synopt1c Studles . S ""“j ‘ PR ‘,"
In westerg Canada the 500 m1ll1bar (mb) cold low has
been recogn1zed by forecasters (Thompson 1950) as.a, ”~.,

»synoptlc feature respons1ble for extenstve-prec1pitatlon on N

the surface in Alberta. Studies of the synopt1c cond1t1ons R

~ of severe ra1nstorms have also been publlshed (MoKosch
1961; McKay, 1965b; Burrows, 1966 Warner and Thompson.
1974; and’ Thompson 1976) Thompson s 1976 report summarlies .
‘the character1st1cs of storm events -of d1fferent synoptlc .
‘scale to 1dent1fy the storm types most llkely to.produce . _?,.
extreme’ rainfall events over the Saskatchewan Bastn In> R
‘ Alberta two categor1es seen to emerge based on the events

- . ‘ « N .

ddurat1on and- synoptlc scale. o
g The flrst category contalns short- duratlon and small- .
scale. lntense ra1nfall events these are produced by _ _“
thunderstorms The typ1cal life cycle of. a thunderstorm is 3
_to 8 hours, and the area exposed to ra1nfall

_ approx1mately several hundred square K1lometres Most 6f

these storms result from dayt1me heatlng of. the earth’ _‘ )



,nsurface so that although land use patterns, type of

HVegetat1on and aspect may play roles in determ1n1ng the |
':po1nt of storm formatlon topography cannot otherw1se be 1]
"related to the ra1nfall 1ntens1ty Many of the 1= day extremey:
"~annual ra1nfalls at statvons 1n Alb ta are of thls type As-.
‘a rule these usually do not result‘un extensxve flood1ng in :
Alberta — | e l ' ‘ |

The second cate’

»y cohta1ns meb1um scale events, these

are associated wi- low?press €nd | frontal systems Most

- of the 3- day annt al extreme ralnfalls and probably also .
§everal of the 1 day annudl extreme ra1nfalls in the Eastern

Slopes and pla1ns are from storms of th1s scale Extremetwet ,

wper1ods longer an about 3 days would ‘1n most 1nstances.‘

'_be due.to dis .rbances on a planetary scale that cause a
breakdown 1n the normal eastward movement qf the large scaleh"
pressure conf urat1ons Under such cond1t10ns the low-
lpressure generlt1on areas and the- upper level w1nds that

\ steer the storm systems remain stat10nary and cause .
._successwve med1um-scale storms to tracg over the‘same |
fgeneral area for an extended period. Such a s1tuat1on has \<§
'been called a cold low and is classed as a med1um scale ’
storm The 500 mb map- (roughly at 5.5 km or 18 000 ft.) and.
the surface weather map are used to 1dent1fy such phenomena,
B examples of thése: maps are shown 1n F1gures 1. 4 and 1.5,
respect1vely - . | | .

In Flgure 1.4, pressure 1sopleths of‘a 500 mb ]ow"arev“i“Th

3

' shown over south central Alberta there is cold air overl
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FIGUREn1.4. The- 500 mb Ana]ys1s of- a Typtcal Co]d Low 0ver o
. A]berta (After Thompson ; 1976) . _ S

AQ‘ '
Llsouthern A]berta and British' Columbta and uarm‘air is~“
esp1ra711ng around the east; north and northwest stdes of
; ,the low In thure‘1 5, pressure 1sop1eths of about 1000 mb
are deptcted in the f1gure, and a surface low shown |
southwest of’ Edmonton is caus1ng a northeasterly ups}ope
flow of warm moist air. over the foothtlls\of the Peace R1ver.
Basin, The band of warm air on theKe;st, north “and ‘ |
enorthwest s1des of the upper low is often the reg1on of LR

heav1est pre01p1tat10n in a cold low system, even in the

absence of an upslope cond1t1on~ The exxstence of the

TS
appropr1ate combtnatlon of topography and low leve] w1nds e

. - .
- .-,,.,»

»“«;-prGV1des addrtronal $1Ft to the already ascendtng air to ';t?}v -
:Further 1ncrease the 1ntens1ty of the p#gc1p1tatton c -
Thompson (1976) found that the cold low was . the {nost |

R ¢



FIGURE 1. 5 The 1000 mb Ana]ys1s of a Typical Cold Low QOver
" Alberta’ (After Thompson 1976)

o frequent producer of ra1nfa1]s of suff1c1ent 1ntens1ty to
pose a. flood threat 1n the South 5askatohewan R1ver Bas1n

and that th1s type of storm occurs most frequently dur1ng A '_

May or dune

o«

Burrows: (1966) examined daiLy‘precipitation data for 16
‘years (1950 to 1965) for ‘the Edmonton reg1on ‘and classified

N.the data 1nto two basic - types of storms cold 1ow.and cold .

. o

trough storms In meteonology a cold trough is an elohgated o
-area of re1at1ve1y low atmospher1c pressure (the: oppos1te of L
-a r1dge) Of the 60 storms analyzed (with rainfaltl 19 mm
H0.95 in, ) or gréaterﬂ 42 storms were 1dent1f1ed as cold

vl*"A ]ow wh1]e 18 were class1f1ed as cold trough In their
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study. Verschuren and detiw t1980) found that all 34'severe>"
t,ra1nstorms produc1ng 150 mm {6.in. ) or more in pre01p1tat1on-f
at the surface could be class1f1ed accord1ng to Burrows ’
scheme and that 85% of the storms were of thé cold low type .
with’ the rema1nder be1ng oF the cold ‘trough type The' |
-authors further concluded that the cold low system is
usually assoc1ated with heavy preclp1tat1on in. Alberta
.'1-.2.3-PM‘P-StUdies : : IR
| “In the UnitedeStatesfa large number of PMP'studles have

been conducted over the oast 40 years]'The disastrous tloods |

" during the late 19305‘dlrected investigations by a number‘of C

) .' . C - . h ‘
researchers (Bailey and Schneider,. 1939' Craeger’, 1939; and

Hathaway, -1939) 1nto the subject of PMF and its relat1onsh1p
to sptllway capac1ty jn cons1der1ng the design‘of'dams. With .
these Studies the concept of PMP gained favor and a number
of. comprehen31ve research programs were 1n1t1ated By 1939,
'through advanced stud1es and a greater accumulat1on of data,
;.the probab1l1ty me thod had been proven to be entlrely ‘
"1nadequate Because of these c1rcumstances the 1mportance
of meteorolog1cal studles in- the de51gn of flood control
'structures was reallzed (Creager 1939) Durlng th1s per1od
';the 1dea of mass ra1nfall curves was - developed and used for
storm analys1; (Ba1ley and’ Schnelder 1939"Hathaway.‘1939lr
'lThe next 1mportant development was the use of dewcpo1nts as

a_measure. of the prec1p1table water in the moist air.

Showalter - and Solot (1942) conc luded that the maximum amount

L4
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of rain that can OCCur over a g1ven bas1n can be determwned’
from the amount of moist air that can flow, over the basin
and the max1mum amount of mo1sture that can be pre01p1tated'
from that moist air. | o

| It was not until 1953 (Paulhus and G11man 1953) that
Probable Max1mum Preczpltatggn was defined and a d1st1nct1on
drawn between it and Probable Maximum Storm. Until then, - the
terms were used llbera]ly and 1nterchangeably in the
']1terature The dJst1nct1on is, that the PMP for a specific
area is usually determined by.severaﬂ types of storms
whereas the Probable Maximum Storm is determ1ned by one
sdbé1f1c storm. Pau]hus and Gilman outl1ned a maximizing
‘procedyre used in the derivation of PMP that consists
chiefly of moisture adjustment and, when Justifiable,
transposﬁtion of the obserVed storms. Th1s procedure serves
today as the basis for calculat1ng est1mates of PMP and 1s -
found'in the l1terature under var1ous names: traditional,
meteorological, or physical.

| Moisture adjustment:of a storm involvesvestimation of
the increased prec1p1tat1on that could be expected if

' max1mum atmospher1c mo1sture were ava1]ab]e The surface\dew
.po1nt is used as an index of the mo1sture in the storm and
of the max1md§:mo1sture in the basin. Paulhus and Gilman
further mentioned that their tests indicated that the lowest
dew point in the 12-hour period correspond1ng most nearly to
the 12-hour period of greatest ra1nfa11 was most

-4

'representat1ve of the average moisture in the storm renter



' - point to whic

This. dew po1nt was labe]led the representat1ve 12 hour |
~pers1st1ng de po1nt The max1mum 12- hour pers1st1ng dew |
v | J the storm va]ues are adJusted is the hlghest
value below wh1ch the dew po1nt did not drop dur1ng any 12*
" hour recorded per1od A]l dew po1nts were reduced - o 'v’\isw
pseudoad1abat1ca]ly to the 1000 mb - level to make the dew
’p01nts for stat1ons at d1fferent e]evat1ons comparadle and .
lto permit the use of tables and eharts’ of mo1sture 1n
atmospher1c columns with base at 1000 mb Maps of max1mum
.dew points and tables of m01sture content expressed in -
terms of prec1p1tab1e water, have been pub]1shed by the U. S
Department of Commerce (1948, .19561).

For many years th1s tradrt1onal approach cont1nued to
be-popular and gatned genéra] acceptance.. In 1961>a ‘ s
different way of calcu]at1ng PMP was 1ntroduced by o
Hershfieﬁd (1961), who proposed a statistica] method for the
vsystemat1c ana]ys1s of prec1p1tat10n data in estimating PMP
this method was mod1f1ed severa] years 1ater (Hershf1e1d
1965) . He proposed that the PMP at an observable
prec1p1tat1on point could be est1mated from generallzed

frequency equation (Chow,.1951) of the form,

XR = X + K S \ . '(..'1_1)‘
where'Xﬁ is the return period rainfatt X and Sn are the‘

mean and standard dev1at1on af a ser1es of n- annual max1ma

for a specific duration, and K- is the frequency factor

4
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'zfdependent upon the- frequency-dwstrnbut1on chosen o;fit,the
data. In the or1g1na] works by Hershf1eld (1961, 965) the
frequency factop~was found ta’ vary from about 1 .2 to 14 5
-and was postuﬁafegvto have a max1mum value of 15 ThTs value o

‘of 15 has been used by many researchers to est1mate PMP

' ~w1thout ver1f1cat1on or quest1on of appl1cab111ty In 1977

=Hershf1e1d (1977) publ1shed results shOW1ng that the PMP at

'ﬂ‘any po1nt was also a. funct1on of durat1on and the mean '

Aannual extreme ra1nfa11 for a. durat1on of i hours th1s can 

be expressed-as folLows

K, = 19 (io)‘?t?i‘4‘q (1.2)

where K 1s the frequency facton. Yi is"thé-mean 'nnuaivt.j_“
extreme ra1nfa14 (1nches) for the i hour duration 'and b ish

a constant which varies with durat1on For durat1ons of 6

~and 24 hours, Equation 1.2 .can be expressed as:

{a) for G—hgur duratlon
N N

) -0.00213 X~ (1.3) . >
Kg = 19 (10) | -
(b) for 24-hour duration . ) ,/ _
-0.000965 X,  (1.4)

- th = {9'(10)

s
By p]otting'the constant part of the empirical power
COeffictents.against duration on a log-log. graph' a straight
line results, thus a]low1ng the interpolation or
extrapo]at1on to_ other durations. |

This method is now known as the statistical method of

e
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estlmatlng the - PMP S1m1lar to other schemes dependent on.
emp1r1ca1 coeff1c1ents. the equatwon proposed by Hershfteld
Ay L
is a concise and conven1ent way of ach1eV1ng an approximate -
,answer when l1tt]e 1s Known about the est1mated quantxty

I'ts main advantage 1s that it can be used 1n remote areas

‘ where 11ttle metebrolog1ca1 data are avallable and where it

o Lis virtually 1mpos51b1e to make a reasonab]e est1mate using

the physical approach , _
The PMP obt%1ned by the phy51cat or stat1st1cal method -
is an enveloping value Even if an exce]lent theoret1ca1

model werevr ava11ab]e, the ana]yst would st111 have to

f“iglmaX1m1ze ‘the 1nput At the present t1me the max1m1zat1on .of

w < L

‘7'the parameters s 1mperfectly understood

: ComparIsons of -the. phy51cal and statlst1cal methods '“

’have been madé\ln a number of studles Most stud1es 1n -
vCanada wh1ch have used both’ methods found that the tWO f“'
me thods produced similar results. Dur1ng the late 19505 and
throughout the 19605 a nUmber of studies were conducted to

est1mate PMP for var1ous Canad1an rxver bas1ns One of the A
pre11m1nary stud1es us1ng PMP est1mates for severe storms-"

o

was researched by Bruce (1957), who performed an ana]ys1s of
the rainfall -for the most severe storm on recond in- Ontar1; ,
i.e., hurr1cane Hazel (14-15 October 1954)' hat time,

the only Depth- Area Duratlon (DAD) analyses available fqg
Canad1an storms were for storms that crossed (ie\border-from
the Un1ted States and were documented in "Storm Ra1nfa]l in

the U S o Emp)oying_the storm,maxim1zat1on andi
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,Alberta storms
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e

- transpos1t1on methods of Paulhus and G1lman (1953) Bruce

\

obta1ned prel1m1nary est1mates for davailable DAD analyses
for southern Ontar1o With th1s study a "need for DAD ;
analyses became apparent and the Department.of Transportis
Meteorologjcal Branch_(now Atmospheric,Environment Servicelif
inftiated_a-program that resul fed in the'prOdUCtion of the -

"Storm Rainfall in. Ganada" serles (Atmospheric Environment

'szerv1ce 196l-) ‘This is a cont1nu1ng series w1th a number
'of ra1nstorm analyses be1ng added each year from throughout“
- Canada Althodgh the “series mainly emphas1zes raanstorms'in'f

'eastern Canada, sl1ghtly over B0 such- anaﬂyses are for~w'l a

4
'

't*“f Canad1an research advanced 1n the 19603 when a number
- of stud1es were conducted to exam1ne the crltlcal \
;"meteorolog1cal cond1t1ons fon'max1mum floods for specific

v r1ver bas1ns One such study was’ done by Bruce and Sporns

(1963) for the St dohn R1ver Bas1n New Brunswick, to
provide design englneers wnth the -basic information needed

to estimate maximum flood floWs..fhis included data on the

- physical uppen,Timjts-tofsjorm;nainfall, winter snow

“accumulation, snowmelt rates, and optimum combinations :of - .

AY

snowmelt and rain. DAD analyses Of 63 storms were carried

out and were'hsed to'estlmate PMP by‘the physical approach

The results from this method ShOWed very good agreement w1th‘
results obta1ned using the: Hershf1eld method with K equal to
15 in the frequency equation.

A.second study was done by Bruce, Richards. and Sporns



P }(1965) for the fortage MountataneserVOIr on the Peace R1verf -

1n Br1thh Columb1a As 1n the previous study, max1mlzat1on
of the maJor recorded ra1nstorms was carr1ed out u51ng the
phys1cal approacht&When Hershf1eld’s method was used to

‘fcorroborate the est1mates oﬁkPMP 1t was found,that the -~

stat1sttcal method gave only sl1ght1y lower va]ues than~t

b

- those obta1ned by the phys1ca1 analy51$
Another study was, performed for the St. Francots and
Chaudiere rwver bas1ns, Quebec by Gagnoh Pollock 'and
Sparrow (1970) S1m11ar to the prev1ous two stud1es,_th1s _'
7~’work“cons1dered only the meteonolog1ca1 aspects of “ m‘f |
ra1nstorms‘~snou accumulat1ons and . snowme{t The phys1ca1
”'eapproach was also used in exam1n1ng PMP'for the two. bas1ns
A total of 77 large rainstorms (storms w1th po1nt ra1nfalls _'
of more than 50 mm (2 1d ) in 24 hours) occurrlng between |
1912 and 1964 were analyzed 'Two fam111e§ of curves or"'
1sochrones,were obta1ned, ngure 1.6 shows the ma X imum. |
observed rainfall, and, F1gure 1.7 shows the maximum _' -
: 72 \phys1cal}y poss1bTe ra1nfall as functions of area. The f1ve Vj'
'hv“yllargest storms were. used to- obta1n thecmaxwmum observed |
tcurves F1gure 1. 7 g1ves the max1mum poss1b1e ra1nfa11 fOr'
areas of 130 to- 12 950 km? - (50 to 5 000 sq mi . ) “and for
dUrat1ons of. 6 to 108 hours V‘
In Alberta, most of the work on esttmating'PMP has been-
conducted by McKay (1962, 1964, 1965b, 1966, and 1968); his
efforts have concentrated on the statisticalfapproach,_ln

one of the first of these studies.(McKay,1965b), the author
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FIGURE 6 Max1mum Observed Ra1nfa1l as a Function OfmArea .
’ for the Chaudiere and St. Francois Watersheds in Quebec
(After Gagron et al., 1970).

h obta1ned estimates of PMP for the pra1r1e provinces by
examining 24-hour extreme preC1p1tat1on values fot 191
weather stat1ons w1th Iong term rainfall. records from 1916
lto 1960 The character1st1 of the frequency factor K were °

§ presented a]ong w1th maps of the coeff101ent of var1at1on

’ 'r-and the mean. The author a]so prov1ded graphs of po1nt for

rwconvers1on of 24 -hour extreme ralnfa]T to other rainfall

durat1on§ (i.e., 1, 6, and 12.hours).'The author concluded
 that during the 1atelspring and throdghout the summer the
‘foothllls of 50uthwestern A]berta have the greatest storm

-~

potent1a] w1th1n A]berta

In another study, McKay (1968) exam1ned the
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FIGURE 1.7. Maximum Posstble Ra1nfa11 as a Function of Area
for the Chaudiere and St.' Francois Watersheds 1n 'Quebec
(After Gagnon et al. ,~1970)

'
ir(rﬁétébia fogical ‘conditions that | nf}uenced the’ prOJect desi an
and bMF on.the Paddle River, A]berta Again the statisttoal
approach was. used to examlne the 15 ava11ab1e’§evere storms
: ;analyses, 1nclud1ng those storms w1thin A]berta ‘that the AR
uthor believed could be- transposable to the Paddle-R1ver
area . In-addition, the author cdhputed snowmelt rates us1ng
generalized snowmelt equations-and coeff1c1ents and comb1ned

these estimates with the snowmelt assoc1ated w1th a maJor
spring storm. It should be po1nted out ‘that in th1s study no
cr1t1ca1 ana1y51s was made of the coeff1c1ents in the

a -
generalized snowmelt equat1ons. in part1cujar of their

validity for the basin being examined. Estimates ofvthe

1 X | s 'y

-
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"water y1eld from comb1ned rain and snowmelt were also

computed as shown in F1gure 1.8. The_solwd_Jﬂnes'an the
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"'*?IGURE 8 Snowmelt and Prec1p1tat10n Computed for Various -

Comb1nat1ons of Snowmflt (After McKay, 1968) .
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figuhe iﬁdicate the totaT E?ter released from the stoém, the
storm p1us'1-day melt, thebsform plus Q—day melt, and so on.
The” broken 11ne 1nd1cates how much snow can be eXpected to
be on the ground under _average ablation rate conditions.
Another study that examined critiosl meteoro]oéica]

conditions for meximum F]ow was that presented by Buck ler
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fand Qu1ne (1971) for the Pemblna Valley north of Entw1$tle.vu 3

Alberta The authors est1mated(the probable maxvmum snow- ’_l__~

’Q&(

l,,accumulat1on in the winter season‘and calculated the melt -

caused by the h1ghest poss1ble warm spell followed by a 3-
day ra1nstorm The melt rates were calculated using the N
general1z;d snowmelt equatvons and coeff1c1ents developed by
the U.S. Army. Corps of Eng1neers (1956) -They estlmated the
PMP us1ng the phys1cal approach and for a 3- day storm v
suggest amounts of 368 mm (14. 5 in. ) of ra1nfall in the
Pembina Basin (in a1 554 km2 or 600 sq. mi. areal;“fhe-

study s DAD curves for 24 48, and Q} hours are shown in

Figure "1.9. McKay's (1968) results (based on Hershf1eld‘

/lapproach) are also d1splayed on the figure.

~ .
One of the most recent publ1catlons on PMP est1mates is

by Verschuren and WOJth (1980) in whlch both th..

-trad1t1onal and stat1st1cal approaches were used to obta1n

' estlmates of PMP for the six main river basins in Alberta

v

-The results of th1s work ‘are d1scussed further under

characteristics of PMP in Chapter 2.

/ N "v -
1.2.% Historical Flood Studies in Alberta

A number of publlcat1ons have’ documented 1nd1v1dual
storms.that have caused extenswve flooding in Alberta
Al though est1mates.of PMP or PMF were not discussed in these
studies, tt is‘important to recognize the work done in this
area, for some of these storms play an impor tant part in the

PMP estimates and also demonstnate that ra1nstorms do” cause
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FIGURE 1.8. DAD Curves for. 24- ,48-,and 72 hour Durat1ons for
the Pemb1na Basin, Alberta (After Buckler ‘and Quine, 1971
, : ‘McKay, 1968).

e

8

"extens1ve floodlng Dne such study was done by Thompson ’TVI'”

(1976), who used arch1ve records to reoonstruct three severe

 storms (June 1887, July 1902 ang June 1915) &n the Bow and

North;Saskatchewan rivers. The aufhor'conclhded that the
storm type that produced: heavy rainfall in all three cases

was a cold low. The rainfal}l that cadsed record floods from

N
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oo »1¢he~1897 and 1915 stqrms was of extr;ord1nary 1ntensity Gvr L
T whereas the third: storm (1902) was’ not as ThtenSe 7 ﬁflhéﬁwif7:”
e - o‘d"“ ) *’\1 R SRR . S

latter event howeven,.was preceded by an exceptlonallynwet

Yoy
.

ﬁ;; ,per1od,dur1ng which the "soil very lTKely became saturated
L and thereby enhanced storm runoff The resultlng peak
.fd1scharge from the 1897 storm qs belleved to have produced
_‘the h1ghest flood on- the Bow R1ver at Calgary datlng back t9/
LR

'-North Saskatchewan R1ver 1s bel1eved to have produced

' extremely heavy ra1nfall amounts over a w1de sectwon of the

af” least 1884 The storm that preceded the 1915 flood on the

'Eastern Slopes of the Rock1es and the footh1lls of Alberta
The instantaneous dlscharge recorded on: the North .
Saskatchewan R1ver at Edmonton was 5 806 m?»per.sec (205[000
cubic feet per second (cfs))honb28 June 1915, and,thevdaily
discharge of 4 644 m3 per sec (164A000vcfs)'recorded'on the
following day is by. far the hlghest on record for that
locat1on since 1911. The same storm produced the h1ghest
1nstantaneous dlscharge on the Red Deer Rlver at Red Deer
since records began in 1913 the fifth highest on the Bow
R1ver at Calgary s1nce 1884, and very high discharges on the
Macleod and Adtfibasca rivers. : .’

-Another example ofla stﬁdy where rare tloods were

examined is the report by Neill (1965), in which theeauthor

6 The 4- day rainfall amount in the 1897 storm exceeded a
:100 year event, while in the 1915 storm the 2- day rainfall
amount exceeded a 1:50 year value at Nordegg and Lovett. :
? The heaviest 1--and 3-day amounts recorded durtng the
storm are.less than a 1:10 year event. 4
A



;‘i;" fhydrometr1t statﬁohs in Aber

P Y

tabdlated-rare fl' {scharge d ta from 47 selected
' In- add1t1on “the aathor
p]otted the 100 year mean daily flows agaLnst dra1nage areas

_‘;and tha1ned a general emplrlcal re]at1onsh1p of the form

Q100 * F 4%% (1.5)
. where Q1001s ‘the 100 year mean da11y flow (cfs) Fis a
‘-coeff4c1ent 'and e 1s the - dra1nage area (sqg. m1f¢.'The-"
authqr’aléo ca]culatedAthe values of F for each station and
'depicted this on a map of Alberta. A plot of maximum
recorded flows aga1nst dra1nage areas 1nd1cated an upperm

o

enve]ope'curve with the equatlon

i

4

L. 0.55 . | .
Qax = 1588 A . (1-63
._A more recent exampTe of a rainstorm that produced
severe flboding-occurred on 7-8 dune.1964l(Warner, 1973) in
the headwaters of many streams th Montana and southwestern
Albertau The main flood aréa in Alberta occurred in'WatertOn
Lakes Natiomal Park. Flooding was primarily attributed to W
extreme rainfall (un;fficially, over 250 mm (10 in,} in
-Waterton Park) influenced by the right combination bf
antecedeht conditions: below- normal temperatures that
delayed the usua] snowme lt-runoff pattern (from March to

’May) and above- norma] prec1p1tat1on in May that resu]ted in

1arge scale melting of the snowpack in the latter part of

.



Mayl whlch'continued into June at avsustained high rate.
Although th1s storm occurred ma1nly in United States, ‘w1th

Adberta rece1v1ng only a small segment the possible -}17*V~
'occurrenceebf such a storm further north cannot be ruled
out. ] | |

Floodépfoducing rainstorms are hot restricted_to the |
sOuthern“part of‘the province. 7For example, Warner, and o

Thompson (1974) presented a report on the 11-12 dune 1972 ; .
'ra1nstorm in wh1ch more than 150 mm (6 in. ) of rain- fell .
over-parts of the Peace Rlver Basin southwest.of Grande
2 Brairie, result1ng in: record flows in nearly all streams in -
‘that area. Other documented examples of rainstorms caus1ng
| flood1ng cond1t1ons in northern Albertavinclude studiﬁﬁtpy

'McKay,(1966) of the 30 July to 1 August 1953 storm -on the
»\Paddle R1ver* ?y Froellch (1967.) of the June 1965 storm in
.the Peace Athabasca, and North- Saskatchewan basins; and by
Mustapha (1970b) of the 27 June to 1 duly 1970 storm in the
Lesser Slave Lake and Lac La Biche forestry regions.

A more recent publ1catlon on “floods is-the study by .
‘Mustapha et al. (1981) in which the authors presented a
comptlat1on of historical flood data and information .
concern1ng recordeq_floods w1th1n the North Saskatchewanv
R1ver Basin. Data from 18 selected hydrometr1c stations in
., the basin-with vary1ng streamflow<ﬁ§dérds between 1911 to{
1978 were selected as representat1ve of floods 1n the

mountains, footh1lls pla1ns, and ma1nstream of the North

Saskatchewan River. In the report the authors exam1ned the

+



. },,wra1nﬁa14 an th19vregﬂon ”Runoff from mﬁdntagm snowme]tdvul

1

maximum annual flood dﬁscharge the cduses of f]oods,.the

effect of ice on recorded stages, the h1stor1ca1 flood

- evels, f1ood damages. and'f]ood frequency analyses In the

’rmounta1n reg1on most of the vo]ume of-\wnual runoff and the
annuaT flood peaks are due to snowmelt in the spring and
‘summer In the footh1l]s d1though snowmelt coair1butes to.

‘runoff the maJor f iood peaks are generatiaaby heavy
b
4 7]

comb1ned with runoff from maJor storms in the foothills’
generally produced the largest flood peaks on the North ~
Sasgm?chewan R1ver In this .region, coldflowsiproduce the -
maJor floods. In the olains'reaion,‘snowmelﬁafs the major.
contributing factor to {he manmumnannual flood peak, a
this usually occurs iniﬁpril or early May. On occasion, the
early spring runoff from this region is due to a combihatfon
,.:of rain and snowmelt. In some years the max1mum annual flood
peaks resu]t pr1mar1ly from heavy summer ra1nfa11
Mustapha et al. (1981) also d1scuss urban storms, in
particular the storm that occurred in the Edmonton area on .
10-11 July 1978 calising over $1.3 m1111on damage. Although
this storm did not produce very ]argz recorded maximum point
precipitation, it did produce extehsive f]oodingain.the'city
of Edmonton and surrounding towns. Urban flooding is
generally caused by highly localized rainstorms whose
intensity and,suosequent runoff-exceed the design capacity

of the urban storm sewer system.



tif‘vmeltlng snowpacks or from snowmelt comb1ned w1th ra1n To

N e e
1.2:5 Snowmelt Stud1es LT LR

As was dwscussed earller, some maJor floods result From j

. ¢est1mate the max1mum floods 1n these reg1ons it 1s necessary

t'to cons1der the contr1but1ons of’ snowme]t water to maJor -

: floods. Thts requires. (1) determ1nat1on of the maxxmum
seasonal snow accumulat1on and (2) est1mat1on of the ‘
fcr1taca1 melting rate of ‘the snowpack “tffji;f_;{_fji:‘f;f
| Three methods have been used to estlmate the. upper

- Timits of snow accumu]atton on watersheds: f(a) part1aT
season (or~synthét1c-season4~method~ Ibt snowstorm

maximtzation'hethod ’and tc) stat1st1ca1 method

In the part1a1 season method an- estvmate of the

v

e

by assum1ng that the 1argest snowfa]]s for d1screte

1ntervals (i.e., 2, 4 days, or 1 month) ‘during the recorded

- period can be comb1ned regardTess of theur year of

occurrence, to produce a synthetic year -of very high -
snowfall. The va11d1ty of such a synthetﬂc year has beerr
quest1oned sihce dtfferent/years are being coqb1ned Ifa
long recorded per1od is. ava11able,'the upper limit obta1ned
by this method wou 1d rare]y be exceeded however for data
bases with a short durat1on record this 'is not necessar1ly
true, and hence caut1on must be appl1ed in the
1nterpretat1on of such resuTts . ‘

In the second method, the maxtmum snowfall is obtained

by snowstorm max.imization of all the snowfalls over the

.
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‘”ba51n for the entire w1nter A factor i%‘used to estimate
tliithe maxg%um m01sture flow caus1ng the snowfail This factor
;i;?151milar to that used for. rainfall 1s equal to the ratio
Fbetween the maXimum p0551bie moasdure content for the time
‘ of year when the snow fell and- the movsture observed in thel
| airmass that actuaIJy produced the snowfa11~ w
( The last approach the statistical method estimates
the snowpack on the ba51s of a ]ong return period _such as.:
'(1100 or 4000 years by applying the extreme value theory of
- Gumbe] (1954) to the maXimum annua] water eqUivalent of snow
'cover This approach is applied to pOint values, which are . .
jithen translated into .an areal estimate based on the
‘v,‘assumption that there i's little variatlon in the water
equ1valent of the snow cover. ~This assumption is usual]y
. correct for the . plain areas: . however for mountainous
“regions it may not be‘appiicable The approach is also
highly dependent on the recorded period ‘and caution shouid
be used when obtaining estimates from stations with a short
'record lengths . - |
Some studies of eastern Canadian ba51ns (Gagnon et al
.1970) suggest that the result obtained by the snowstorm
maximization me thod corresponds fair]y closely to the value
derived by the partial season method,; however, none of these
"methods is.entire1y~satisfactory; Perhaps the second
approach, the winter snowstorm maximization, has the most

credibility, but there is the problem of compounding'

. unlikely events—by assuming th‘f all winter storms in a
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M#'"iifseason occur unth maitmum water vapbr content in,the SHOW'“'Z“

*1x,produc1ng air.mass.. Research on'hew and‘better methods oF

L

° .-estwmat1ng max1mum snow*accumulat1on 1s needed \»-iw-~¥;

o For est1mat1ng critical, snowmelt rates.ﬁtwo ma1n ]

”.approaches are commonly used The. f1rst 1s the degree day-

y method wh11e the second is to apply gene,al1zed snowmelt

{equat1ons based on- energy balance cons1derat1ons {U. S Army

Corps of Engxneers,‘1956) ’l ”
In the degree- day method the mélt (M) is expressed as a .

lineéar’ relat10nsh1p of the daily air temperature and can be

written as . f~x6-f'w;21iffaﬂfﬂfﬂ"th_'h" .
s - . .M = cYr

9 LT o . o -

(1.7)
where C is an emp1r1cal1y determ1ned coeff1c1ent and EZTa1s
the sum of positive da11y air temperatures ( ) for a
‘des1gnated per1od E1ther max1mum or mean temperatures can
be used for Ta' There is some-phys1ca1 justification for
this approach, since air temperature is reasonably we]l |
'correlated at a pariticular time and place with atmospher1c
factors that>affect me 1t rates, such as solar rad1at1on and -
vapor pressure. This is a simple and usefu1 approachvfor
ca]culatlng snommelt but has some limitations because there
is considerable var1ab111ty in the coefficient C From basin
"~ to basin, year to year, and time to time within the snowmelt

season, depending upon factors that cannot be represented by

air temperature alone (i.e. albedo of the snow surface..
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w1nd dew pownt and rad1atnon) To datel llttie effort has:-;

P

been expended to Just1fy the usage of «the mean or mailmum

L

temperature in the 1nterpretat1on of these quant1t1es

‘The other -and more . rigourous approach is 'to apply h”%h o
genera11zed snowme]t or energy balance equat1ons. ‘which can .
be written as | : .

Moo= Mpg + My * Mee ¥ Mr'+ Mg (1.8)

,where.Nﬂfjs the totai snowmett,MrS'is the short-Wave

radiationme]t-M"l is the longrwave radiation melt, M ce is

. the melt due to convectwve heat transfer from the atmosphere
“and to 1atent heat of water vapor condens?ng onto the snow
surface, Mr is: the ‘melt due to heat of ra1ndrops, and Ng is
the me]t by heat conduction from the ground Approx1mat1on

of each of the ‘various melts have been descr1bed by the U.S.

Army Corps of Engineers (1956). Because these approximation

were developed for a specific basin, the user must cal1brate -

the coeff1c1ents for the basin being studied.

For both the energy balance equations and the degree-
day methodj curves of hlghest maximum (or mean? temperatures
for the snowmelt season need to be developed for a

representative long-term record station or stations within

the basin. In using the degree-day method, the temperature

sequence is all that is required. For the energy balance
procedure, critical values of other meteoro]ogioa1 factors

(insolation and albedo, dew point temperatures,'and wind)



‘”i'are needed The- energy balance equahons have bee” emp'°yed -

Atn Alberta by var1ous authors (McKay, 1965b 1968 Buck]er

'T;Iand Qu1ne, 1971 Storr 1978) in comput1ng snbwmelt In many

of these stud1es, ‘the coeff1c1ents gtven by the u.s. Army
Corps of Eng1neers were used ‘and coeff1c1ents were not

calibrated for the A]berta r1ver bas1ns

1.2.6 Flood Est1mates and PMF.

To determmne character1st1c$ of -a flood that would
" result from a given. ra1nstorm and/or snowmelt period, it is
'necessary.to estimate the'percentage Qf.baSID water that‘.
thT appear as surface runoff 'Some of the rain or snommelt
water will infjltrate the soil and will not contr1bute'
d1rectly to the- flood r1se 1nstead, 1t may recharge
groundwater or be stored in thegsoit."The'watér that flows
quickly into the stream channels_main1y overland or as
intkrflow is known as direct rumoff. It is this volume that
must.be estimated. Direct runofF'varies'from time to time |
within a basin and from basin to ba51n Each ba51n has .a
character1st1c response depend1ng on factors such”%? the
permeability of the 50115, the vegetatlon, the slooes of
ma?n land areas of the basin, the amount of the basin in
swampbarea or lakes, and the amount of small depress1on
storage in the basin. W1th1n$a given bas1n the volume of
d1rect runoff from a given amount of rain varies with the
season, the antecedent conditions, ‘and the duration and -

intenstty of storm rainfall. Since all of these factors are
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bomplex.gnd‘some]gpe‘inferﬁéﬂated;hig,isfverypajfffcuff‘to
'éstimafejruhqff volumes. Foh-axpartiCu]éblriver’bésjn with -
_records Qf’stréam?]bwpand bﬁeCipitatioﬁt‘étéomﬁon pfocedUre
has bgen to dévéléplmﬁltipleiyanjable.rainfaj}-runéff"'
“cbrfelatipﬁé.éither graphjcaily or by empifféa} formulas
'(world Météoroaogiéél_Organ?%ation; 1975). . o
Graphical relationships have been publishéd‘by the U.S.

Geological Survey (Chow, 1964) in flood*frequency reéobts
for varioué states. Erom‘theSe the maghitude.and probableJ
recufrehce ihterval'of floods‘may be determihéd at any blace
on a streém, within the limits of ihe bésié‘data: ﬁhére,are
:twq diéchatge—ffeqpency'curvés'that,ére'cémmonjy used: the
. first expresses the flbpd dischargeftime.relat{onShfp aﬁd'f
sh0w§:Vafiation of peak disoharge,.Which is‘expfessed as a
ratio of‘the mean annda1.floéd, as well as recufrenCe-
in.terva]__'8 r the second curve relates the mean annua],fiéod
"8 to the:areé alone or to the size of area .and other
significant basin characteristics. |

_.From ab0u§_1§13_to the 1930s, what is now known as the
first flood_frgZuenpy?}ormula was developed by Fuller .(1914)

from the discharge records of hundreds of streams. The
k .

® The average interval of time within which the given flood
will be equalled or exceeded. A flood having a recurrence
interval of 10 years .is one that has a 10% chance of
recurring in any year. Likewise, a 50-year flood has a 2%
chance, and a 100-year flood has a 1% chanle, of recurring
in any year. ' L '

® The Gumbel distribution is used to express the mean annual
flood, which is defined as the flood having a recurrence
“interval of 2.33 years.” '



4formula'is:
Qp = T (1+0.8 1og;q T,)f_.. - (1.9)

where QT is the flood of retunn period T (in years) and 5
. ts the mean“highest annual‘flood Fuller suggested using the.
above formula to estlmate floods w1th as long a return _

_perlod as ,1000 years. As late as 1932, T = 1000 was

recommended as the splllway des1gn flood for certain classes -

of earth dams, together with a generous freeboard safety
factor. lhis suggest1on (i.e., T = 1000) is based not only
L on extrapolat1on of what appeared to be a law but also on
_transpos1t1on and envelopment It is row known that o
extrapolation to such return’ per1ods 1s uncertaln
With more d1scharge records, dlrectly envelop1ng the.

records of peak d1scharges (normal1zed for areal rather than
assigning specific frequenc1es became more popular in
deriving the maximim flood. The most famous is the Myers
equation (Chow, 1964) in which peak discharge is
prOportional to the_square root of the~area drained and to a
coefficlent that varies with region and geology. Myers’

formula is:
. Q = C A . (1.10)

where Q is the max imum dlscharge\(cfs); C is an empirical

coefficient varying with climate and geological



characterist{cs‘ and A is the drainage area (sq. mid)

h The second emphas1s in the per1od from about 1914 to
1935 was on the use of probability theory to estlmate |
magn1tude of the'flood Curves were der1ved from past
records on a stream and the frequency was determlned for '_
the occurrence of a g1ven flood. From data with a few years
o;:records (i.e., seldom exceeding 20 years and rarely
: exceed1ng 30 or 40 years) probability curves were
extrapolated to estimate the average expected -discharge for
longer t1me durat1ons (i.e., once in 1 000’ 5,000r or 10 000
yé#ars) . This»theory proved to:be‘inadequatevin that some of
the floods that occurred in the 1930s’ were est1mated by the
probab1l1ty method to have a return period. of once in
m1111ons or even b1lllons of years, and not the usual
assumed 1 000 to 10 000 years. One such example is the f]ood‘
in 1835 on .the Republican River in Nebraska, which was over
10 times Farger than had occurred on that river during the
previously recorded 40 years, The probability method would
not have made provision for an adequate sp111way for that
flood.

‘ The nature of flood analysis changed in the 1930s, with
'the increased knowledge of floods gatned by superimpostng
the enveloping curves of record-breaking f]oods that
occurred between 1890 to 1939 (Figure 1.10) (Craeger, 1939).
With more gauging stations and longer records, the curves
depict an upward\trend in flood flows. (there is no evidence

that these changes were,climatological). The increased data
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FIGURE 1.10. Envelop1ng Curves of Known Floods 1n the Un1ted
States up to a G1ven Time Period (After Craeger 1939).

significantly raised the records: of -flood flows for all
drainage -areas: For instance, the maximum flood for en-ahea
of 259 km? (100 sq. mi.) that in 1890 had a 1imit qf 2.2 ms
per sec peijm_2 (200 cfs per sq. mi.) vJas inc?ease% about
'n1nefold in 1939 to 19.7 m3 per sec per:km? (1800 cfs per
sq. mi.). For ]arger areas ‘the 1ncrease between the 189p and
1939 results was less, for/example, the flood for 25 900 km?
(10 008 sq. mi. % being about -double. |

Many ra1nfall-nﬁn ff formu]as have been derived for 7.
© computing Hood d»'ﬁ . %

f, es since the 19405 but most are
TR

engineering des1gn D1ff1cu1t1es

S »’817,-«

considered 1nadequaf
in the applvcatlon o; e;p1r1cal re1@£1onsh1ps arise not SO

much from the emp1r1c1sm of equations but more from the lack
of Knowledge of the exact condxtions under whlch they may be

applied. Peak flow formulas can be classified accordiﬁg to



h' the number of var1ab1es used in the equatﬁeh Listed below

l‘are examples of the funct1onal re]at1onsh1ps of the numerous
peak formulas comp11ed by Gray (1970) 1n thch flood flows
hare re]ated to A
(1) dnaynage area
(2)-draina§e"area'ahd freqUehe;
(3) area, rainfail; and time paramaters
(4) basin,Width and raihfall?paraheteESg
(5) basin'width,'rainfall parametehs, and s1ope
(6) area,Aslopes. and réinfali»parametersz
(7) area, elevationtflengthfgéng‘1akes.
A. compar;soh of some of the floee formulas is presented 1n
‘:F1gure 1-J1 (Gray, 1970) . No correlat1on relat]on between
the varxous formulas is given and henee 1t is d1ff1cu1t to ’
assess their reliability. |

Another 1mportant characte;§st1c ‘of a flood to con51der-

in sp111way des1gn is the hydrograph shape‘ The numerous
papers publ1shed on the time d1str1but1on of ﬁunoff not only.
1nd1cate the 1mportance of hydrograph shape but suggest
that the techniques are far from being completely
def1n1t1ve Where sufficient data an streamf]ow are not
ava11ab1e to enable the. shape of the flood hydrograph to be
determ1ned,.s1mp11f1ed geometr1c forms have been used for
approx1mat1on It is obvious that simple geometr1ce] forms

';are only first approx1mat1ons and that more attent}on should

be directed to the rharacter1st1cs of the dra1nage area.
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| The un1t hydhograph method or1g1nally presented by .
Sherman: (1932) .has ‘been the most w1de1y used method of flood
wave form~computat1on This method has been mod1f1ed by-many
authors,_but most of the’ bas1c pr1nc1p]es have not changed
The unit hydrograph is deflned as a-hydrograph derjved from
storm rafnfaal'of-a'sped{fjed durafion,'where the'volume.dfb
surface runoff accbunted‘forjis of'Un;t depth'on the basin.

The ‘unit hydrograph me thod and 1ts mod1f1cat1ons are based

on assumpt1ons not ent1re1y fu]f111ed in nature. dohnstone“

3
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and Cross (1949) g1ve a f1tt1ng character1zatlon of th1s

js1tuat1on. "A1l these propos1t1ons (un1t hydrograph \
.assumpt1ons) are emp1r1cal It is not poss1ble to pro@e ther
mathemat1ca]lyx In fact 1t is a rather s*mple matter to ‘
_ demonstrate by hydraulic ana]ys1s that not a s1ngle one of
| them 1s mathemat1cally accurate Fortunately, Nature is not
aware of th1s _, " R ; i «‘
‘The d1ff1cult1es encountered with collect1on of data
requ1red for der1vat1on of unit hydrographs caused many
workershto seek further mod1f1cat1ons of the method Lack of
vsuff1c1ent prec1p1tat1on and runoff data 1nsp1red Snyder
(1938) ‘to develop a synthet1c hydrograph method. In this
gethod the 1nd1v1dual elements of the hydrograph are |

‘ determ1ned by computatian. Peak d1scharge for a glven

duration was derived by Snyder from the equat1on

Q= 640 o Ay / tp, ] r1,11)
where Q is the peak d1scharge (cfs) Cp the coefficient
accounttng for f 1ood wave and storage cond1t1ons1 Ad is .the
"watershed area (sqg. mi.); and tpﬂtheklag time (hr). Values -

for cp range from 0.4 to 0. 8 and general]y indicate
retent1on ‘or storage capac1ty of the watershed App]1cat1on
to streams in other parts of the wor id requires d1fferent
values of the Cp coefflc1ent The relation’éétween the “time
of the center of prec1p1tat1on per1od and the peak of the

.

hydrograph rise (tD) is given by the formula N
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where cy i a coeff1c1ent from 1.8 to 2 2 (dependent on.‘g'

' \'slope of the drainage area); _vws the total length of the

L ma1n stream (m1les) “and Lc 1s the length of ma1n streaq

'from gaugrng station to cross section nearest to the

v ',-
el

centr81d of “the dra1nage area (mlles) . L
h The u: S Department of Agr1culture So1l Conservatlon
Serv1ce (SCS 1969) has developed a- drmens1onless un1t
hydrograph where ord1nate and absc1ssa values are expressed |
_as a nond1mensaonless relatlonshlp Peak runoff and r15e
'L1me depend on bas1n area, durat1qn of ra1nfall exceSS,b \
length of the'maln channel and slope of the Wate(course‘ The'
;'peak flow of the un1t hydrograph can be calCUlated using the’

, =
‘followihg formula oo

L2

3 ‘ . S

A1)

¢

where Q is~the'peak‘rdnoff A s the area of the watershed
‘ : : o
\\sq mi . ); and PR is r1se t1me (hours) :

Y

% \ -
The Tennessee Valley Author1ty (1973) has developed a

lun1t hydrograph us1ng~a double tr1ang1e deflned "at four 4
,,-po1nts MaJor elements corresngnd1ng to these four Values
-are bas1n area, shape ‘1ength of the main watercourse,
| dra1dage dens1ty, percentage wooded area and 501l type
AHoang (1977)° has mod1f1ed and applied th1s method to small

watersheds in southern Quebec The peak flow is calculated
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using the following formula:

Q = KAT o (1141
where'§ : is. the peak flow of a unit “hydrograph result1ng
From a net ra1nfall of 21hours,.Kf 1s a reglonal constant
A 1s the area of the watershed, >and X. is a reg10nal |

‘ constant'“Hoang (1977l has developed by regress1on the

"fvalues oﬁ‘the\regﬂonal constants “for southern Quebec

It 1s-1nterest1ng.to.compare the d1ffergﬁt*formulas1

lyfused to calculate peak floW. In all ofvthese formulas 'area‘

is the common element In the Snyder and SCS formulas* the
flow varies . l1nearly accord1ng to area. wh1le the Hoang
model conta1ns an exponent of- area that approaches unlty )

* Emp1r1cal formqﬂas have been applﬁed to watersheds in’
western Canada. McKay and Stichling (1961) obta1ned a .

_ relatlonsh1p for. the envelope curve of extreme flood1ng ont’
the pra1r1es, for which peak d1scharge and dra1nage area
(F1gure 1. 12) are determ1ned by Equat1on‘ 10 w1th C equal

1o’ 400. - ' | | |

Another example is the work of Godw1n (1975). who -

,carr1ed out reg1onaltzed est1mates of PMF for 72 s1tes ln
the . prr1r1e prov1nces, prvmar1ly for the SasKatchewan Nelson

~ Basin. ~Jhe estimates. were made for areas w1th floods from

, mounta1n and pra1r1e streams The results showed that ﬁor

both types of streams the maX1mum mean da1ly peak flow per

unit area (F1gure 1.13) decreased exponent1ally with an'
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‘increase in the dra1nage area, with. the mounta1n fed streams
having a higher magn1tude‘ The relat1onsh1ps for these

curves also take the form of Equat1on 1 10

1.2.7 Computer Simulation Modelling of PMF.
The concept ot a mathemattcai mode 1 for*simulation of

synthesiied streamf low has become prominent in the past 20

'~years, primarily w1th the advancement of electronic computer

techno]ogy The bas1c concept 1nvolves 51mu1at1ng a.
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mathematical mode]l compr1s1ng the physical processes

&

1nvolved 1n the hydrolog1c cycle. Such a model may 1nglude

'ra1nfa11 or . snowme]t effects of transp1rat1on 1ntercept1on

losses. 1nf11trat1on rates, so11 mo1sture depress1on °

' storage " and groUndwater storage Usual]y the flow is then

separated into its components of surface subsurﬁace;~andv

- base flow. Var1ous versions of computer mode]s have been

developed w1th additions or updates of the var1ous runoff

© processes.
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At present, there are: more than 20 maJor hydrolog1c
51mulat1on models (U. S Army Wa&erways Experﬁment Stat1on
1974) ava1lable for. representat1on‘of Whe hydrologlcal
processes These can be subd1v1ded into three ma1n classes
(a) rainfall-runoff- event s1mulat1on490dels, (b) contjnuous
streamflow simulation models, and (c) urban‘%unof?ed' -

' ~s1mulatlon models Some of the more common models (W1th

the1r abbrev1ated notat1on) are the fo]low1ng 4
T oa) Rainfall‘runoff:event simulation models - . -
HEC-1 Flood Hydrograph/PacKage—(HEC 1)
' Computer Program for PrOJect Hydrology (TR 20)
' USGS Rainfall- runoff Model-(USGS)
) Hydrolog1c Model Computer Language (HYMO) ‘ __ .
\\\ Storm Water Management Mode]-(SWMM) ';‘ -' .
b)* Continous streamflow simulation models e
Anfeoedent Precipitation Index ‘Model-(API)
1970, 1973, 1974 Revised Watershed HydroTogy-(USDAHL) |
t Stanford Watershed’ Modte 1 IV-(SWM IV)
Kentucky Watershed Model-(KWM)
. Se]f opt1mlz1ng Hydrolog1c S]pulatlon Model-(OPSET)
' Hydrocomp S1mu1at1on Program- (HSP) |
: Texas Watershed Model—(TWM) o o }l

N Nat1onal Weather Serv1ce Runoff Forecast System‘(NWSRFS)



.
~ Streamf Tow Synthesis and Reservoir Regulation-(8SARR)

Ohio State University Version of”SWM-IV-(OSUSWM)“

c) Urban runoff simylation models
e iQE}anf,' o
) Un1ver51ty of C1nc1nnat1 Urban Runoff Model-(UCUR)
~ Chicago Hydrograph Method-(NERO)
Quant1ty and anigﬁaaof Upban Runoff-(STERM)

Road Research Laborg?oryﬁ%odel-(RRL)F : _“;-fﬁ%;;-;ﬁd
G . 1 T
MIT Catchment Model~(MITCATl SR Cat

A review ofnthese'models (U S Army Waterways
‘Exper1ment Stat1ons, 1974 Wor 1d Meteorolog1é%l.
0rgan1zatwon 1975 V}essman et al., 1977) 1nd1cated a

tremendous d1vers1ty in scope and purpose mathemat1cal
detail, system elements and‘hydrolog1c phenomena be1ng
modelled. size of the system that can be handled data
requ1rements and computer output. These d1vers1t1es are the
jresult of the vary1ng cond1t1ons and ob3ect1ves that govern

the design, -and evaluation of 1nd1v1dual drainage systems.

o The state of development of these models also varies

s1gn1f1cantly Some mode 1s have been developed and verified

‘extens1vely others have been developed but not ver1f1ed

and some have been deve lgped conceptually but npt carr1ed to
the po1nt of appl1cat1on In add1t1on because no standards

exist for. evaluatlng and comparlng models d1ffer1ng

A
critéeria have been used in the evaluations. The rigor with



which the models have been tested var1ed greatly,»from
intuitive Judgments to graph1cal comparisons and more\N
demanding statistical analyses.

‘To provide al&dick overview of:the*featdres-of these:
models, a 5ummary/indicating thefmathematical'formdlations
used in ‘the models is presented in F1gure 1.14, It must be
remembgied that most of the models are being rev1sed ‘
expanded and 1mproved cont1nuously by the mode developers
A ma jor drawback w1th_many of the existing models is that
'thev have,nOt been developed for large rural drainage basins
or have not\incorporated snowme 1t computations. The latter'
. is 1mportant for est1mat1ng the, PMP and PMF . for watersheds
in Alberta Other models have extensive data requ1rements
are diffiéult to 1mplement or mod1fyL and may be very
expensive for simulation. |

The following are some of the abggevmodels and other
minor models that have been employed to estimate f;pods '
design andw1n some cases PMF estimates: '

(1) Stanford Watershed,Model;used'in Quebee for certain
-small watersheds, : l - : ' ,
(2) SSARR Model -used by Alberta Envlronment for design
purposes on the Red Deer and Paddle r1vers, ' A

(3) CEQUEAU Model-used to determine the des1gn floods of
several rtvers_1n northern Quebec (Morln_et.al., 1978),
(4) Hydroiouepec Model—dsed-to make real-time foreoasts of
floods in Quebec (Bisson, 1979), |

(5) UBC Model (University of British Columbia)-used to
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- FIGURE 1.714. Comparison of Mathematical Formulations in
Models (After Viessman et al., 1977)

calcuiate the PMF in 10 subwatershedstof the Peace River

(Fawkes, .979), _
(6) SWMM Model-used to establish the design flood in urhan

areas for small basins {Leclerc, 1979).

Many of the models descrihed:ahove are restricted to
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‘'small river basin studies’ s1nce they were developed aﬁdv.,;

modified for these needs The two models that appear Eo have
been used in large river bas1ns stud1es are the SSARR and

UBC models. Mustapha and Ojamaa (1975) used the UBC SASKG '
\

fs1mulat1on model to obtain estimates of PMF for the Red” Deer

River at the Raven: Us1ng DAD analyses of four'rainstorms,

"the authors estimated the PMP to be 292 mm (11, 5 in.) near

the Raven for a. 48-hour durat1on and dlstr1buted this
prec1p1tat1on on 2 consecut1ve days, w1th 229 mm (8 1n ) in *

th= frrst 24 hours The PMP was converted ‘to flood flows by

‘use of the UBC ‘model; the result1ng PMF hydrograph for Raven

is shown in Figure 1.15 (Muzik, 1975) and Lndicates an
instantaneous peak discharge of 4 814 m3 per:sec (170 000
cfs). |

The SSARR model has been and still is being used for

var1ous studles by Alberta Env1ronment hoWever, only
-1nternal reports have been prepared on its usage In- the m1d

“1970s, the Alberta Flow Forecast1ng Branch of Alberta

Environment conducted an rnvest1gat1on of several high-‘
powered hydrolog1c computer models ‘in order to choose a
model for real-t1me flow forecast1ng in Alberta Then
watershed models included in the 1nvest1gat1on were HEC-l

Modi fied Stanford UBC Watershed Mbdel, and SSARR. The study.

'concluded that wh1le any of the models,'if properly '

calibrated, could produce consistently better results than a
unit hydrograph approach the SSARR Model was the mos t
flexible, comprehens1ve, and ea51est to Operate of the four

_ i
&
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Because of its use®

by Alberta Enviromnment and vast

A

flexibility, tﬁf $SARR Model is used in this thesis.

1.3.0 Sources of Data‘aﬁd Mode 1s

A large number of different sources of data were used
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in the analyses presented in this‘dissertation' Daily*
'rprec1p1tat1on~,max1mum and m1n1mum daily temperatures, dew

o ‘ -
- point temgeratures, and. DAD analyses were obta1ned from the :

numerous publlcat1ons and data tapes of the AtmOSpherlc'
Env1ronment Serv1ce of Canada, - Downsv1ew Dntar1o Da1ly
streamf]ow d1scharges and stream and r1ver character1st1cs
came from pub11cat1ons and data sources produced and
~collected by the Water Survey of Canada Inland Waters
.Dlrectorate R1ver and hydrolog1cal character1stics were |
a]so extracted from‘numerous pub11cat1ons, and these are
11sted in the b1bl1ography and are referenced where
applicable. The SSARR model with appnopntate wr1te-up and
-descriptions of usage were obtained‘from Alberta o
“Environment. The HYMO mdde1 was' obtained from the City of
édmonton’ Sanitary Engineering Department The author would
like to acknowtedge the contr1b¥t1ons of data, mode]s and -
1nformat1on from all of the above sources, for w1thout th1s
asswstance the results in th1s d]ssertat1on togethe( with
the results presented in the author’s publlcat1ons

(VerscHﬁre2 and WOjtiw 1980; and WQJt1w and Verschuren, )‘

1981) would not have been possible.
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'CHAPT‘ER'V‘?, |
| CHARACTERISTICS OF PMP .~ . -~ >

i

' Probable Max1mum Prec1p1tat1on can be est1mated by a
number- of methods“ the two 1nternat1ona]1y accepted methods
".T(WOer Meteorological 0rgan1zatlon 1973) are the phys1ca1 .
{also calTed meteorolog1ca] or trad1t1ona1) and the
| jstat1st1cal Both of these methods have been exam1ned
extens1ve1y by Verschuren and WOJtTW (1980) in. thetr :
.szubTwcat1on dea11ng with Alberta r1ver bas1ns In order not
\ ito dupltcate thts effort only some of the resuTts and’_-,?‘
f1gures are discussed and presented in th1s d1ssertat1on |
The reader should refer to the above pub11cat1on for an in- -
”depthmlook at th1s top1c The resuTts presented here deaT
:only w1th the Red Deer River Basin wh1ch is. used'as an
sexample throughout this- work It shoqu be}noted that the
i sequence of maJor storm ralnfalls was exam1ned but not f~1
rcohstdered to be 1nvoTved in PMP est1matlon B J:”,.,
'.-2 1. 0 Est1mat1on of PMF by the Phys1ca1 Method '
. - The phys1ca1 approach to obta1n1ng an estlmate of PMP
'.was developed over a number of years The method 1s 1nd1rect'
. and is based on the ana]ys1s and hmx1mlzat1on of the ]argesti

.,ra1nstorms that occurred during the per1od for wh1ch there

are ra1nfa1] records It assumea that the amount of ra1nfa11
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from a storm depends on two independent factors' 1) the o

PR kS

DR mo1sture content of the alr mass and 2) the eff1c1ency of
| the ramn producing system The procedure used for max1m1zlng ‘
observed storm ra1nfall 'to est1mate PMP 1nvolves mo1sture yhv;;f
o adJustments, storm transp051t1on, and envelopmentw1 ' It -
further assumes that the largest ratnstorm 1n the region has
h occurred dur1ng the per1od of record Th1s 1s an ;mportant
| assumpt1on WhJch 1s open to cr1tzc13m wespec1ally regard1ng
;reghons where scanty meteorolog1cal 1nformat1on 1s: :
."ava1lable Because of its meteorolog1cal components,.>_lriiaf;?_
however, the method is ‘much easier to relate to'the phy51cal..
occurrence and effect of ra1nfall from ra1nstorms and hence "

\

has been readlly accepted by the meteorolog1cal and

a

hydrolog1cal commUn1t1es 0o R

vi2 1 Est1mat1on of Atmospher1c Mo1sture | ‘

o In product1on of prec1p1tat1on, the mo1sture in - the
lower layers of the atmosphere 1s most lmportant (Schwarz,f
1967 U, S, Department of Commerce 1960) Theoretwcal- |

: computat10ns show that for excess1ve rain, air. or1g1nally
“near the surface reaches w1thln an hour or so the top of the
; -layer from which - the prec1p1tat1on is fall1ng Jn the case .
of severe thunderstorms, surface air may reach the top of .

- the storm in a matter of m1nutes because of the htgh-

'.' A,process in- which the largest value of PMP is selected
-from a 'set of data for a given area, and a smooth curve.
drawn is through the largest values. .



veloc1ty updrafts in such storms.. . .

The most rea11st1c assumpt1on seems to be that the air
'ascends dry- ad1abat1ca]1y to the saturation level and then
a;%ends mo1stwad1aba¢1cally Thus hydrometeorologlsts
generally postulate a saturated pseudoad1abat1c atmosphere
}“mfor extr torms To maximize the mo1sture of a’ storm, tuof

'saturat1:m§§§1abats are reunred ‘§he f1rst g1ves a measure
’ _of the" vertwcal temperature dlstr1but1on in the storm to be
'max1m1zed and the second ﬂs the warmest saturat1on ad1abat
to be- expected at the same locat1on and time of year as the:T

; storm In meteorology these tWQ saturat1on ad1abats are

1dent1f1ed by the wet buTb potent1al temperature which )

' fcorresponds w1th the dew po1nt temperature at the’ 1000 mb

level The work by the u. S. Department of Commerce (1960)

T has shoWn that storm and(extreme values of prec1p1table
owater may be approtlmgted by estlmates based on surface dew
'po1nts when saturat1on and pseudoad1abat1c cond1t1ons are

~assumed ~An approx1mat1on based on. surface'dew point

measurements is des1rable,s19ce these measurements are more
readily. available than measurements at the 1000 mb level,

:Hence surface dew po1nts are used in identifying the storm

saturation ad1abat for max1mlz1ng the moisture content of
the storm Both“storm and maxtmum dew po1nts can be reduced
pseﬁpoad1abat1cally to the 1000 mb ‘level by use of Figure

2.1, so thaq dew po1nts observed at stations of d1fferent

‘elevat1ons are comparable. ‘

* Since the moisture has an apprec1able effect on the

|

!
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storm, precipitation must be that'whicﬁ bersists fors hours |
rather fhah miﬁutes. Also any s1ng]e observat1on of dew
point may be considerably 1n error therefore,rfor
est1mat1ng storm and probable maximum moisture the
conventional procedure is to use dew point values on two or
more consecut1ve measurements separated by -a reasonable t1me
interval. The adopted procedure is to use the so- called
h1ghest persisting 12-hour dew point. Thﬁs is the highest
value edualled or exceeded by all_obsetvations duripg a 12-_:
‘hour period. L ; ‘i_i : | ’
~Paulhus andtGilman (1953) concluded that the 12-%eur

persisting dew point temperature was most representative. of
N



: the'average mOisture in the storm center. The resuttS'of
th1s study have since been used and accepted 1nternat1onally
in estrmat1ng PMP by the phys1cal method This is the method
used- in this work 4

. It is from the max.imum pers1st1ng 12- hour 1000. mb dew:
~p01nt temperatures that the max1mum values of atmospher1c
water vapor used for storm max1m1zat1on are est1mated These
~ dew po1n\f are obta1ned ‘for stat1ons in a 91ven river ba51n
Since numerous est1mates of PMP ape requ1red each station.
Tmust have an enve]op1ng curve of sem1month1y recorded

' maxtmum perslst1ng 12*hour‘dew points. The author has.
produced such curves for Alberta (Verschuren and WOJt1w
1980), w1th an example . For the city of Red Deer g1ven in

— ~

:F1gure 2.2, graphs for 'the other stations can be found in

*the above publtcat1on The 16 graphs produced in that report

4prov1de a comprehenstve source of analyzed 1nformat1on for

Yo b

Alberta. Other studies had used only a few stations w1th
tess than half the recordeertod because of the limited
data base available. With the aid of these curves, ﬂD]StUPe
.adJustments can be made on the basis of the max1mum
persisting 12 hour dew point forhghe}same time of year as

- the storm occurrence. Thuis, fon:e;ample a May maximum dew
point (and not one in September For 1nstance) would be used
to max1m1ze a May storm Also prepared were month]y maps of

’

" maximum pers1st1ng 12- hour;-1000 mb dew po1nts, which not

. ~
. y
‘only served as a convenient source of maximum dew points but
¥ .

aided in maintaining consistency between estimates for
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' and WOJt1w 19807 . 4 o

‘various oasins The maps were prepared by uslng the monthly
max1mum T? hour dew po1nt values, ad3ust1q& them to the 1000
mb level, p]ott1ng them at’ the Jocations of the observ1ng
‘stations, and d£§#1ng smooth 1sopleths An ‘example of such af
map is shown in- F1gure 2 3 for the month of June in A]berta
»'dThe maps for other months can be found 1n Verschuren and

, WQJt1w (1980) |

Before K- est1mate of the moisture max1m1zat1on is

obta1ned iy is necessary to f1nd the amount of precip1tab1e“
: water ava1 able from the storm as well as the potential .
unt produced at the max imum locat1on The amount

. of precip1ﬂvble water, W (cm), ‘can be computed by the
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FIGURE 2.3. Isopleths of Maximum 12- hour Pers1st1ng Dew
Point Temperatures for Jume (Verschuren. ahd WOJt1w 1980} .

i

following general foﬁmula:

where g

, . q AP - -
T R - (2.1)

_ -1
is the mean specific humidity in gm kg of a layer

*

T



of m01st a1r Alp is the depth of the Jayer in mb. g is. the
acceleratton of grav1ty n cm~sec 2; and_JO is’ the dens1ty '
of water (equal to. 1 gm cm?B)' For convenIence Equat1on 2 1»'"
can. be pre computed and 1s usually ltsted in table or |
- monogram form Two tables are glven in APPENDIX I: the
' f1rst Table A I T presents values of pre01p1table water(
‘(mm) between the 1000. mb surface and var1ous pressure levels o
Sup to 300 mb in a saturated pseudoadxabat1c atmosphere as a__*
"funct1on of - the 1000 mb dew point. The second table, Table 'f
A.l.2, presents values of prec1p1table water (mm) for layers
be tween the 1000 mb surface, assumed to be at Zero A
elevat1on and var1ous hetghts up to 8 Km (5 m1,) ~ The 300
mb leVel is generally accepted as the top of the storm but
it makes llttle dtfference which level fro% 400 mb on up is.
selected, as there is very llttle m01sture at those he1ghts,"

.b and the effect on the mo1sture adJustment 1s negl1g1ble
'S .

’

2,1.2 Moisture Maxlmization . | _

| 'Moistu:?\max1m1zatwon of. ra1nstorms 1n place 2 5
consists of mult1ply1ng the obserVed storm ralnfall amounts
by the ratio (rs) of the max1mum prec1p1table water (Wp
1nd1cated for the storm locatlon over the prec1p1table water
(w ) est1mated for the storm (World Meteorolog1cal
Organ1zat1on 1973)

S e

2 Without change in locatlon Storm transposition reouires a
4further moisture adjustment. ’



o F = A_wm / Wy (2.2)

2.1.3 Storm Transpos1t1on .

| Storm transpos1t1on refers to the transfer of storms
from locat1ons where they occurred to other areas where they
could occur . The transpos1t1on procedUre 1nvo1ves the
meteorolog1ca1 ana1ys1s of the storm to be transposed :the.

~ determination of the 11m1ts of transposab1l1ty, and the
-appl1cat1on of the proper adJustments for mak1ng the ‘
mod1f1cat1ons required. by the change in storm locat1on Two
schools of thought seem to preva11 on th1s top1c in the -
,hydrolog1cal commun1ty The first advocates extens1ve
“transpos1tlon of storms over hundreds or thousands of
rkwlometres The greatest danger in th1$ approach is dec1d1ng
to transpose a storm when on]y 11m1ted ana1y51s is planned
‘or "attempted. The second school of thought advocates limited
xvtranspos1t1on no .more than-a few hundred kilometres. ‘The\
argument is that if no storms have occurred 1n*the reg1on 1n
the last 50 years or so, they probab]y w111 not ‘occur, singe

the topography is not conduc1ve to such ‘occurrences. The

-

author in this study advocates the latter approach and hence‘_

has conducted 11m1ted storm transpos1t1on

The storms that were transd@sed were adJusted accord1ng

to the geograph1c features of that particular basin. The
F4 . ' }
limits of transposability were governed not only by the

constant lines of maximum perststingv12-hour, 1000 mb dew

6t

-

-



point témpeFatufes:but ajso)bylthé.meteoroiqu§ofgthé

~_storms. After storm transportation the results of the PMP

N

" 24-HOUR RAINFALL (MM)
. . :

FIGURE 2.4. Depth-Area Curves of Maximized
. Lthe Red Deer River Basin (Verschuren and

v
;

A singTe storm-maximized and transposed to a basin

gives tberfeqibitaIiOn depth’thai‘could fall from that

particular'Sform over that basin. In emplaying a single

the precipitation has béen‘achieved; since no singTe‘storm

~are usually depicted in a depth-area curve; an example of
- such a curve is shown in Figure 2.4. .- X
3
- 0 300 400 800 600 00 - e
g. Y - ™ ¥ T T T —
E ¢ " . RED DEER RIVER BASIN T
) ‘ - . um'nf;n . -
. A1 s 4 M 18 o
2 oy ® 20 APRIL TIMRIL 1832 -t .
- C MM 4 A (13- 0 2
— . 0 12T IESRT 1YY -
LI €5 MouaT 8 MIUET 9% b
= - 750 e i -
- . & 12 lemer - Oeae -
. - W rr avevet esaueset 1847
O = 1 95 ARIL B PAT 186y . 5
v S4 d Ot amE 0aME 1068 s —
Z ¥ [T AT L 1902 T
: L2 e BRONE . f9EY s
: - %1 oMY s mi ciees -
o * W 3 MOUST & mKUST _(s0e P Ty
u ] .8 18 mrr  meeey 1000 -
a - P IR e 1es -
@ 5 T s M. tsw -
. © R OIZ MR e 1870 - 2
X3 (IR SRR TR, I T
3 T B e s m L
ot v LM (Y 2
-t Vo4 mest et o -
B- N 1 i 1 L 1 - N N é
“ e W06 200 300 400 500 600 700 .

24-hour~PMijor
Wojtiw, 1980).

‘storm, there is no guarantee that the maximum magni tude “of

is likely to yield extreme réinfall valués for all durations



and areal sizese To obtain this maximum lall.stormS'or as
: many as are ava1lable are plotted for the various durat1ons
and s1zes of area. Some storms may not contrlbute at all to
the envelop1ng curve, while others may contribute at certaln
durat1ons An example of a number of storms plotted on-a
depth area curve ‘of max1m1zed 24 - hour PMP for the Red Deer
R1ver Bas1n is shown in Figure 2. 4, In the final analys1s
:the max imum values are dominated by only a few severe
,.ra1nstorms however, because it is dtff1cult to determ1ne,
whether the values of a part1cular ra1nstorm will be maximum
in duration and/or area for Jhe bas1n it 1s neCessary to
: plot all the most log1cal ava1lable rainfall" analyses
Verschuren and WOJtlw (1980), wrote a computer program for
rapwdly produc1ng such curves. and inc luded vartous
»combtnat1ons of durat1ons for the six maJér rtver bas1ns in ;
Alberta "From the maXJmlzed ra1nfall data the - largest value
from any set of data is selected, and a smooth curve s
drawn through the largest values (envelopment){ A number of
storms are plotted in Figure 2.5, where envelop1ng DAD
curves for each spec1f1c durat1on are drawn for the Red Deer
| Rlver Basin.
2.2.0 Estimation of PMP by thefstatistical'Method
Stattst1cal procedures for est1mat1ng PMP may be best
used wherever sufficient prec1p1tatton data are ava1lable
Lhe method *is useful for mak1ng estlmates or when other

>

meteorolog1cal data such as dew point and wind records, are
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lacking. The~procedure was developed by Hershfield (1961v -
1965“”and'1977) and though it is not the only approach it.

is one that has rece1ved the w1dest acceptance perhaps

- because it requires considerably 1ess time to app1y than

doee the ohysica] approach, and needs only a limited
/l.

2.9.1 Statistical Procedure‘ I | . (

\
The stagﬂstlcal procedure, as developed by Hershfield

and introducted in Sect1on 1.2.3, ls based on the general L

~frequency equat1on (Equat1on 1.1) given by Chow (1951);

¢ which can be rewr1tten as

e Eoe ks, (2.

64"

.
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where X is the maximum observed rainfall, ifrland Sr1are the_lﬁ
‘mean and standard dev1at1on of a’ ser1es of n annual = -

,‘

. prec1p1tat1on maxina’ for a speo1f1c durat1on and Kp is the
;frequency factor equxvalent to the number of standard
deviations to be added to Xn to obtain Xp.

7 To obtain-a value for variable. Kmo- Hershf1eld first:
computed for each station the mean and standard dev1at1on
u51ng the convent1onal precedures; however in the

: computat1ons he om1tted ‘the maximum observed rainfalil. Then'

An Equat1on 2.3 he subst1tuted these values for Xn and Sn1n
' ;asxwell as the max1mum observed ra1nfa1] Sor Xp to solve for
meu This is equivalent to observ1ng the max1mumaevent a%ter

. the values of the bas1c stat1st1cs have been established.
The frequency factor has been observed to be a function of
duration and the mean annual extreme rainfall (Hershfield,
1977). This relat1onsh1p;was given by Equations 1.2, 1.3,
and 1.4, :

- Before PMP can be computed by the.statistica]
prooedure, a number of adjustments.are required to thexmean
and standard deviation for maximum observed event and sample

size.

2.2.2 Adjustment of Xr}and S - for Max1mum Observed Event
Hershfield (1961) states that extreme rainfall amounts

~of rare magnitude (i.e., with return periods of 500 or more

. years) are be]ieved to have occurred during a much shorter

period of record, for example, 30 years. Such rare events,
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or out11ers. may. have an apprecfable effect on’ the mean (Xnﬁ;"

T,

'and standard dev1at1on (S J of ‘the annualvser1és The

magn1tude of the effect 1s less for long records .than : forf-f_,-"

short and it var1es w1th the rar1ty of the: event Th1s e

- effect has been studled by Hershfleld (1961) us1ng o
hypothet1ca] ser1es of varytng lengths and can.be summarized

.by the relat1onsh1p of the max1mum Observed gyent to the =
i . -~
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FIGURE 2 6. Adjustment of Mean of Annual Ser:es for Max1mum
Observed Rainfa]ll (After Hershf1eld 1961) .
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Hershf1e1d) shows the re]at1onsh1p of ma x imum- observed ’
_events on the standard: dev1atton In these flgures X and -
>

Sn —m refer to the mean and standard dev1at1on of the annua}

' bser:es computed after exc1ud1ng the max1mum 1tem in the

t

;'ser1es In both dlagrams,hthe relat1onsh1ps are for only the
Qeffect of the maximum observed event no consideration was

-g1ven to other anomalous appear1ng observatlons ) T

& .
a . ! . -
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‘ “”fi2 2. 3 AdJustment of X and S for Sample Slze .

| The mean (X ) of the annual ser1es may tend to 1ncrease

'w1th record length because the frequency d1stribution of

h'f:ra1nfall extremes is: skewed to tﬁe r1ght so that there is-a
- greater chance of gett1ng\a)larger rather than a smallerff
'j_extreme as record length increases Us1ng data from 198 Key

| weather stat1ons and adJust1ng for- an outl:er Hersh’1eld

(1961) determtned the average rat1os of a'50 year mean,to E

| -10- 15-' 20-. and 30 year means, the adJustment necessary '

for the length of record is: shown in F1gure 2 8 In h1s

'-_computat1ons, the stat1st1cs from the 50 year records were

‘xused as a standard. so that adJustments were requ1red forf‘

those with shorter record per1ods A compar1son of a small'
number of ava1lable means for records longer than 50 years

w1th the 50- year means showed only a negl1g1ble d1fference~

) S1mll1arly, the necessary standard dev1at10n adJustment for

length of record was compxted, and the results are shown 1n

F1gure 2. 8 " The effect of the record length 1s much more.

"pronounced on the standard dev1at1on than on the mean The

few records for longer than 50 years 1nd1cate the need. for

0nly a sltght adJustment from the Values for the 50 year

‘records

2.2.4 Adjustment for Fixed Observational Time Intervals ..
Prec1p1tat1on data. are usually recorded on a fixed t1me
1nterval e.g., hourly, s1x hourly. or daily Such data '

rarely y1eld the trueﬂmaxlmumsratnfalﬂ amounts for¢the,__
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FIGURE 2.8, AdJustment of Mean and Standard Deviation of ..
Annua] Serles for Length of Pecord (After Hershfield, 1861).

[

indicatedldubations- As an example, the annual max1mum ‘
:observat1onal day amount is very ]1Kely to be apprec1ab1y
less than the annual maXJmum 24-hour amount determuned from‘,
*lntervals of 1440 consecut1ve m1nutes unrestr1cted by any '
°partwcular observat1on ttme Stud1es by We15s (1964)

'1nd1cate that when the results of a frequency analys1s of -,
annua] max1mum ra1nfall amounts for a s1ngle f1xed tlme"
'1nterval of any durat1on from 1 to 24 hours are mult1pl1ed

'by 1. 13 they w1§: y1eld values closely approx1mat1ng those



obta1ned from an’ analysis based on true maxlma Hence.-the

——

"_;_PMP values y1elded by the statlst1cal procedure should be
1amu1tip1ied by 1 13 1f data for 51ng1e f1xed tJme intervals
_are used in’ comp111ng the annual ser1es Frgure 2 9 shows ﬂig{
'rthe smaller adjustments necessary when durations are | |

determ1ned from two or more f1xed tame 1ntervals AAsjaniﬂff:jg

108}

e

ADJUSTMENT FACTOR

102

100

FIGURE 2 8 Average AdJustment of F1xed Interval S
. Precipitation Amounts for Number of Observational Un1ts e
. wwth1n the Interval (After We1ss, 1964) S

] -
\example max1mum 24~ hour amounts determlned from 24° | )
consecutlve, - hour rainfall 1ncrements requires an  Qj5”1:"_
’ adJustment by a factor of 1 .01. The results from thesq/ o

} "_:studles show the lmportance to the user oﬁ understanding the
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time collection of»precipitationrdatah,

. ol . o .~

12.2.5 Area-Reduction Curves“ B ‘Jv o ; - ’R\“

One of the shortcom1ngs of the statlstlcal procedure is

that 1t y1elds only po1nt values of . PMP and thus requ1res-7

‘f.area reduct1on curves for adJusttng the po1nt values to |
‘fvar1ous s1zes of area A number ofﬁbar1atlons of depth area
‘prelat1onsh1p ex1st (Court 1961) For the pra1r1e prov1nces, )
'McKay (1965b) developed the area reductlon curves shown in.
fF1gure 2 10 These curves relate po1nt values to areas up to

N

129 500 Km2 (50000 sq mi. ). For ra1nfall po1nt values are

Y

‘;-often assumed to be* appl1cable to areas up to 65 sz (25 sq.

".were calculated “for 27 first- order ‘weather stat1ons in /

L) mlthout reduction These reduct1ons can be called areal
.1n nature~ 1n the sense that once a max1mum point value is
'1def1ned spatlally it can be converted to an estrmate for a

“larger area These are called reduct1ons because the ma x imum .
;fp01nt value has been observed to decrease w1th an 1ncrease
in area of representat1on - o L .( o
2 2.8 Statlst1cal Est1mates for Alberta Rlver Bas1ns

| Employ1ng the var1ous concepts descr1bed above, :
Verschuren and' WOJt1w (1980) obta1ned”§tat1st cal PMP -
f;est1;ates for the maJor r1ver ‘basins in Albera For each

»1recorded year , max1mum 24-, 48- ‘ 2-,.and 96 hour ra1nfaJls‘
.YJ‘

"'Alberta Then the statlst1cal estlmates were computed us1ng

the procedure developed by Hershfleld An example of the 24-
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FIGURE 2 10 Depth Area, or Area Reduction CUrves (AfteE_fi -
McKay. 1965b) . | R

f;hour envelopvng depth area ‘curve for the Red Deer stat1oh 1s~'

shown in F1gur8 2 11 “In general for the six r1ver bas1ns
. Cda

| the stat1sthal approach produced results that were sl1ghtly

B i h1gher than those calculated by the—dhysical approach ‘;;'

\ |

Z& R - ‘ :._‘-' X ‘;jﬁ;':e‘f.::§p{i‘}:
= 2 2.7 Spat1aJ Character15t1cs of - PMPs IR '“;* f_;'i'é ‘

The results seem to suggest that 1n Alberta the PMP ;‘

<

TN
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var1es spat1ally in each basin, as can be seen from the 24 -,
»

- hour éstwmates in Figure 2. 12 The largest PMB est1mates are

- observed in the\$outh SasKatchewan R1ver Bas1n wh11e the-
s
-_.ipallest are in the eastern and nor thern port1ons of the

pr0v1nce Generally, two character1st1c var1at1ons can be

\d"»

- defwned the f1rst .also be1ng the most predom1nant is the

‘

»"ﬂt' var1atioﬁ'from Wesﬁ to east in. the basin, wh11e the second

15 the var1at10n northward The west*east var1at1on ex1b1ts

Y \N

-~ two maln feanres Fnrst there is a strong decreas1ng "d
jgrad1ent 1n the southern parts of the prov1nce (namely, the
South Saskatchewan R1ver Bas1n). PMP values decrease from

'over 500 mm (20 in. ) in the western portlon to’ about 100 mm

(3 in.) in the eastern portlon of the river bas1n The

)
.

[
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‘FIGURE 2. 12 Spat1a] Var1at10n (mm) of the Maxrmlzed 24- hour‘

PMP (Verschuren -and WOJt1w 1980)

Second'featUre'fe'ah"inorease‘(about 50%) in. the central and

<

northern river bas1ns The varvat1on northward 1s important

ma1nly in the southern baS1ns of the province where changes

uof about 40% are not uncommon For bas1ns 1n central .and -

northern-Alberta only sl1ght var1at10ns Pre observed and.

74



»prec1p1tat1on extremes are dep1cted 1n F1gure 2.13.

75

‘these are of very 11ttle consequence in the PMP est1mate
| The coeff1c1ent of variation, which 1s the ratio of the -
standard dev1at1on to the mean ‘has been used (McKay, 1965b) .

- to bta1n est1mates of the cllmatolog1cal day 24 hour

,.._

precrp1tat1on extreme of g1ven frequency To -examine - thls

' aspect extreme value ser1es of 24 hour prec1p1tat1on were

used> from al] ava1lab1e long term weather stat1ons in

fA]berta The 1$cl1nes of the coeff1c1ent of' var1at1on

(expressed in percentage) for the annual 24-hour.

(. . - . c ‘v
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_ © CHAPTER 3
SNOWMELT, WITH PMP LOADING

3.1.0 Introduction

| In Alberta, ra1nstorms usually occur from. Apr11 to
September with the- maJor1ty of these occurring dur1ng dune
.and dU]y-(Verschuren and Wojtiw, 1980). Of ‘these ra1nstorms,
the ra1n on-snow event 1s believed by many authors\(McKay, |
1965b 1968; Buck1er and Qu1ne 1971) to have the best
potent1a1 for produc1ng the max1mum water load1ng on the
_watersheds this usually occurs in Iate May ‘or early dune in
_Alberta (Verschuren and WOJt1w 1980). The few=s:udLes that
ehave examined this event have used‘the'generali ed snowmelt

~equations: and coefflc1ents deve loped by the U,

Army Corps
of Eng1neers (1956) for basins in Unlted Sta s,-withbut
eXxamining their validity for Alberta basj An‘objective in
the present study waS'te examine the'rain-on-snow.event and
‘determine the contribution-of snowmelt to PMF' Et was also
_usefu] to define the relevant processes. contr1but1ng to
snowmelt for the PMP load1ng‘ This chapter d1scusses these”
obgect1ves. together-w1th the deveIOpment of an.eguation for
computing snowmelt for A]berta river bas1ns The snonelt
Jequat1on presented can be expressed by meteorolog1cal
parameters. which 1n “turn can be expressed'nn terms of
‘location, eleVation and dralnage area. A number of

aap,
relat1onsh1ps between these latter parameters can be
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developed to provxde spat1al est1mates of the meteorologicaT
¥ ]

parameters (Sect1on 3 3) These reTatlonships can then be |

used to exam1ne the snowmeTt for spat1a1 var1ab111ty and

max1mum melt rate and to obta1n estlmates for watersheds

TackJng_meteoro]og1ca1 data.

3.2.0 Ra1n on- Snow Event o ’

The generat1on of snowme 1t at a po1nt Tocatlon in a
snowpack is essent1al]y a thermodynam1c process, with the
amount of melt produced betng dependent on the Ret heat
exchange between the snowpack and. its env1ronment To .
represent physical processes that are not easily measured
1ndexes expressed 1n terms of read11y observed measurements'
between,¢he snowpack and 1ts environment are usually used.
The re]1ab111ty of .the indexes dependsfupon (a) hoy weTl the
physical process is descr1bed by the measured variable, (b)
the random var1ab111ty of the measurement (c) the

: v
variability between point values and areal vaiues, anﬁ (d)

theTLaT1d1ty of the measured value. The 1ndex relat1onsh1p
may be described by a coeff1ctent and may be e1ther constant
or var1ab1e dependtng upoen. the var1ab1T1ty of assoc1ated
Kactors.: ' ' | | : | ; |
The atmospher1c temperature As—acLseful parameter in
snowme]t determination and has beed used as an 1ndex
because it is generaTTy thought to be the‘best 1ndex of the
heat transfe( processes assoc1ated with snonelt “and is a

4

rel1able and reguTar)y aya1lab1e meteorologlcal varlable
e A
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) Snowme]t is the overal} result of many d1fferent
processes of‘heat transfer shortwave and longwave
-rad1at1on condensat1on of vapor, convect1on. air and ground
conductlon and ra1nfa1] What follows is an examlnat1on of

each of these melt-contr1butions in terms of PMP loading{

3.2.1 Radiation Melt’
| The amount of 1ncom1ng solar (shortwave) rad1at1on
rece1ved by a snowpack can be a very 1mportant source of '
heat energy for snowme 1t. The net amount of heat absprbed by
the snpracK depends on latitude, or1entat1on\and slope,
season, tlme of day, atmospher1c cond1t1ons (clouds, fog,
ra1n) forést cover, and reflect1v1ty of the snow (albedo)
of these,»cloud cover and albedo havetbeen 1dent1f1ed as//
being significant to snowmelf; The‘intensity of fnsolafion ’
or shortwave.so1ar’rad1ation is normal ly expressed in
langleys (1y) (calor1es per square cent1metre) per unit of
t1me (m1nute hour, or day) and abbrev1ated for example, as
1y/hr The most s1mp1e and aocurate measurement of net
1nsolat1on uses pyrhel1ometers éégsse instruments are

v

ca11brated to give ‘the shortwa

ly/hr oﬁ\ly/day ' o & ‘

radiation intensity in

“

The snowmelt by shortwave radiation, M g can be

approximated by (U.S. Army Corps of Eng1neers, 1956)
. . \ . ° » .

o’ ’ .‘\‘ v . * ‘! . ,

LA - (1za) R_, 4

. M o= —2 51 _ 0% 00508 R (i a) (3.1)
'S  203.2 B ,




.;J‘where M' is the snowmelt in 1nches due to shortwave .
v.trad1at1on, a_is the albedo wr1tten as’ a dec1ma1 ?raction,'r;Ul
Rsi is the® effect1ve solar rad1atwon 1n ly/day,;and B is tbeﬁf:
thermal qua11ty of the snowpack (deflned as thé"ratlo of
é.heat requ1red to melt a unit we1ght of snow to that of ice im”
at 0 C or 320?) The thermal qual1ty averages from 0 97 to :_‘
0.95, for a _snowpack w1th 3 5% ltquqd water and is: usually
J _assumed to be 0. 97 for a: melt1ng snowpack The constant, o
203 2 “is the heat 1nput in- langleys requ1ped to produce one_';
| inch of water from ice at 320% 1&»15 in term of 1y/1n _d
= S1nce the snowme1t depends upon the air temperaturer'j;}7
"over the snow and the temperature of the cloud base Lthetd'”‘

maXx imum snowmelt rate 1n most cases would probably occur'? e

under clear sK1es as compared to. und r skwes W1th a complete S

or part1a1 cloud cover . The albedo ﬁgcommonly considered‘

s

o

rs‘close to 40 ly/diy for gp open area, and an. albedo of
' roughly 65% gives a contr1but1on of Mzﬁgequal to 1.78- mm per
" day. (0.07 1n per- day) using Equat1on 3. 1 (Grays 1970)
albedo value of 65% has been shown to be much too hlgh for’
- wAlberta (espec1ally from Apr1l to dune) by Hay (1970) Hay

est1mated reg1ona11y representat1ve month1y mean a]bedo



e

O

| MEAN DAILY ALBEDO, PERCENT - ' =
' o _

- J
O

.o o

-":»f’ B B

H

~

8. 12 I4;, lGleo
) _‘ AGE OF SNOW SURFACE DAYS o I

,\

- O

O L

N =

; xRS JVAREY SRS EERNEE
m -

m =9
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(After us. Army Corps of Engtneers, 1956) L
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values for selected Alberta Tocat1ons Mean values are used
because ra1nstorms that may produce prec1p1tat10n .:""

approach1ng thg PMP are on a scale of days aS'compared to

»m1nutes or a few hours For dune Hay g1ves mean values of

' 20% “for Beaverlodge and 23% for Edmonton and Sufﬁleld About B

20% seems as. a reasonable value to use as a minImum value

u“for Alberta._31nce there is lwttle var1at1on in the values

'_tbetween the northern and the southern stat1ons Although

zero in- the smallest value that can be achleved under

: spec1f1c cond1t1ons. it is not a. practlcal value s1nce 1t is .b

rarely recorded in na}ure dur1ng prec1p1tat1on events The

;*relatlonsh1p (if one exists) ‘between. albedo and

prec1p1tat1on events is not well understood

.
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: 1Verschuren and WOJt1w

A max1mum snowmelt rate can be expected An late May or
s1nce the co1nc1dence of severe ra1nstorms

1980)

?

‘snow cover (F1gure 3.2), and

 a1r temperaiures @bove free21ng seem to occur 1n Alberta ,

'dur1ng th1s perwod The amount of rad1ataon reach1ng the ,_“
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F1gure 3.2. Date of last snow cover of 25 mm (1" in.F or mdre
’ for Alberta (Verschuren and” W03t1w 1980).

Kl ™ e

surfaCe:is usually expressed in terms of the average

clocdless day’s‘inso1ation; in Alberta these values increese



.;from May to dune (Flgure 3 3) _Aver;g;\351ues between 7SQﬁf5{%i
. and- about 800 ly/day seem to be representatlve of prairiean:;
| ?bas1ns in Alberta (Gray. 1970) w1th the large 1nso]ation:: -
‘i uvalues belng observed at the head of the bas1ns (that ’s’f{i;t
fgnear the mountaaLs) wh11e the lower va1ues occur at the _a_r‘é}

~mouth of the bas1ns (usually 1n the'pla1ns) Hence a value f@ﬁ

ly/day g1ven 1n Gray (1970) The vatue of 40 ly/day may be ?
an 1nterpretat1on error Exactly the same number appears 1n

,the u.s. Army‘Corps of Engtneers report (1956 page 196)

r—“\

' f-howeyer, there 1t refers to. the standard error of the

estimated 1nsolat10n Subst1tut1ng a’ value of 800 ly/day .
~int0‘Eduation'3 1, the meﬁt component prodUCed by shortwave
irad1at10n is 82 6 mm per day (3. 25 1n per day) or 3. 4 mm
per hour (0.14 in. per hour). o

Snow 1s cons1dered to be—a near]y perfect black body - E
;w1th respect to 1ongwave\rad1at1on The longwave rad1at1on |
:em1tted by a snow surface can be est1mated us1ng Stefan S‘
law (total rad1at1dn is proport1onal to the«fourth power of -
temperature) (Shortley and W1111ams, 1961; U S. Army Corps_
of‘Engineers. 1@56) Computat1on of ‘net 1ongWave rad1at1on
1nvo]Ves est1mat1on of back rad1at1on }rom the atmosphere‘
under clear or c]oudy skies and from beneath forest coverL
and these evaluat1ons are d1ff1cu1t to calculate d usual]y
not used in pract1cal snow hydrology Instead,_U:Z:-Army, g
Corps of Engtneers (1960) recommends thefuse:of simplified

- Iinéar.relationships in terms of, temperature. Longwave
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Figure 3. 3 Average Cloudless Day- Insolat1on in Langleys for -
' . May 15 and dune 15 for Canada (After Gray, 1970) .

radiation”melt for rain cond1t1ons can be cops1dered to be

under complete cToud cover; also the c]oud base temperature



ws approX1mately equalgxo a1r temperatur': *he relat1onsh1p

between longwave rad1at10n and a1r temperature was found L

- exper1mentally to be lxnear (U S Army Corps of Englneers..-';

1956) and can be expressed\as B

.

where«M 1 1s the da1]y mplt 1n 1nches resu1t1ng from e
1ongwave rad1ation exchange and TM is’ the mean of the da11y o
max1mum a1r temperatures 1n F dur1ng the SpeC1f1C month

Then§_1s no 1nd1cat1on in the 11terature whether the

."coeff1c1ent in Equat1oh 3 2 1s dependent upon parameters

1

v -

i other than the sky cond1t10ns and the canopy Hence 1t 1s

prpbably reasonable to, assume that the coefftc1ent can be
app]1ed to Alberta watezsheds Above free21ng a1r f}"
témperatures make ‘up’ the most 1mportant component in
determ1n1ng me]t due to longwave rad1at1on with an";'t

approx1mat1on representat1ve df max1mum condtttons The mean

of the daﬁTy max1mum a1r temperatures is used s1ncefthts‘is‘f'

bel1eved ," :‘t represent,the a1r“temperature, InpAJberta,;'

th1s value for‘-une-in*mOSttcases is about 20%-higher than:a

-mean, of all maX1_ and m1n1mum temperatures and: is about -

: 30% lower than the extreme max1mum temperature Another

approx1mat1on that was cons1dered but not used was the

RN

extreme ma X ifum temperature . The typical values recorded at

' many,statlons in ‘June 1n Alberta (someg/zgs dur1ng the
(9

period of record) areagreater-than 32 0 F); The use of



. . K . e
Lo - . ) . ’ N e N . ".'y | :
: ] . . . X . R . o ’ e . ‘

",‘these temperatures was ruled out 51nce 1n rea11ty such

TW‘fdvalues are usually on1y attalned after prolonged warm spel]s

h

‘f]astlng beyond the 2 days ‘or more durat1on used here,

‘1“ysuch cases the snow cover probably d1sappeared long before 5,
'”@fth1s 4," T o SR -:‘z'“"s L
3 2 2 Condensat1on and Convect1on Melt

Two other processes that must be donSIdered 1n

1 determ1n1ng snowme]t are the condensat1on of vapor and

"h'convect1on (U S Army Corps of Eng1neers 1956) The term

ﬁfor the comb1ned convect1ve condensat1on process, Mce, can
"be d1vided 1nto tWQ components, a condensat1on component

q

denoted by Me and a convectvve component denoted\by Mc a(
‘ When water vapor from the atmosphere condenses on a “A
h-'snow surface the heat of condensat1on of water 1s absorbed
by the snowpack The theory beh1nd the condensat1on |
processes produc1ng snowmelt is qu1te complex genera]ly,

'_temperature and w1nd veloc1ty are cons1dered to be the ~

‘pr1nc1pa1 parameters 1nfluenc1ng this process The snowmelt‘
‘produced by condensat1on may be est1mated from the der1ved ®

relat1on

i

R -16'._ g
Me = 0.054. (z b / eat- eo)_ub T (3.3)

.’where,M is the snowmelt due to; condensat1on in 1nches per

day,i o and zt)are the heights (ft. 2~/bove the SNow - surface.

of the air vapor pressure and wind speed respect1ve1y, e:r



and “b is: the w1nd speed 1n miles per hour

sl the air vapour pressure 1n mb eo 1s the snow surface 53”
SUR

vapot pressure 1n mb (6 11 mb at a melting snow surface)

Melt produced by convection results ma1nly from heat

transferred from warm a1r advected over the snow surface

The theory of turbu1ent transfer in the atmosphene is véjsjoq?

complex but exper1ments have 1nd1cated that simple

approx1mat1ons can be used that cons1ger ch1ef1y the |

temperature gn;d1ent of the afr abovevthe sndw surface, the

W1nd speed, and the air densuty (taken as a funct1en of a1r

pressure) Convect1on me]t'may be est1mgted from the _:;pp_

\

- equat1or lU S Armv Corpf’of Erg1neers,,1956)

. (= . F e
Tt .

H

- M, = 0.00629 (=) (_z_ ) 1/6(T ,*-T ) ub |
IR SEE Po . '

(3.4)

‘ where_M" 1s the snowmelt due to convectlon in 1nches per

.. day; p and po are the air preSsure at the S1te and at’ sea

level respect1vely, and Zb are the he1ghts (ft ) above

\the snow surface of 31P temperature and w1nd speed

- respect1ve1y, g-and T are the air and snow surface

i;temperature 1n(¥ w1th the -.show. surface temperature be1ng

normally taken as 32‘* (O(t ) and uyp is the wind speed in-

The rat1o (p/p o var1es\fFom 1.0 at sea. level to 0 7 at

1&

Equat1ons 3 3 and 3.4 can be further 51mp11f1ed

_‘m11es per hour For pract1ca] app11cation »in hydrology '

an elevat1on of 10 000 ft. (3 Km) .. For moderate topograph1c



‘°55ﬂchanges a value of 0 8 is: usually used and 15 aPPPOPP‘ate

e A ooy e o
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d”{for apg11cat1on 1n A1berta Condensat1on~conveet1on melt

‘“#f;durlng Ra1n 1s assumed to occur under saturated air héhce

'*};:Qapor pressures can be assumed to be adequately represented'*

?dby dew po:nt temperatures,_and these 1n turn by a1r

L4

.’{~temperatures F1£1ng helghts of measurement of Taﬂgnd To 1n |
F at 10 ft (3 m) and the he1ght of w1nd speed at 50 ft. 715_
E m) as’ well as replac1hg a1r temperatures by the mean da11y
.@max1mum temperatures and w1nd speed by the max1mum of the '

average dally w1nd;speed results in the reduct1on of «7

R S 0 A

,Equat1on 3. 3 and 4 to _i >;;g3 e

Mo ;.0'008“'9M‘(TM' _3??1'

- (3.5)

" . -

CO

'where Mce is. the snowmizt due:tovconveotion-COndensation in
- .
1nches per day, up is

S

e maxamum average da1ly w1nd speed'
in miles per hour TM 1s the mean of the da1]y max1mum air
‘temperatures 1nOF dur1ng the spec1f1c month: Thus-
‘condensatIOn of vapor and conveot1on are two important

sources of heat.energy that\affect snowmelt.

N
N

: : )
3.2.3 Melt from Rainfall - (
Rain fa]]ing‘dh the snow surface at temperatures above
32°F (0 C) transfers heat to the snow and thus produces
- melt The amount of heat given up to the snow by the rain is
dlrectly proport1onal to the quantity of ra1n and to its

temperature excess above that of the-snowpackt For a'melting



snowpack each cent1metre depth of ra1nfall releases'one
langley (cal per cmz) for each C above freez1ng.

o,-\-l

" . L . . . . N .. »‘ L JEET o ! . ot o . e R

[ : : o L. . N

.?fWhere'Hp'1s the heat released by the ra1nfa1] ih langleys.-fp”

‘

- and assum1ng 0.97 for the. thermal qua11ty of the snowpack

- T and Ts are the temperatures of the ra1n and the snowpack

'respect1vely, 1n C and Pr 1s the depth of ra1nfa11 in

cent1metres Subst1tut1ng Engd1sh un1ts (s1nce computat1ons fuf
1n the present work are 1n Engl1sh un1ts) 1n the above

equat1on and sett1ng T 32 F Equat1on 3 6 becomes ;

8 e
5

(T -32) ’(ZSQ)P A’p R
P 203.2B 203 2 (o 97) B

= o.o:q7;16_ (T. - 32) P'r'

where MI? is the daxly snowmelt due to ra1nfall 1n“fhéhes;

,’Hp is the heat released by ra1nfall 1n }angleys Tr 1s the

«Q

temperature of the rain. 1n(¥ .and Rr 1s the ra1nfa11 inﬂf{l‘ )

1nches Subst1tut1ng the PMP load1ng for P . replac1ng the R

- wet bu]b temperature by the mean daily max1mum temperature,.

resu]ts in the equat1on

o LMI.; = o 007 PMP (TM _ 32) | _(38) :



}ggﬂ;thegdaIIy probable maximum precip1tat1on 1n 1nches and T

*fvﬁth1Ssprocess %

- “ground. du"r‘i"'ng

';i:whe”e;Mr s the da1ly snowmelt from ra1n 1nf§g'"7%f Wi

1‘ :j._
: ..M
'fis the mean of the daxly maxlmum aar temperatures 1n F e
'-f‘dur1ng the specif1c month Thls equataon prov1des a tool for;
, ”\T } o
- calculat1ng the effect ef ra1nfall on snowmelt ;;”,;\“a-.~
,eff 3 2\4 Ground Conduct1on'r;n‘;“,‘:hdit"’ ‘» o
Ground conduct1on 1s another process 1nvolved in. the _
'heat transfer assoc1ated w1th snowme]t The melt produced‘By

-he resu]t of the upward transfer of heat

ifrom,ground;x wpack due fo therma] energy stored in the
he precedﬁng summer and early fall: Heat
q gtransfer by ground oonduct1on can be expressed by the

i -~

follow1ng relationshlp (U S Army Corps of Eng1neers,,1956)

| iy ex8T (3
- B “q az S
where Hq is the heat transfer by ground conductlon K is the.
,_;thermal conduct1v1ty of soil, and — dz‘ is the temperature
, grad1ent perpend1cular to soil surface The thermal
.conduct1v1ty of a- so11 var1es d1rect]y w1th 1ts dens1ty and
its mo1sture coritent. Gedgﬁally, the snowmelt from ground |
- conduct1on 1s exceedangly sma]l W1lson (1941a) found that .
.ithere was an 1ns1gn1f1cant heat-transfer from ground to snow

after about 30 days of. cont inuous snow cover The- U.S. Army

Corps of Eng1neers {1960) estimated the snowme]t from ground



ﬁ_fconductionftoﬁ"

:{fday) The snowme

j”ﬁhours

_,léguataons 3 1 3 2 3 5 3 8. and the snowmelt from ground -
ltconductlon) the total meIt for PMP load1ng at @ point t}f.m
}ocat1on can be expressed as h[‘{ﬁ__ffg“.ﬂ*.i;fi | e
-'s(a) da11y me]t 1n 1nches ’ Co
S Mpip = Mg ¥ My Moo + My + My

(T - 32) (0 $029°+: "Q.,goau_.gm'fo,,o.o.'?.‘ PMP)’_* 3271

(b)Y hourly melt in inches

o Mpyp = 107 '(fT,M~""P-_3-?) -(1a.vo. +3 SuM *._i. 2 9 Prip) ';j“.o;_,l__36’, ‘h

TR E

- ’

For rain- on”snow events under a PMP loadlng, the predomlnant
heat transfer processes are due to convect1on and >
':;condensat1on shortwave (solar) rad1at1on, ra1nfall. and

: longwave rad1at1on ‘heat 4nput by the other prooessestls :

»re]at1ye]y minor. The re]at1ve 1mportance of the heat
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/,yprocesses can be exam1ned by cons1der1ng the follow1ng

:'?'tvalues for a 24 hour PMP load1ng for a Spec1f1c locat1on ih

'?*;iAlberta (for example) = 85 F (18 C)

M MP

mf;'mm) and U 15 m11es per hour‘ Us1ng these values

'[hour {11, 7 mm per hour) Ofpthls tota] convect1on and

M
EQUat1ons 3 11 becomes o "v'~?§i';[ ‘f
’ o L A PEa

"=~0135+00Lv0+0173+0116+00008\
0465 - - (ln /hr-_. .

- R . B P Lo

. a

.For the above va]ues,_the total snowme]t equals 0. 46 in. per

‘-

(so1ar) rad1at1on for 29. 0% rainfall for 24 9%' longwave

‘ rad1at1on for 8. 6% and ground conduct1on for 0. 2% or
f7, rain-on- 'snow events not SUbJeCt to PMP 1oad1ng, the U S

.Army Corps of Eng1neers (1956) and Gray (1970) state that

‘becomes obv1ous that other processes are also 1mportant

2} -

From' Equat1on 3.1%, the total hour]y melt can be )
est1mated by know1ng the temperature (T % in F probable
max imum prec1p1tat1on-(PMP) in 1nches, and the wind speed
(uA)—in'miles per hour for a duration (D) in hours. This 1s

M
expressed by variables ‘that are read11y ava1]able and are

not cons1dered to be subJect to large spat1a1 and tempora] )

var1ab1l1ty The parameters uM 'pMP , and. T " can be called

meteorolog1ca1 parameters, since they-are funct1ons of the

12 0.in. (305.

V”condensat1on account for 37 2% of the total melt: short .

_on1y COnvect1on and condensat on, are 1mportant to the total \.

\ .

f'melt ‘but’ from the va]ues obta1ned by us1ng Equatxon 3 11 tt'



“'examlned for the basxn 1n te#mS»Qf ( ) the spat1al

and (c) obta1n3ng

\h.vartab111ty, (b) the max1mum melt rate

' est1mates for wa

"}-Atthough the baswc meteorologwcal par‘ahters of temperature, }ti
1” w1nd and prec1p1tat1on are be11eved to vary spat1ally .
> s11ghtﬁy throughout the p1a1ns of Alberta Jt 1s worthwh1le
;to ver1fy the parameters used in: computat1on of the snowmelt
.ftO see if. they behave 51m11arly In a ba51n a éumber of L |
'polnt est1mates may be‘?ompvjéd us1ng Eqdatwon 3 11 hence 'ﬂﬂf

1t 1s des1rab]e to ftnd the max1mum value for a‘watershed

:teo olog1cal data 7”7_::;#_—

‘ w1th and w1thout ava1lable meteorolog1cal data. Dne approach -

is to correlate the point values for ava1lable pﬁf ,"

e

-

meteorolog1ca1 data 1n order to obta1n a re]at1onsh1p and
) .

then to 1nvest1gate the relat10nsh1p for ‘var fous data :?ﬂ-i
) .values. The next sect1on d1scusses the -use of this- approach

‘?oto determ1ne relatlonsh1ps of the meteorolog1ca1 parameters

Al
‘.
-

3.3 Retationships of MeteoroIogical Paramétersf_f
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In order to obtain relat1onsh1ps for the three

~f

& ¢meteoroldgrcal parameters. ‘the daily maxlmum a1r‘“

- -

c temperature,}the average da1ly W1nd speed elevat1on and'-

'“wfprobable>max1mum prec1p1tat1mn for var1ous 1engths of time -

‘fiiﬂwere exam1ned amalyzed and corre]ated for a]l f1rst Order '

’Tx;fweather stat1ons and other avatlable meteoro]og1oa) data. for ,.

o

’;if}maJOr Alberta F1ver bas1ns These data were obta1ned from

fdthe numerOUs Atmospher1c Env1ronment Serv1ce pub11catlons,

Y

as d1sc£ssed 1m Sectton 1.3. Regard1ng the best way to

f_Strat1f1cat1on by other means, For example by PMP.. or .

‘ftemperature d1str1butwon wou]d 1mply some - form of

:;9ffstrat1fy and represent th1s 1nformat1on since one of the =

8 @

infldes1red results is a streamflow hydrograph of the PMF, the:t:l;

.gfymost log1ca1%%trat1chat1on&seemed to be by r1ver bas1n

)
¢ ?

7u1nterbas1n transfer,‘wh1ch was not one of the obJectlves TQ

| _'this study S e e

© F.

’

fj' In compar1ng the va]ues of the above parameters, it- was

'noted that they varﬂed by severa] orders of magn1tude,\

~r?‘suggest1ng the need to use a 1ogar1thm1o form Ana]ys1s -

7jr;us1ng a mu1t111near regress1on approaoh wasfcarrted out.

N

*3_'us1ng both the 0r1g1nal and those va]ues converted to v
hlogar1thm1c form. The relat1onsh1ps*obta1ned by us1ng the
.tlogar1thm1c values had much h1gher correiét1on coeff1c1ents

| than the relat1onsh1ps w1th unconverted dat conf1rm1ng the

t0r1g1nal observat1ons ab0ut the data A large number of

,4 oompar1sons were made and a summary of. the relat1onsh1ps'

obtatned 1n the analys1s of the thrgg meteoro]og1cal



7ffparameters for the var1ous bas1ns 1s presented 1n Append1x

- II.

°-_3 3 1 Relat1onsh1p of the A1r Temperature \ﬁ.-.dl 3 %Eff“

;: The mean daily max1mum air temperature (ﬁm) was found

‘ato vary W1th locataon (wh1ch 1n turn can be expressed 1n .

'ﬁ;terms of latltude and long1tude) and elevat1on and can be o

'\ N

frepresented 1n the funct1ona1 form . - . o .“7_f}¢-

. Ty o< £(Ly, L, E)‘,_'Vb | (3_{g)d

Y ) . . . . ) o : <

lwhere ﬁw denotes the mean of the da11y maxtmum air

temperature 1n'°F is the 1at1tude in degrees.;Lb is thext“‘

A‘
1ong1tude in: degrees, and E is. the e]evat1on above sea level

in feet Beoause very 11tt1e temperature data are: avatlable

’ for the Red Deer R1ver Bas1n the data from the North

J:aSasKatchewan R1ver and Red Deer River bas1ns were comb1ned

()

O

‘Jand a relat1onsh1p wa§'obta1ned This express1on can be e

wr1tten mathematically as = S _'_9‘.. ' hﬁ‘m'd
1. 3476 ’ C
Ty = 12339.6 3768 GR 27§E‘) < k313 =
: L; .
A ~

where T is the mean of the'Qa11y max1mum air temperature in
F, LA is the 1at1tude in degrees, Lo is the. longftude thB

degrees, and E is. the elevat1on above sea level 1n;feet.
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: Th1s relat1onsh1p has a h1gh mult1correlat1on coeff1c1ent of
0. 995 wh}ch seems to suggest that th1s quant1ty 1s wel]
A\

',def1ned by the Var1ables cons1deﬁed— Elevat1on seems to be

_,‘1mportant in the computat1on of the air temperature. for

_w1thout th1s paraméter the relat1onsh1p had & correlat1on'
‘~coeff1c1ent about 30% Jower (see Append1x 11). The T
| computat1ons of Equat1on 3 13 can be dep1cted graph1ca11y,

*these are shown in- ‘Figure 3.4. The va]ues g1ve the a1r

3

/

' Figure 3.4." Temperature Variation [ F) for the Red Deer
Coe -+ River Basin. '
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‘7temperature loading for the‘ﬁed Deer R1veg Basin and show

.that the greatest decrease in- aar temperature occurs in thk_

westward d1rect1on and 1s dependent upon elevat1on The ma1n,.

"advantage of such a relatwonsh1p 1s that esttmates of

temperature can be made at locat1oﬁs where no meteorolog1ca]

" data- is ava11able No relat1onsh1p 13 presented for the

',mounta1nous areas. becaUse very 11ttle meteorolog1cal data

are ava11ab]e for,these areas.

0. 800 and .can be expressed BS

/

‘3 3.2 Relat1onsh1p of thg W1nd Speed

The second parameter for wh1ch a spatﬁa] relat1onsh1p .

was developed was the wlnd speed The magnltude of the
o _
largest average w1nd speed 1ntegrated over. an hour was used

_for comput1ng snowmelt. The max1mum average w1nd speed

“similar to the. max1mum air temperature was Lound to

corre]ate well w1th locat1on and - e]evat1on WAppendlx II)'V

and thys relat)onshtp»can be genera]ly expressed as

uy < (L, L. E)

- (3.18)

T

w1th uNIbe1ng the value of the largest average w1nd speed in

miles per hour and the other parameters being the same as in

4

" ‘the previous case. the functional relat1onsh1p suggested for

the Red Deer R1ver basin has a correlation coeff1c1ent of -



£36.01 S
' 13.15)

Uy = 8-92'§/1§u.o1E9.461).~‘

where uy the averagé‘wind speed in miles per. hour,ALA 1s the‘
f1atitude in déyrees, Lo ﬁs the lonQTtude in degrees. and E

1,rs the . elevat1on/4bove sea leve] in feet Exam1nat1on of the
ex1st1ng wind s eed data showed that this quant1ty var1ed

with locat1on )n May and dune The approach used in the
/ "
generallzed spowmelt equat1ons 1s to cons1der w1nd speed as

- a consta 2/.e., ass1gn a value of 5 m11es per hour ). From

/1on and analys1s of meteoro1og1cal data the

emerge for average w1nd,speeds are up to. three

' the exam\na

values th,
tames_]ar hr than those Used in general1zed‘snowme]t

S. tFor the Red Deer R1ver Bas1n the spat1a1
d1str1put7on of values of-w1nd speed are. graphtcally shown

in Figure' 3.5; these appear tq be dependent on the i
7'eJevat1on. For this river basin the average wind speed/seems
to vary from about.12'to 18<miles per hour w1th most of the'
lower va]ues computed in the eastern port1ons of the river
bas1n The value of 18 mw]es per hour is over three t1mes,
the 5 m11es per hour value Qommonly used 1n the genera]1zed
snowme 1 t equatwons. ‘Max imum observed hour ly speeds are,a]so
avai]able;'however these were nof used because the values
are very large and occur in a much shorter time per1od than -
was cons1dered in th1s work.. A summary of wind speed

relat1onsh1ps for other river bas1ns is prov1ded -in Append1x

I1. No re]at1onsh1p was obtawned for the -Peace R1ver Ba51n
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Figﬁreh3.5 Var1at1on of the W1nd Speed (m1les per hour) for
' ‘ : the Red. Deer River Bas1n .

b ®
> .
a ‘- N -',»

because of the lack of. meteorolog1ca1 data. for th1s area,

.values obta1ned for the Athabasca R1ver Basin are

- .

'recommended. . - o o S

3.3.3 Relat1onsh1p of the. Rrec1p1tat1on

The third and last parameter exam1ned was the point
’

values of PMP as obta1ned/Ly the stat1st1ca1 approach The

.factors that can be 1dentff1ed in determ1n1ng the, PMP are

-

e expressed in terms of lat11ude

/

the tocation (wh1ch can

andl1cngitude), durat1o~.'storm=area, and the elevation. In



. equation -

| "‘:-.1‘00.' "

the RAD analyses (Chapter 2 and Verschuren and WOJtlw, 1980)
the PMP was observed to vary w1th the durat1on of the

ra1nfall‘and w1th the storm area Althbugh the decrease 1n

the PMP- va1ue was ‘not expected to-be. large for the storm '

. area, 1t was cons1dered in the analys1& The elevat1on and

locat1on were. COns1deréd necessary in est1mat1ng PMP. A
summary of a number of comb1nat1ons of these parameters is
g1ven in Appendlx I1. The comb1nat1on of all these

parameters (a’ samp]e %1ze of 75 values w1th 5 degrees of

freedom was used for the regress1on) g1t;é££g§7]argest S
correlat1on coeff1c1ent in a mu1t111near regression ana]ys1s

 and can be expressed by

3
_ ¢ . L (3 16)
. .16
| R | | | _
where ﬂWR? is the PMP in’ 1nches, LA is the 1at1tude i

.degrees'_Lo is: the long1tude in degrees D is the- duratvon

in hours, E is the e]evat1on above sea 1eve] in: feet and A

s the watershed area: in sqg. m1 For the Red Deer R1ver’

e

Basin, the mathemat1cal express1on has" the fo1low1ng

o N R . f% ,
L.2u6 x 10”3 133-%55 p0.b19

. L ] A . 0 . . ‘ :
Pyp - = ' (3117,
wp T Lzl.say E3.257_A9.o71 —
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“ ¥
"gand produces a correlat1on coeff1c1ent of 0 940 The .
‘:watershed area does not contr1bhte sxgn1f1cantly to the PMP S
est1mate in th1s bas1n Th1s is also true for the otﬁén 4,,lb§\{

fﬂ baslns (Append1x II) The other three var1ables (locat1on,
d'elevat1on, and durat1on) do. contrlbute substant1ally, and
',the e11m1natton of any of these van1ables would o |
_s1gn1f1cant1y decrease the correlatlon coeff1C1ent Forfab.

number of 1ocat1ons 1n the Red:Deer R1ver Basvn th1s‘

equat1on was computed W1th the contoured results deptcted 1nll
Figure 3. 6 wh1ch shows a gradual decrease 1n the 24- hour b
PMP from over 305, mm- 12 in. ) in- the headwater of the baSIH'g

. to. about 230 m. (9 1n ) in the eastern port1ons of the '
pbas1n Th1s relat10nsh1p prov1des spat1a1 est1mates of PMP
for a watershed w1th1n a bas1n when meteorolog1ca1 data are h

lacking, s1nce the four rema1n1ng unknown parameters (L L

,,I

D , and E) can be determ1ned from topograph1ca] mapsgjghﬂ Co

A 5

type of relat1onsh1p prov1des a graph}cal or numer1ca1
'method of - determ1n1ng the max imum PMP 1n the bas1n W1thout
| such a relat1onsh1p 1t is not certa1n 1f the PMP est1mate'
obta1ned by elther the stat1st1ca1.or the phys1ca1 method

’ has been computed for max1mum value.

3. 4 Max1mum Water Loadlng |

| - The max1mum water 1oad1ng can now- be determlned s1nce-
this is a combination of . the -PRP and max1mum snowmelt (that
ts. the summat1on of Equat1ons 3. 11 and 3 17) These -two

quant1t1es can be’ def1ned in terms of the air’ temperature,.
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F1gure 3. 6. 24-hour Spat1a1 PMP Variation (ihches) in the
Red Deer R1ver Bas1n : .

wind’épeed and probable max1mum prec1p1tat10n for a ‘given
duﬂat1on wh1ch in turn can be expe;ssed by functional
~relationships for more ea511y obtalnable parameters i.e.,
location, e]evatlon and dra1nage area of the watershed:

Elevation and area of ba51n can be predetermined for a ﬁ1ven

'locat1on from topograph1c and dra1nage maps. Minimum

’

"elevat1on is used sin Jives the maximum result. Thus

the .maximum water load

\

watershed area reduces to a simple functional relationship

lasting for D hours for a given

~in terms of the 1ocation (i.e., latitude and longitude),
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_elevation, and.drainage rea:

Wy < £(Ly, Loy B, B) Bt

is the

.Where W 1s the max1mum water loading 1n 1nches, LA

lat1tude in degrees, Lo is- the long1tude 1n/degrees. 15 e

- the elevat1on above sea 1eve1 in. feet and A the stormvarea

in sq m1 The numerlcal eqdatton for the Red Deer River

basin can be obta1ned eas1ly us1ng the above equat1ons

':(Equat1ons 3. 11 3 13, 3 15 Qand 3. 17) but 1s not presented

.here because of complex1ty ".‘”} " ’ T |
The use of a functlona1 relatlonshtp for water ]oad1ng

‘1s advantageous 1n that spat1a1 estimates can be obta1ned

"for a watershed “where meteoro]ogtcal data are lacking and

can prov1de an est1mate of “the maximum value a 7‘ o
The concept of functtona] relattonsh1p dtscussed in

th1s chapter has been presented in a general form to suggest..

that th1s concept can be appl1ed to other basins. ‘The

relat1onsh1ps depend upon the qua11ty and quantity of data .

| ava11able and on the homogene1ty of meteorolog1cal

Acond1t1ons and topograph1cal features w1th1n the ba51n ii ‘ t,.

PR
L=



. of the reasons for th1s 1s the 1ack of a s1mp11f1ed method

fngAPfE§}4j;Ef;

THE TIME-AREA PROBABLE MAXIMUM FLOOD MODEL

4 1 Introduct1on . T : _
~As was noted in the l1terature rev1ew there have been
few est1mates of PMP and PMF for Alberta r1ver bas1ns One

K

l‘hor model that"can be mod1f1ed for PMP cond1t1ons and’ from'

'“.wh1ch a- PMF hydrograph can be esttmated It was aTso

) fbelleved that the computat1ons of the s}ope of the watershed

"would s1gn1f1cantly 1nf1uence the PMF estlmate

To address these concerns (ahd as an obJect1ve of th1s

o thes1s) 1t was necessary to deve]op a numer1cal model for

‘testtmat1ng PMF The resu1t1ng model had to 1ncorporate an
_ est1mate of ‘the " shape’ of the watershed A mode] w1th th1s
requ1rement i presented 1n th1s chapter 1t'has been termed
the Time-Area Probab]e Maximum Flood Model (TAPNF ‘Mode) .
Because 1t was also des1rab1e to examine two commonly used
..models for PMP load1ng and to ‘compare ‘the peak dlscharges,
the SSARR and HYMD models are. presented in Chapter 5, and _
o the results from a11 three models are cOmpared in Chapter 6.
4. 2 0 The TAPMF Model ~h t : o SRR ,;“ s
The TAPMF model is graph1ca11y dep1cted in F1gure 4 1,
Functlonal relat1onsh1ps are used to obtain estlmates of PMP

‘and the max1mum snowme]t for 1ocat1ons w1th1n the watershed

E
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"4(as~presented'?n Chapter 3) and these Lestimates; are . .
comb1ned to g1ve the total water load1ng for the watershed
'For s1mpl1c1ty, the maximum value in the watershed is used ‘l_:
U51ng a des1gn storm hyetograph and a. t1me -area h1stogram |
an 1nflow hydrograph is obtained from th1s load1ng. wh1ch
y1elds the total water available for runoff Th1s hydrograph '
‘ is routed through the watershed as surface flow by us1ng a
mod1f1ed storage outflow relatlonshlp and the cont1nu1ty '
H;equat1on to produce the PMF hydrograph. The runoff 1s
.expressed as direct surface flow sance saturated so1l
pcondItlons are assumed for the PMP load1ng The result1ng"

'flow then generates an outflow hydrograph termed as the PMF,
: ,For computat1ons .the hastn is divided 1nto a number of ,;

L
watersheds, so that the dra1nage is toward the main rlver

"system To 1llustrate the development of the model

. watersheds from the Red Deer River Basin are used as:
‘def1ned by Water Survey of Canada (F1gure 4.2).

! Although the TAPMF Model presented in this the51s

‘follows the overall. des1gn 03 a number of~hydrolog1cal
models net all the components can be found \in a’ s1ngle

ﬁ model, nor are they est1mated or calculated us1ng the same

procedures In de51gn1ng the TAPMF Model, the author - has

used parts of models that seemed appropr1ate for Alberta.

river basmsﬁH that is, components that seemed phys1cally

&
suitable. The main features of the des1gn are s1mpl1c1ty of

. %
data requirements, usage, and potential for mod1chat10n.,;
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Figure 4.2. Map of the-Watersheds of the Red Deer R1ver
o ' " Basin (After Mu21k 1975) _
4.2, 1 Determ1nat1on of the Inflow Hydrograph o
Watérshed s1mulat1on generally 6?111zes some form of ‘j~'fji

synthes1z1ng technique to pred1ct the tempora] and spatlal

=

var1at1ons of a flood wave as it traverses the wa{ershed

Hydrplog1c techn1qu¢s,are usually app]1ed tocthe Synthesis'

o . ¥
v . @ S ) -
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:¢ of runoff hydrographs fpgm gauged and ungauged watersheds

In these techn1ques an’ equat1on of cont1nu1ty 1s used w1th
3
e1ther an’ analyth or an assumed relat1onsh1p between

storage and dlscharge w1thin the system A number of
e

techn1ques ex1st for hydrolognc synthes121ng of the o L

watershed ,_“}

The TAPMF Model uses the tJme area h1stogram techn1que
| also Known as Clark’s method (V1essman et al. 1977) Th1s
method was selected because by construct1on of 1sochrones 1t
dwrectly 1ncorporates the bas1n shape in its app11catlon
“The shape of the bas1n is a parameter that is be11eved by
the author to contr1bute swgn1f1cant1y to the peak d1scharge
and the PMF hydrograph A]though basin shape is considered
1nd1rect1y in the SSARR and HYMO models in both of these
‘ models it 1s not easy to 1solate the contr1butlon of th1s
parameter to the peak d1scharge | : '
In the t1me area histogram techn1que. an 1nflow.a
hydrograph is needed (Figure 4.1) The construct1on of this

!
> hydrograph requires three e]ements (a) creat1on of a des1gn

-

storm hyetograph (b} separat1on of the watershed 1nto
1sochrones, and - (c) construction of a t1me area h1stogram
. \ .
| 4.2.2 Des1gn Storm Hyetograph
 The design storm hyetograph (F1gure 4.1) can be

cons1dered the water load1ng for a g1ven t1me perlod The

#'.

total water load1ng for a watershed is a comb1nat1on of the ff-

PMP load1ng and the ma x imum snowme]t. (The Tatter was

' .o
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d1scussed 1n Chapter 3 and can be est1mated for a watershedlr

by funct1onal relat1onsh1p5w) As part of the PMP load1ng,

the prec1p1tat1on d1str1butlon (the var1at10n of the depth _
"of pnec1p1tatton with time). affects the shape peak and lag

. t1me of the resultant flow The t1me d1str1bution of

prec1p1tatton w1th large recorded depths seems to be 1gnored

.1n the 11terature however, th1s d1str1but1on plays an

rmportant part.in PMF est1mates In the few PMFQstud1es-

: (e.g.; Muz1k 1975) the usual approach was to dtstr:bute

the total prec1p1tat1on equa]ly ina number of da11y

- .'periods, which resu]ted in a untform and 1OWr1ntens1ty

uloadlng on the watershed

fipercentages of ra1n occur 1n the f1rst 18 hours andfthe' ﬂN

Q ' . ' . ' )
As an alternat1ve the author grouped Alberta |

ra1nstorms that produced depths of 100 mm - (4 in.) or-more 1n

«B-hour 1ntervals and strat1f1e"these for d1fferent storm

durat1ons The ‘max imum. mass d1str1but1on for-durat1ons of
24-72 hours at the ‘maximum recorded depth is shown in F1gure
4.3, Th1s can provide an 1nd1catton of when the. 1ntense '
ra1nfa11 occurred Durat1ons greater thén 72 houas were also

examined; however, these. are not 1ncluded here because the . =

r

author was unable to def1ne a redresentat1ve curve for

ra1nstorms w1th these durat1ons, because of the 11m1ted

LI L S i - . .
(e - A, L e T T AU SO, - 3 3

ava1lable data in Alberta. - - ' :.;;,

. _For ra1nstorm durat1ons of“48 hours or more, smaltﬁ;-~v

‘ prec1p1tat10n 1s produced gradual]y ‘with t1me ‘as is -’

wndm\ated 1n F1gure 4 3 These storms lack the hlgh-.

o R
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F1gure 4.3. Maximum Mass D1str1but1on at the Recorded
Max1mum Depth for Var1ous Durat1ons

-

,1ntens1by character1st1cs ev1dent 1n some thunderstorms and

rainstorms’ w1th durat1ons ‘less ‘than 48 hours "Rainstorms

: w1th duratlons of 48 hours or more are termed the . con Iows

(Chapter 1) and are capable of produc1ng prec1p1tat1on over,( '

;150 mm (6 1n ) at the "‘maximum depth For short duratlon L7;<

ra1nstorms (36 hours and less) most of the prec1p11at1on

A

'*{occurs at’ the beg1nn1ng of the storm’ and 1s produced in a

—'very short per1od of time. Th1s suggests that for ra1nstorms

-

P

-with- durat1ons of 36 hours and” less short-durat1on

-~ /
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'intensity‘rathfaII data could'be used'for obtaining}the'
'prec1p1tatlon d1str1but1on The use of short-time 1ntens1ty

data is, further advocated because the max1mum d1scharge

Ld

would result from the greatest amount of prec1p1tat1on

occurr1ng in-the shortest time. The ava1lab1e %ntens1ty data o

were examiﬁed for stations in the v1c1n1ty of the Red Deer

N,

R1vervBas1n The 1argest recorded max1mum depths were 29 mm

(1 14 in.) for a t- hour durat1on 49 mm (1 94 in: ) for a 6-'

hour durat1on, and 73 mm (2 89 in.) for a 12 hour durat1on

A1 though 1ntens1t1es for durat1ons in minutes are. avallable,vj'

hourly va]ues are used here to co1nc1de w1th the t1me per1od.

used in the models and for pract1cal cons1derat1ons

3 (comput1ng t1me and the - results)

Three parameters need to be considered in the design of
:the'prectpitation distribution: the total PMP loading, -
'durat{on, and- 1ntens1ty Express1on of these parameters
needs to be such that the product-of the-durat1on and
1ntens1ty is equal ‘to the total PMP loading.. Var1ous -
:comb1nat1ons of these parameters are poss1ble, the s1mp1est
f_be1ng d1v1smon~of the*total PMP load1ng by the durat1on,
,wh1ch produces a 1ow average 1ntens1ty compared to the 1-

H hour 1ntens1ty durat1on data Such an average 1nten51ty |
jwould in. most cases co1nc1de w1th a frequent event (one in 2
' years or one 1n,§~years) and not an extreme]y rare event (
”the PMP is considered to be). A more logical appro%ch. and‘

one that is advocated here, "is to use the,laroest-recorded

1-hour intensity {since this is the shortest time used) and
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d1str1bute this value over the shortest durat1on per10d
' poss1ble for total PMP load1ng FOr example,.for a 24-hour
PMP. loading of 343 mm (13 5 in. ) w1th an 1ntens1ty of 38 mm
~~(1 5 in.) per hour, the storm design d1str1but1on would
' cons1st of. rainfall 1ntens1q¥yof 38 mm (1 5 1n ) per Hour 5
‘for the first 9 hours and a zero intensity for the rema1n1ng
15 bhours. For va11d1ty, this approach can be oompared to'
vanalyzed short duration 1ntens1ty data, dep1cted 1n ngure
4.4 for the Edmonton Mun1c1pa1 A1rport (with 45 years of
' record) Unfortunately, few 1ntens1ty fﬂequencm durat1on
gradbs are ava1labTe for A]berta hence it was/ necessary to
‘ select the stat1on nearest to the watershed thbt had a longt
record of data. In th1s case the Edmonton Munic1pal Airport
.Was chosen (Figure 4.4). In terms of the shori est t1me
‘vperiod considereo (1 hour) the 38 mm (1.5 17 ) per hour .
;intensity suggests about a 17in 100 year evept while a 6-
or 12 hour durat1on compar1son suggests thaZ the 38 mm (1 5
in.) per hour intensity may occur once in s veral thousand
or even a million years. The use of the la#gest recorded 1-
hour intensity seems 'to provide a pract1cah aspect to the o
Mstorm design hyetograph. /

e S

4. 2. 3 Separation of Watershed 1nto Isochrones

i
!

The second requirement for dev1s1ng an inflow
hydrograph-for the TAPMF Moded is the separation of the
-watershed -into isochrones. The watershed is first-divided

L]

into a number of time zones separated by isochrones, or
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Figure 4.4. Intens1ty Frequency Durat1on Curves-for Edmonton‘
Mun101pa] Airport (Data from Atmbspher1c Env1ronment
- Service) ..

lines of equal travel t1me from the watershed outtet as

shown in Figure 4.1, The max1mum 1sochrone ig belteved to be

B U

an approx1mat1on of the watershed shape that affects the
‘peak flow. Numerous authors have attempted to obtain a bulk_
parameter for the’ watershed shape, .and although Some: have
had moderate success with part1cu1ar watersheﬁs. no
universal parameter has been found. The 1mportance of the |
shape of the watershed on the outlet hydrograph can be seen .

in Figure 4.5, which 1llustrates two d1fferent watershed

shapes. This. flgure shows that the larger the value of the-_f.[.,

4
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Figure 4:5. Effect of Shape on the”OUtf Ioq Hydrograph.” 17T 7

maximum'isochrone the greater the peak d1scharge Théhfﬁneé RN

area approach is be11eved to prov1de a reasonable
~representation of. the shape of the watershed ‘The areas

between tQ@vwsoohrones can.be‘determ1ned and plptted against

- Y

~N .
the travel time (i.e., time-area histogram). >

To d1v1de the watershed 1nto equa] time zones, an

st1mate of the speed of water flow 1n the streams of the

‘watershed is needed. The velocity of water in a stream or

river has been apprpximatedjpy,a ]ogarithmic re]atfonship
(Water"SJrvey of Canada, 19775..that is, a straight ]ine~is
obtained when ]ogarithmic valueS'of velocitybare-plotted
against the logarithmic va]ues of‘discharge ‘Figure 4.6
1llustrates th1s dependency (from graphs produced by Inland

‘Water Survey) for a number of streams in the Red Deer R1verl;

.'.(\.vr‘~ -
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Figure 4.6. D1schargn Ve]oc1ty Dlstr1but1ons for -a ‘Number of
Streams in the Red Deer River System (Data- from Water Survey
of Canada, 1977) L

"velocif; can be estimated, and thig inhfuhn*c -be-uaed to
ca]culate the d1stanbe water travels ‘for a spec1f1ed time:
"1nterva1 From th1s 1sochrones for the watersDLd .can: be
'drawﬁ The water trave] time on the river can be s1m11arly
”?obfa1ned bchonsidenangvd1schafgefvelocat¥ g?str1butlon5‘for

Cme My e e - e
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the 'r~1'ver*v~ Th1s is 111ustrated for the Red Deer R1ver system

i

- in Figure 4. 7 In most models, the' velocity is often|§

- w)

(.‘—IA w
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v

* Figure 4.7. D1scharge Ve10c1ty Distribution at a Number of,
Locataons -on the ‘Red Deer River (Dafa from Water Survey of
Canada. 1977)

A}

approx1mated by a. veloc1ty d1scharge relat10nsh1p w1th a

f1xed upper Timit.

4. 2 4 Tlme -area H1stogram

In creatlng an 1nflow hydrograph for the TAPMF Mode]



A

14the'third'requfrehehk is. to obtafn a tvme area histOQram
',From the watershed’1sochrones, the area for each ‘time 20ne
pcan befplanlmetered when plotted aga1nst ttme,va txme area

ﬂhtstogram results Fﬁtgure°4 1) The reservo1n 1nflow

hydrograph ord1nates (I) for any selected destgn hyetograph '“f '

- can now be determined Each block of ra1n in- thure 4 1 1s
h,applted to the enttre watershed the runoff from each ":'

: subarea reaches the outflow at lagged 1ntervals def1ned by
the’ time- area h1stogram The 51multaneous arrtval of the -
f,jrunoff from areas ALl 2.‘etc - for: varlous destgn stormw}.:
’1ntens1;fes R R--;etc , ‘can be determ1ned by properly

~~lagglng and add1ng contrtbut1ons. as: expressed by the

- P ° oL

equatton o o _ T L

i P Rylgho e F Ry (g

Ii =*.R'.A
v
. " . i) \ . -
~ where Ii are the-inflow hydrograph values in cfs, Ri are the

design storm 1nter1ty values in inches per hour, and A re

:; the t1me area h1stogram values 1n acres By, applying

'fQEquat1on 4 1.4t is, possxble to compute the 1nflow hydrograph o

AAAAA

Hishown in thure 4 1.. The time- area hlstogram method

(although a Jittle tedtous to apply) is eas1er to 1nterpret

J’

4.2.5 Flow Separattoh .
Ant1cupat1ng no. evapotransp1rat1on losses the'total
generated runoff can be part1taoned 1nto the components of

base, surface and subsurface-flow_nunoff For . PMF est1mates



D U O T SISO S, e St T e e T ey

the max1mum surface runoff would occur when base and

h subsurface flows are aSSIQned zero flows (equ1valent to-

\\\saturated sowl cond1t10ns) Hence, the total generated

Yomes .

'wrunoff is. expressed as surface runoff
3. 2 6 Routwng,Method ‘}ti’fmum"‘ o ;_' ;e'.;we»
o The bas1c routang method used in the TAPMF .mode1-
 similar to that descr1bed by W1lson (1841), expanded Upbn by.
-Rockwood (1958) and used in the SSARR Mode1 (U.S. Army Corps .
Atfofifngineens,'1972) In th1s method ,rout1ng through" ‘
‘f’watershed river system and reservoir components of the

model, re11es on the use of the law of cont1nu1ty in the

4 = v -~

lstorage relat1onsh1p Rﬁ

I+ 1, - Ont Onhg s (4.2)
(__T_~n oty At - (___2-—_) At = Spet Sy 2h -

- where I is t‘hé"’in*f'l}a\;} at the beginning o}‘thé ‘time period,

.In+11s the 1nflow at the .end of the period, 0 is the

he per1od O 11s the outflow‘i_”

35*at the end of the per1od S is the storage at the beg1nn1ng

»uoutflow at the beg1nn1ng ofﬁx

‘iof the per1od S +_fs the storage at “the end of the per1od
and At is the dur, t1on in_hours.
at t1me_t (It) can‘be'expressed by

e

gm0, ¢ B )




' In natura] lakes where storage 1s a funpt1on of’ 0utflow at
any g1ven eleva%1on K represents the'proport1ona11ty factor

PRRSE

s between storage and outflow ’f“if

S e

A o sT= Ko S (4_'.4-) B

Different1at1ng w1th respect to t1me the fotlowtng'
| Arelatronshxp 1s.obta1ned | =
TR - },(4;5)

.1‘.

.‘ . .

o
~which represents the bas1c form of " the storage equat1on
Watershed routxng can be-evaluated through successx/
”}ncrementS'of laKe- typ%hstorage A watershed-can be‘
'cons1dered a series of small lakes that represent the
:“ natuna} delay of runoff from upStream to downstream’po1nts
Durlng the rout1ng computat1on the computer operates on-
_each spec1f1ed 1ncrement of storage consecut1vely, one
per1od at 'a time. The equat1on used by the computer (1n the

cons1der1ng Equat1on 4, 2 the storage rout1ng equat1on

»

\



Seétting In= (In* Ing)/ 2

'ghd substitUtingithis in Equation‘4r2"give$ '

4

I 0+ 0 N
n+l -
(1)) At _-:4( n 5 At = S, - sn~

‘Dividing by ‘At , and subtracting O from both sides, the -

~ equation becomes

\
s S 0. 0
_ - n+1 n n+l n
I, - 9, = ( AT ) o+ > )
o " L At o e )
Multiplying both sides by - — and rearranging. the
P . ‘ L. <> kot w ‘.‘» “-. N ' ,,(On+_,1'-= Oh1 ’ T o \ ' ' ° ' .
~-terms’ rFésSults” . . , . |
N . - "‘ :
0 .. - 0O 8-, -8
CIp- o s (—RLo oy ol T T gy
With e o N ‘f
' e K - (Sn+1 Sn) / (on+1 .On) ' :
" i Y S
the above equation can béfre¢wﬁ§ttén as
v | p
_On+1 - Oy Im = Oy

at - X¥aY2

‘Solving for on+1the‘eq0ation in the TAPM® model becomes

N



Sl ( Im - On) At "‘I.. 0.‘ .7)
0,y = S R (A
R X+ At/2 R

™

I3

"-where 0 fs the outflow at the end of the perlod Eh}‘S the
. n+

‘,'mean 1nflow Qﬁ is. the outflow at is the beglnn1ng of . the L

‘perlod At is the t1me durat1on of computatlonal per1od and ;;’

K 1s the storage'poeff1cient For . glven values of 1nflow and

» 'outflow at -the beg1nn1ngaof the period, "the outflow at - the
end of the per1od (0 { is found by Equat1on 4.7, In the B
.'.computer program the value of AI /(K + At/2) is evaluated
.for a spec1r1ed cond1t1on, and mult1pl1ed by the d1fférenoe
between Im and 0 to obtaln tK§>change in outflows, The
-outflow { 2) computed from ‘the first. 1ncremental roui:ng 1s
then" saved and converted to initial outflow (01) for the

:'next per1od rout1ng .

6

The coeff1c1ent K must be est1mated and can be a ew :

~hour's to a month or more. For watersheds where hydWOgraph

~data are not ava1lable K can be: est1mated from an emp1r1cal\ L

equat1on by equat1ng th1s quant1ty w1th the bas1n lag tlme
A number of equations are. ava1lable The equatlon thaf 1s )
used in the TAPMF Model is the one developed by the So1l

Canservation Serv1ce (1969)

-

1O 8 (S x 1)o 7
1 1900 Y9+ . (4.8)

where ty is the lag time in hours, 1 is the length to the -

divide in feet, Y is the average watershed slope in percent,
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'ﬁand S+ 15 the potent1ab max1mum retent1on 1n 1nches, The

A¢~f.potent1al max1mum retention 1s equ1va1ént to (1000/CN)-10

' “there CN is.a curve number For saturated so1l cond1t1ons.'

fiﬂ¢CNf5 100, and hence S becomes equal to zero Subst1tut1ng S

0 0 reduces Equatton 4 8 to._

. T .
: ‘ . Ao
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o " — _v-'i9o:o_'§°.'5 14.9)
'For}a watershed 1n the Red Deer vaer Bas1n w1th an area of
o 2470 km?" (954 sq m1 ) an average slope of 5.7 m per Km
':_(30 1 ft per m1) or. O 5701 expressed as a. percentage. and 1'
| equal to 85 Km (53 mi. ), a lag t1me of 16 hours 1s ‘ 1v
: lca]cu]ated from Equat1on 4.9:; Th1s lag t1me can be used aS'_p?;

‘an est1mate of the storage coeff1c1ent in Equat1on 4.7. E

-

"4 2 7aOperat1ons and‘Data Requ1rements t?‘f}c' ii “‘L _ 5.‘

| The above components are thentorgan1zed and coordlnated.j
to produce a river bas1n mode1. ‘The system conf1gurat1on-

.(s1m1lar to Figure 5 7 for SSARR Mode ) essent1ally

descr1bes to the computer the phys1cal'layout and

relat1onsh1ps of . all components of the system. The

'conf1gurat1on is in upstream to downstream order of all

'vwatersheds ﬁakes reservo1rs, channe1 reaches, and ) 2

confluence po1nts for a part1cular bas1n The-h1erarchtcal

procedure involves, first, watershed routlng, then“

" consecut1ve channe1 rout1ng, and f1na]1y combining until a]]”,
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perat1ons are complete The computerﬁmodel ghen 1nte§rates
ﬁheatWo‘h1erafch1és and~perfbrms theamodeL stmulataon of the

“ \*‘.!m‘l»

» river bas1n system.\,_"-> _

. WA e RN S . "-
O .

The 1nput data needed for operatton of the TAPMF Model

f'1nc1ude a) nonvar1ab1e character15t1cs data wh1ch descr1bef

phys1ca1 features such as dra1nage area, (b) t1me var1ab1e

data wh1ch “inciude phys1ca1 data expressed as t1me ser1es,A
@

for example probable ﬁaxmmum paecwpmtattonsgsnowmelt»

%t orin hyetograph .and t1me area hlstogram and (c)
m1sce11aneous JOb control andyttme control data wh1ch '
':spec1fy such 1tems as - total computat1on per1od rout1ng ;'
1ntery31g and spec1a1 computer 1nstruct1ons to contro]v
1nput output alternat1ves
Results obtained us1ng the TAPMF Model are compared

w1th those from the SSARR and HYMO models in Chapter 6

—— -



" THE SSARR AND HYMO MODELS

fea g e g R N . -

"5.1 b Introduction

An obJect1ve in th1s study was to compare the pred1cted

PMF peak. d1scharge from the TAPMF Model (presented in

Chapter 4) w1th that obt;1ned from two commonly used models;:

E

in Alberta (SSARR and HYMOl Before the compar1son is
presented in Chapter'B the PMP loading for the SSARR Mode 1
is d1sdussed in Section 5.2 and for the HYMO Model is-

: d1scussed in Sect1on 5 3

The SSARR (Streamflow Synthes1s and Reservotr

Regulatton) Mode1 ‘was one of the earl1est cont1nuous

) streamf low s1mulatlon models us1ng a lumped parameter

r@representat1on 1ts primary strength l1es in 1ts ver1f1ed

c

,accuracy Successful tests have been conducted in several

large drainage basrns, 1nclud1ng the Columb1a River Bastn'

(NW- Unlted States) and the Mekong River Bas1n (SE Asia)

_(U S. Department of ‘Commerce, 1970). This’ model has also

]
been used by Alberta Env1ronment 1n hydrolog1cal stud1es on

a.‘several r1ver bas1ns in Alberta (Alberta Env1ronment igO)

For these reasons, thts mode ! was chosen for compar1son 1n

this work, .The success of any. model is usually dependent

v

-upon. the appl1cab1l1ty of the. relat1?nsh1ps to a watershed

or bas1n these relat1onsh1ps are exam1ned in some deta1l in

Sectlon 5 2. For PMF esttmates, the sens1t1v1ty of a model



o

N parameters may affect tbe shape of the result1ng hydrograph ‘

Ume .

: and the peak est1mate of ~the PMF The parameter1zat1on and

,sensxt1v1ty of the SSARR and HYMD models for PMP load1ng are ‘

"empha51zed here, s1nce ‘this 1s 1mportant to an understandtng

- and interpretation of the’ est1mates of PMF.’

"5.2. 0 SSARR Watershed Mode] ”“{“.»' LT el

by evaluat1ng snowmelt and rainfall.

\

The SSARR Mode] is a w1dely used, cont1nuous streamflow

a

s1mulat1on model des1gned for large basins. It was deve loped

by the U S. Army Corps of Eng1neers (1972) for streamflow

“response to parameter changes is 1mportant since‘some'} -

and flood forecast1ng and for reservo1r des1gn andvooeratton

stud1es It is.a mathematical hydrologlc model of a #ﬁ%ﬁb

(4

‘bas1n system throughout which streamflow can be synthes1zed

1 4

App11cat1ons of ‘the mode! begin w1th a subd1v1s1on of

the dra}nage bas1n into homogeneous hydrologic units of a

s1ze.andvcharacter consistent w1th’subd1v1des, “channel

‘conf1uences, reservoir sites, diversion points, soil types,

and other d1st1ngu1sh1ng features The streamfiows can be
computed for all s1gn1f1cant po1nts throughout the rtver
system.AAn SSARR watershed.model flow chart is shown in
F1gure 5.1. | | g | . ’

Ra1nfa1] data can be supp11ed at any number of stat1ons

A1n the watershed The part that will run off is d1v1ded 1nto

‘the base flow, subsurface or 1nterflow and surface runoff.

The separatdon_is based on indexes and on thev]ntens1ty of

§
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| the dlrect runoff Each component is s1mply delayed _
:accordlng to d1fferent processes, and a11 are then combtned
*to produce the f1na1 watershed outhow hydrograph Th1s
brunoff can then be routed through stream channels and S
' comb1ned w1th other watershed hydrographs,,alT of whlch .
be_gmglpart of the resultant hydrograph
R

ut1ng through channe]s requlres an assumpt1on of
““short stream reaches Streamflows are synthestzed on the~ =
bas1s of rainfall and snowmelt runoff Snowmelt can be
' determ1ned on the bas1s of the prec1p1tat1on depth ‘

a. A

eleyat1on _a1r and dew po1nt temperatures albedo.":tﬂ;
rad1at1on and w;nd speed Snowmelt opt1ons 1nclude the
temperature 1ndex methodﬁor the energy budget method «
. ' Input includes the prec1p1tat1on depthS' the watershed-
"runoff 1ndexes for subd1v1d1ng flow among the three
-processes, 1n1t1a1 reservo1r e]evat1ons and outflows;
dra1nage areas, bounds on usable storage and allowable
discharge from reserv01rs, total computat1on periods;
'routlng 1ntervals, and other spec1al instruct1ons to controt:.

-plots pr1nts and other 1nput output alternat?ves

5.2.1. Rainfall-Runoff &elationships“tor PMF Estimatesbuw
Ra1n fa111ng on a watershed must e1ther be. ( ) runoff,
(b) reta1ned Sn the so11 system c) 1ntercepted and |
vevaporated from trees and other plants (d) evaporated-from
pond lake and stream surfaces (e) evaporated from the, |

soil, (f) returned to the atmosphere by transplrat1on from



¥{i;trees anF other plants or (g)»percolated 1nto the ;ip::”

~-»;groundwater system and thereby Jost to the- 3urface ‘water ‘tf“%

-

"*system If percolat1on to the groundwater 1s cons1dered
1negl1g1ble,,thws ra1nfa11 1nput cHn be grouped 1nto threer:'i'
*“classeS‘ (1) runoff (2) 5011 mo1sture 1ncreases, and (3)
evapotransp1ratlon 1osses 'A’ L ' ”‘ "
| The percentage ‘of- water ava11ab1e for runoff is . found _
5..w_from emp1r1ca]ly der1ved reiat1onsh1ps of the Soit Mo1sture:-r

lagex' SMT) versus Runoff Peccent (ROP) W1th 1ntens1ty as’ a .
—//:th1rd var1ab1e In the SSARR Model thts 1s entered into the
.program in the form of a table for each watershed These.
,:va]ues are usually developed by trial and error Before a
i Vdes1gn curve for PMF est1mates is prov1ded two examples of.
SMI - ROP relat1onsh1ps are cited. The f1rst example is a
hthree var1ab]e SMI relatlonsh1p deve]oped for the B1rd Creek
: Bas1n near Sperry, Oklahoma (F1gure 5. 2) (U. S, Army Corps of
Eng:neers 1972) Th1s bas1n is character1zed by hot summer
temperatures long dry periods; h1gh evapotransp1rat1on__
¢ates and h1gh 1ntenS1ty, short - duratwon rdinfall. The SMI-
”ROP relat1onsh1p was developed by tr1al and error. For
'*saturated soil cond1t1ons (equivalent to - SMI greater than
100 mm (4 in.)) a large percentage of the precipitation is
runoff; for very low precipitation intensity (0125 mm (0.01
- in.)“per hour ) aoout 30% is runoff; while for high-intensity
.bvalues (25.4 mm (1.0 tnu) per hour and greater) ‘the runoff

is 100%.

" . _The second example is the r&tionship calibrated by
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. Figure 5.2, Three Variabﬁefsbil Moisturé Index Relationships
- -Developed for Bird Creek Basin (After {.S.. Army Corps of
o : ~Engineers, 1872). = , A

Alberta Environment (1980) for tHe_Little Redeeer River

- watershed in the Red'Déef River Basin;"as illustrated in
Figurg 5.3. This watéfshed, bécaﬁse.it Té loéatéd mucﬁ‘
farther north than tﬁe basin in_the,greviqus examp]e; is..
characterized by a,mbderate'climgpe with moderate'summer'
temperatures, jgtermediéte evapotranspiration,rates; and '

- low-intensity durat{on rainfalll The.main diffeﬁehce'between
“these fWO exgmp]es‘is that in the latter case tﬁe’lodgp‘

intensity of the rainfall would produce a Qfeater-rqnoff;
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Figure 5.3. Three variable So1] Moisture ‘Index Relat1onsh1p
for the Little Red Deer River and a Design -Curve for PMP
Loading (After A]berta Envxronment 1980) .

probably because of the lack of 1ong dry periods in central
A]berta

The SMI is an 1nd1cator of the relat1ve sa1l wetness
and ls used to determ1ne runoff. When the soil mo1sture 15
depleted to approximately the permanent w1lt1ng po1nt the
SMI is a small number associated w1th little or no runoff..
When prec1p1tat10n recharges soil moisture, the value ‘of the .
SM1 increases untzl it reacbes a max1mum value considered to

.'represent its field capac1ty or water holding capacity. At



th1s value the runoff would—approach 100% The SMI 1s @r,;*aQAg

-

'f'depteted only by the evapotran5p1rat1on 1ndex (ETI)» The ETI:L

7.Acan be spec1f1ed in- table form as monthly yersus average

da1ly potent1a1 evapotransp1rat10n (1n 1nches pen day)
Max1mum runoff is- character1zed by a zero vaiue of
-evapotransp1rat1on wh1ch ‘means. there wou]d be no. losses to -
f:evaporat1on or transp1rat1on o »f‘ ";.', f':u : ’

' For PMF est1mates the maXIﬁUm runoff is des1red and‘F
4 th1s can be(ach1eved by assuming Ca1 that ‘the 5011 is. |

| saturated and’ (b) that the’ pr;c1p1tatfon occurs at a h1gh
:.1ntens1ty To repreSent these cond1t1ons; al] SMI values areh;
assigned‘an ROP va]ue of 1004 and ETL 15 glven a value ‘of
zero. Thi's is equk&a1ent to the relat1onsh1p shown by the
soTHdr]ihe‘(TabellegprP 1oad1ng) 1n F1gure 5.3, <

) . a

i S

5.2.2 Flow Separation L . .
¥ In the SSARR Model, thé rainfall that will run off is
. d1v1ded 1nto three partsf al) basﬁ!flowt'b) squQrﬁaee or;'
1nterflow, and c) surface runoff}vBecaUSe of anteCédeht
eonditions (i'e., satdrated soflj 1he max1mum r no f. for.
PMF est1mates would occur when there were no base and-'
subsurface flows. .This~is equiva]ent to ‘the 1=to~1'brekeh~:
line in F1gure 5.4 and is spec1f1ed for the SSARR Mode] in
the form of a table. The so11d line dep1cts a cal1brated )
;curve that has been used in the Red Deer River Baswn for

natural flows during the summer (Alberta Envtronment, 1980)

4

-
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5. 2 3 Routwng of’ Surface Flow b‘t B v o “;?
' In the SSARR Model ~each. component of surface flow: is
computed as 1nput rates, expressed in 1nches per per1od

| Each per1od value is converted to the equ1va1ent 1nflow rate
in cfs, based on the dra1nage area and the length of the

period in hours. Each component of 1nflow is routed through

- a specified number~oﬁ increments of Storage These

increments can be conswdered a series of small 1akes~that
delay runoff. Routing is accomp11shedvby solution of the;
basic storage equation’in finite time .periods for each

increment of storage routing (Section 4.2.6). Inflows are

computed as mean values for the period for watershed



rputlng The t1me of storage per 1ncrement can be a few -5“\,‘

'“-'hours to a month or more The rout1ng spec1f1cat10ns

' determ1ne the tlme delay to the outflow p01nt of the
watershed and the shape of the outflow hydrograph In th1s
" mode], virtually unl1m1ted flex1b1l1ty in t1me dlstr1but1on
of runoff can be ach1eved by - the 1ncremental storage rout1ng"
vtechn1que The lag t1me and un1t ‘peak reﬁat1onsh1ps' '
fava1lable in the SSARR Model for var1ous comb1nat1ons of

mu.t1—1ncrement r txng coeff1c1ents are 1llustrated 1n

F1gure 5.5. The i tersect1on of the number of phases ‘and the

time of storage er'phase’in this figurevgiVe'the lag tlme

aanddthe~peak‘dlsc‘ rge. In this model, the time of storade

per»phase and the nu pr of phases need to be determ1ned

- The f1rst of. these two par meters is usually computed by an’

empirical relationship siAilar to:Equation 4.9,‘while the

second paramel ! .aihed_through'calibration of the '

mode 1. ,/?J . . ' |
'\\fhe~typ1cal routing spec1f1cat1ons for surface flow.

‘»that have been calculated for a 539 km? (208 sq. mi . )

- watershed in Oregon are four phases and 2.5-hours storage

per‘phase (U. S Army Corps of’EngineerS' 1972) . For the Red

= Deer Rlver watershed at Sundre, the values that have been_'

'calvbrated and calculated for a 2471 km? (954 sqg. mi. )

g

(Alberta Env1ronment ‘1980) "mmwwwfww“ T, -
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FigUre 5.5. Watershed Multiple Phaée“Stdhage‘Routing
Available in/SSARR (After U.S. Army Corps of Engineers,

5.2.4'Runoff_from Snowmelt

19727, T

Runoff fhoh snowmelt may contribute significantly to

sfréamf1ow in Alberta,  and. hence an applicabie model for

‘this province must considér this component. In the SSARR

'Model, extensivé routines are prograhhed_fqr cdmpUtation‘of

runoff from snowmelt. Because snowmelt ranoff poses complex

—problems for the hy&rd]ogist; this aspect has been ignored

by many modellers in their design.

Unlike rainfall,‘snowme1t_is not 'generally measured

7
—~



“qua”t1tat1VE1y, it must be est1mated 1nd1rectly from
observations of meteorolog1ca] papameters (e 9.} a1r‘upif”'”

":temperature depth of snow w1nd speed) to determ1né the -

)

snowmelt rate and the water equ1va1ent of the snowpack

In the SSARR Model snowme1t can be. calculated by use of
the generallzed snowmelt equat1on for a partly forested area
(U.s. Army Corps of Eng1neers, 1956) Th1s equatlon requires p
-;measurements éf air” temperature dewpo1nt temperature w1nd
© speed,. 1nsolat10n (solar rad1at1on on hor1zontal surface)
T.snow surface albedo and forest canopy cover for estTmat1ng .
. thelsnowmett'rate The SSARR Mode1 has been. mod1f1ed by
Alberta Env1ronment (1977b) to per form sp11thatershed
computat1ons. that ts, the 'snow-covered and snow- free_areas
“are treated as two’ separate yatersheds. each with its:?wn~ ":-
characteristics and parameters.‘Since the number of
watersheds is doubled, this approachvis more cuhbersome.and
requires,more data for simulation:'however,_it does allow
for Eeparate,accounting of the SMI in the.snow-free,and _
snow-covered areas. Thefvarious,hydro1ogtc'options-avai1able
in the split waterShed-apprOach are if}ustrated-in Figure

5. 6 These optlons are sp'V'fied for the model in either

5.2.% Channel Routing a
The time rate'of'phahge of streamflow in a river reachﬁ'
is evaluated by first dividing.the reach into a series of

increnents. The incremehts_should-be small enough so that
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wedge 1 stbrage,iS'nngigibTé comparéd;to pﬁismaf{ocstorage.

A Y

Ihffowsfané~cohp0ted;af point véldés in time'fof3chanhel R

routing. 0utflow;fromVéach‘increment,sepves as'ihflow to the

next downstream increment. Time of stbrage for thannel
o

‘routing may vary ‘inversely or directly as a power function

'of‘dischargéTth”isvexpneésed aé{tﬁe foi]owﬁhg relationship:

Y-L1n§7eylet al. (1949Y showed'that”the'storage in a channel

ES

~reach may be considered to be the sum of two portions: prism
- storage, or the water below an imaginary line drawn paraliel
- to the channel bottom; and wedge storage, or the 'water.
' between that line and the actual water surface profile.’

»
h
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where T 1s the t1me of storage per 1ncrement in hours, KTS

~15 a constant determ1ned by tr1a1 and error or estimated

. from phys1ca1 measurements of flow and correspond1ng routtng

P

‘~;t1mes, Q 1s the d1scharge in cfs. an n is.a coeff1c1ent ks
Nusually between - 1 and +1 A value of n = 0 20 was found |
-reasonable for most st eams 1n the Columb1a Bas1n (U S Army
Corps of Eng1neers, 1 72) no= 0.35 was found for the%MeKong
River -(U. 5. Department of Commerce, 1970). and n. O.tpﬂwas
-determ1ned for: the Red Deer R1ver Basin- {Alberta -
Env1ronment 1980) Although the 1ast appears to be low w1th
’=[respect to the other two values, 1t has been obta1ned by

| ‘iA]berta Env1ronment from ca11brat1on for the Red Deer R1ver
;Bas1n " » i
‘ Rout1ng of flow is accomp]1shed by an 1terat1ve .
solution of the storage equat1on A backwater mode ex1sts
for cases in wh1ch elevatton and discharge are affected by
bacKwater from a downstream t1me varwant source. Examples of
such occurrences are’ rvver estuar1es affected by t]dal

. ma jor tr1butary, and the upstream reaches of a reservo1r or
a lake whose outf1ow 1s affeoted by the elevat1on of another
lake Just downstream Th1s model ut111zes a three var1ab1e
».re1at1onsh1p between upstream elevat1on downstream

elevatlon or flow and d1scharge from the'upstream locat1oh

The above components are organ1zed and coord1nated to

g
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';{%produce a r1ver ba51n model that s1mulates the hydro]ogic

bboresponse of the phys1cal system The system confagunat1on

,élessentlally descr1bes to the computer the physﬁcal layout

b

‘L»Pand relat1onsh1ps of a]l components of the system The :,’f

x)

?f.confxguratron is 1in upstream to downstream (o) dér of alI
,watersheds. lakes, reservo1rs channel reach s, and v
"fconfluence po1nts for a. part1cu1ar baSIH The h1erarch1ca1 |
’-7procedure 1nVOIVes; f1rst watershed rout1ng, then f' :.;:_
: consecut1ve channe]l rout1ng, and flnally combin1ng unt1t\;?1
voperat1ons are. complete The computer mode] ‘then 1ntegratesv;
‘the two h1erarch1es and performs the mode] 51mu1at1on of thef"
7r1ver bas1n system

% i An example of a conflgurat1on for the watersheds of the

: ‘Red Deer River Basin from the headwaters, through Sundre, to

'Red Deer is dep1cted 1n F1gure 5. 7 In th1s f1gure,_four_
watersheds are simu]ated headwater watershed to Suodre
(drainage area of 2471 Km2 or 954~ sq mi . )} L1tt1e Red River
: watershed (dralnage area of 2392 Km? or 924 sq mi . ) . James
R1ver watershed (dra1nage area-of 821 Km2 or 317 sq mi.), ‘
and. Med1c1ne R1ver watershed (dra1nage area. of 655 sz or:‘
253 m12) Because of the snowmelt computat1ons each of” the
abbve watersheds is. treated as two separate watersheds (one L
for the SNOW- free area and the" other for the snow covered
area). For example, in F1gure 5. 7 the .number 394,15 ass1gned'
to the snow covered area for the L1tt1e Red- Deer River
watershed wh1le ‘the number 302 refers to the snow- free 32532

T

for the same watershed

P
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prevrdusly are fwrst max1m1zed and then used 1n the SSARR

The var1ous parameters and relat1onsh1ps d1scussed IR
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-Mode] to produce a PMF hydrograph and ‘a- peak.dIScharge.';n -



- or graph1cal form. Because ‘the tabu]ar results. are_“=‘

-
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the above computations the so1l is, cons1dered saturated

. w1th no evapotransp1ration losses,,and all ava1lable water

f that the surface area of prec1p1tatlon and the area of the

fA watershed are 1nterchangeable Usually these two quant1t1es

commonly assumed to be s1m1lar Hence these terms can be and
are used 1nterchangeably in PMP and - PMF . studwes _
| The computer program of the SSARR Mode 1 llows the -

results of the s1mulat1on to be. produced e1ther 1n tabular

3

-

}] is translated‘as surface runoff An underly1ng assumpt1on ‘5 -

are d)fferent hQWever under’ maX1mum cond1t1ons they are :

exten51ve. graph1cal dep1ct1on is usually des1rable A\‘_f'l -

graph1cal example of a PMF hydrograph for, the Red Deer R1ver.

Bas1n at Sundre is dep1cted in Flgure 5 8 The PMF

® hydrograph 1s the re§ﬁ}i of a 24 hOUr prec1p1tat1on load1ng :.

~of 340 mm (13 4 in:) on a 2471 Km2 (954 sq m1 ) dra1nage
area. at Sundre The prec1p1tat1on load1ng 1s d1str1buted at
a maximum . 1ntens1ty of 30 5 mm (1. 2 in. ) per hour for. ll
hours Snowmelt 1s calculated us1ng the generaltzed snowmelt
equat1on for ‘a partly forested area. In future d1scuss1ons

" of the watershed at Sundre 1t can. be assumed that the above

‘l values of pre01p1tat1on loadin@ apply. Any dev1atlon from

| these’ vtlues w1ll be ment1oned«1n the discuss1on The '
'largest recorded hydrograph at Red Deer 1s shown on the same’
d1agram (thure 5. 8) for comparlson The Red Deer statlon .
' was used because 1t is the only stat1on w1th long- term _

d1scharge data 1n the Red Deer R1ver Bas1n The hydrograph
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K recorded at Red Deer (dra1nage area of 11 600 Km2 or 4480

- sq. m1 ). occurred from 26 dune'to 2 duly 1915 and resulted

1n a’ maxrmum 1nstantaneous d1scharge of 1933 m3 per second

h-or 68 250 cfs (a ratlo of 0.17 m3 per second per sz or 15 2

{~.cfs per sq. mi.), a max1mum da11y d1scharge of 1586 m3 per

‘{second or 56 000 cfs (a rat1o of 0.14 m? per s!cond per Km?2

‘t or .12, 5 cfs ger sq. mi. ), and a record gauge he1ght of 5.8 m

(19 05 ft. ) at Red Deer H1stor1ca1 reconstruct1on of th1s
record ra1nstorm suggests that probably the ra1nfa11 twh1ch
*.ns‘unKnown) assoc1atederthuth1s event‘also produced re@o;dk
h;,drograbh' flows in the entire Red Deer River Basin, but
h'because of 2 1acK of record1ng stat1qns in the bas1n at that
time, th1s 1s uncerta1n CoT
'1The PMF resu]ts~can<be summar ized by comparing the
.oratio_of the'discharge,dtvided by,the“drainage'areaf(cfs,per
‘sq mi. ) to’the drainage'area'(SQ"mi-)w as is shown.in
'IF1gure 5 9. This ratlo (d1scharge div1ded by the dra1nage
_area) can be 1nterpreted as norma11zed d1scharge In E)gure'
'5,9, the reeorded.and computed resu]ts are compared for the
" "Red Deer.RiQer:Basin, The, largest recorded ‘instdntaneous
" flows for the‘var1ous record1ng stat1ons in the bas1n are
_ dep1cted by_tr;angles These flows can be enveloped by a
d"'relat1onsh1p of the form Q = 1000 A %'where Q is the
h'1nstantaneous max1mum d1scharge (cfs) and A 1s ‘the- dra1nage
-area (sq ‘mi. ).'Also shown in the f1gure .are the PMF

" estimates obtalned from ‘the SSARR‘Mode] for some’ of the

: watersheds (d1sp1ayed by stars)

~
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't“iat Sundre an the Red Deger R1ver The sens1t1v1ty of thﬂa
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5. 2.7 Sens1t1v1ty of SSARR Model. :_T . ,_‘A T

The sens1t1v1ty of the SSARR Mode1 to parameter changes
for PMP Toad1ng are d1scussed next in terms of a number of
hypothetlcal s1mulat1ons* Because the mode | allows the user
cons1derlble TTex1h§51%y Ip s1mulate hydrolog1caTTy |
.d1fferent watersheds, good Judgment and logic are: essent1a1
‘ta properly deve]op parameter ‘and relat1onsh1ps Var1ous
parameters and relat1onsﬁ¥ﬁ§ weceﬁexam1ned for" the watershed

S ,ﬁﬁdw’

model was tested by holdlng all. parameteﬂstconstant it

- ‘maximum cond1t1ons and then chang1ng onTy the des)red
.-parameter or re]at1onsh1p The max1mum cond1t1ons used in,
.the s1mu1at1ons are a 24- hour prec1p1tat1on load%ﬁg of 340
" mm (13.4 1n ) (w1th a max1mum 1ntens1ty of 30 5 mm (1 2-1in. )
per hour) on a 2471 km? (954 sq mi. ) dra\nage area Other
watersheds in. the Red Deer R1wer Bas1n were also tested but
those resu]ts are not 1ncluded here s1nce they showed the ,.
‘ same shape and peak d1scharge in the- resuTtant hydrograph as
the watershed at Sundre o o - -

' One of the f1rst reTat1onsh1ps exam1ned was the three~
kparameter SMI ROP relat1onsh1p .This relat1onsh1p for
;natural flows determ1nes the volume of runoff and affects
the shapeﬂof the hydrograph Two quantities seem to be
important: the SMI value and the. average 1ntens1ty»of the
Toading The SMI can be any value from 0 to 127 mm (5 AL
depend1ng upon the antecedent cond1t1ons The _upper value

- was chosen as an. arb1trary upper .1imit for the tests



onducted 1n thts work because others (U S. Army Corps of
Eng1neers, 1872; Alberta Env1ronment 1989)»haye_used thts
value. For PMP load1ngn because saturated soil'conditlonsi'
are aséUmed the SMI s ass1gned the upper l1m1t value of
127 mm (5 in. ) Us1ng this upper value a number of dtfferent
"average 1gtens1t1es were - tested The results were 1dent1cal
to those ‘shown in the PMF hydrograph dep1cted 1n Flgure 5.8.
This was because of the allocat1on of the total flow to

sur face flow 1n the surface separatton relat1onsh1p Hence

’i for upper l1m1t values of SMI the SMI- RDP relat1onsh1p has

ho effect on PNF estvmates in.the SSARR_ Model.

| .A second relattonshtp that was - tested ‘was- the dally
evapotransp1rat1on Values of evapotransp1ratlon from O to'
10 mm (0.4 in.)-per day were used and these had no effect
on the 'PMF hydrograph. Furthermore the resultant’
derographs were identical to that shownlln Flgure 5 8
A1though thls .index may be 1mportant for}ﬁong term
_ s1mulat1ons, 1t is not bel1eved to be cr1t1cal for PMP
loading. | ‘

s A third~relationship investigated was the surface-
subsurface separatlon curve. For PMF est1mates “this |
relat1onsh1p was represented by the 1- tovl broken l1ne in
Figure 5.4 and corresponded to saturated so1l conditions and
ma X imum runoff For natural flow cond1t1ons, such a curve”
wou 1d rarely be atta1ned Instead, for those.conditions.the

expected curve would be_51milar to the solid line curve

shown in Flgure 5.4 and is usually determined by



- 3

cal1brat1on, through a trlal and-error procedure. Thts ;
'relat1onsh1p can be exam1ned hypothettcally for a water Q
’loadlng with dlfferent surface subsurface curves, wh1ch w1ll;
provide 1ns1ght 1nto the effects of these curves on the |
.‘shape and peak d1scharge ‘of the resultant hydrograph The
_ ,;relatronshtp was exam1ned by decreas1ng the surface curve |
.w1th each s1mulat1on As the surface component of the
relat1onsh1p is decreased the subsurface component ls
increased, since the total sum of surface and subsurface is
'constant Three d1fferent surface -subsur face curves were
tested, and the result1ng hydrographs are 1llustrated in
'F1gure 5. 10 The effects of vary1ng the surface subsurface
separat1on relatlonshlp on streamflow depends on- the
magn1tude of the surface to subsurface components. When_most
of the flow 1s allocated totsurface and- l1ttle to the
subsurface flows a h1gher.and~e3rl1er peak results in the .
hydrograph' The largest peak ih'Mﬁgnitude occurs when 106%
is allocated to surface flow and 0% to subsurface flow, as
is the case for PMP load1ng (Curve A). The other extreme is .
allocat1ng 160% of the flow to. the subsurface and 0% to
surface and a stra1ght l1ne hydrograph results In between
these lwo extremes are the curves deplcted by B and C
equ1valent te what may be called unsaturated soi |
cond1ttons, The van1at1on of the surface-subsurface
separation relat onship would only be important to PMF

esttmates jif: unsaturated soi ] cond1t1ons exist.

In add1t1on to the three relat1onsh1ps above, a number
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“of routtng parameters were exam1ned The eFfects on. the B
-'outf]ow hydrograph shape and t1m1ng reSponse can be observed
'by chang1ng the number of routing- phases for each component
of- flow and the t1me of storage per phase (T ). Because two ot
o parameters are 1nvolved (i.e. the number of routing phases-
| and the time of storage per phase) ‘there are a number of-
poss1b1l1t1es for exam1n1ng these parameters One way to
display any poss1ble effect is to Keep one parameter'
’ constant wh1le Vary1ng the second and vise versa? The.
‘%\mulatxons d1scussed here are hypothet1ca1 since the two
) parameters are predeterh1ned by computat1on and ca11brat1on
wh1ch results in a f1xed value for each parameter The
4‘hypothet1cal s1mulat1on is useful 1n that it prov1des
1n519ht 1nto the sens1t1v1ty of these parameters for PMF
igest1mates | \ |
| In the f1rst of these simulations, a]l coeff1c1ents and
re1at1onsh1ps were Kept constant whlle the number of rout1ng
~ 1phases for surface flowtgasiallowed to vary from the
calwbrated value of 2. The results d1sp1ayed in Figure -
- 5.11, indicate “two effects ar1s1ng from an 1ncrease in the ;;*
_ },number of rout1ng phaﬁks (a) a delay in the t1me o?’peak1ng
and (b) a decreas :§%«§he peak d1scharge -Thus the 1argest
) peak d1scharge can beaobta1ned us1ng the sma]]est poss1b1e

\

_number of phaseés. In all of these examples the total volume‘

r;F

-
of runoff was the same
- :,

In theﬂsecond s1mulation,fthe7time'of storage per phase

(T,) was varied from.the 16-hour calibrated value. This =~
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varmat1on can also result 1n slgn1f1cant changes in tim1ng

and 1n the hydrograph character1st1cs To exam1ne th1s
parameter the surface phase tlme was varzed whlle all other.}'“
parameters were.kept constant\ The var1at10n Qf the surface
phase t1me 1s illustrated 1n F1gure 5 12 where two >i:: f;:;ji

d1fferent t1mes were selected The va]ues selected varled by
50% from the 16 hour surface phase t1me S1xteen hours was B
the surface phase t1me calﬂbrated for a 2471 Km2 (954 sq.

L) watershed area 1n the Red Deer R1ver Basln and 1s theA

yalue suggested for PMF est1mates As expected” an. 1ncreasevt

“%1n.surface phase t1me results 1n lower peak d1scharges and

greater lag. tlmes - .-_,'?""f - ‘&775‘9 .4 dVylf

kY

The last parameter examlned for the SSARR Model was the

coeff1c1ent n 1n Equat1on 5 1 The value of n (O 13) was

obtalned from cal1brat10n ﬁor the Red’Deer Rtver Bas1n and~ g

can be cons1dered a- f1xed parameter Thls cbefflclentﬂwas
exam1ned for n ; 0 26 to determ1ne the effect}on the shape
and peak discharge of - the resultant hydrograph for PMF i_ :
est1mates ﬁhe resultant hydrographs for both values of the

' coefftc1ey@ were. nearly the same in shape and 1n.peaK

"_dlsphar 'f'suggest1ng that changes only -in: th1s parameter

i 71gn1f1cant for. PMF est1mates | :
In summary, for a g1ven watershed area and‘mass

a

prec1p1tat10n d1str1but1on w1th the same~1ntens1ty loadlng

| ,and for saturated so1l condltrons,.two parametersaaffect the

~ PME peak dascharge for PMP load1ng the number of surface '

' routlng phases and the tlme .of storage per phase These two

. e ‘ "
. Lo Y - b " B . L . -~
: [4 .

> .
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‘ parametehs are. 1nterrelated (Flgure 5 5) and‘an'effeCt“on :
nfone produces an effect on the other The other relat1onsh1ps o
&e§%m1ned have l1ttle effect on PMF est1mate in the SSARR

1Model The values used and suggested for a PMF. est1mate for

”&%#a 24 hour prec1p1tat1on oading: o#’340 rfm (13 4 in. ) on a -

'.}-2471 kmz Qﬁd 'sq. mis ) dramage wé{bﬂershed at Sundre in the )
'fRed Deer vaer Bas1n are: (1) SMI equal to 127 mm- (5 1n )

n"

"hfor atl ra1nfall 1ntens1tves, (2) evapotransp1rat1on value .
jp-of 0,w(3) 100% ‘of: the total flow to be, allocated to surface‘ \
f,flow, (4) number of rout1ng phaSes is. 2 (5) the t1me of ,
storage per phase is: equal to 16 hours, and (6) the

'3_l*coeff1c1ent n 1s equal to 0 13
- . | '( .‘.0 | -
| 5.3.0 HYMOModel Lo L

/‘

T HYMO (W1ll1ams and"ann 1873)" is a problem orrented

|

vwgfcomputer language cons1st1ng of a main program and 16

\subroutlnes that when comb1ned for watersneds result in a
hydrolog1c model hence the name HYMOV Th1s model can be
used for plann1ng flood prevent1on projects, forecast1ng
zfloodsx and research stud1es The HYMO language was des1gned
' to transform ra1nfall data 1nto runoff ydrographs and to

route these hydrographs through streams ‘and valleys or
.'resen€§brs. The procedures used 1n th1s model were selected
‘by W1ll1ams and Harn (1973) because of their accuracy,

.general appb1cabll1ty. pract1cal1ty of 1npu§s, and’
l , _

[computat1onal eff1c1ency ‘




. “ ‘

'j'_suggested by the Soil Conservat1on Serv1ce (SCS 1969)7¥or'
jthe pred1ct1on of*flood hydrographs on ungapged bas1ns The -
"ma1n features Ain th1s ‘mode 1nc1ude (a) ab111ty to subd1v1de )
- the dra1nage area 1nto yar1ous subareas. (b) abil1ty to e
. account for the effect of var1ous 1and uses. (c) ab1lity to |
‘est1mate the t1me of concentrat1on for each subwatershed
L wh1ch in turn qs a funct1on of’ the flood trave] t1me (d)
3gab111ty to account for the effects of channel storage in {
’jeach r1ver reach ‘and’ (e) ab1l1ty to produce flood
4hydrographs at any po1nt‘Yn ;he ﬂ%tershed The ma1n

conceptua] and computat1ona1 features 1ﬁc]ude the peak flow .

'.rates (g ) and the unit hydrograph The peak f1ow rates frombg'

11nd1v1dua] watershed subareas .can be computed by the

equat1on

1
o

v

qp=

Q R P C(5.2)

where ap is the peak flow rate B 1s a stat1st1ca1ly based

.

‘watershed parameter computed w1th1n the model as a funot1on ‘
of watershed char?cter1st1cs, A 1s the watershed area (sq
mi.); Q is the volume of runoff (1n ) and tp is. the t1me to'i
‘peak (hOUrs) The unit hydrographs.are d1vaded into three .
parts for computat1en (F1gure 5 13) |
In the first part (from the beg1nn1ng of the rase to
" the 1nf1ectwon po1nt t ) ‘the hydrograph is computed by thep
two-parameter gamma d1str1but1on equat1on S '
: o - : B ' -.ﬁ{ “%’7/

.
\ ‘
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4 n-1 et1-n}(s / %

‘where q }s the flow rate at t1me t, qp

rate,‘tp is. the t1me to peaK (hours)

1973).

(5.3)

is the'peaklflowy

and'n is a

d1mens1on1ess parameter determ1ned fnom watershed

characteristics.

A deplet1on equat1on is used to compute the hydrograph:

q=T, oty - 1) /X

For the second part, from t, to t,. the recession |

" (5.4)

’



x
i

hwhere q is the flow rate at the 1nf1ect1on point to 1s the

time at the 1nf1ectton po1nt (hours{h and K- 1s the recession g

constant (hours) such that t1 =z to + 2K

B /

In- the th1rd part from t1 tocx: the recesswon fi]f}fh,iﬂ"

depletion equat1on ecomes L

q = q,1 olty = ) / Ky o (5.5) -
,:_where ql js1the/fJOW-rate;at“tlt and Ki-*BK 1s a second
reoessiOn:constant:(hours) The d1mens1on1ess shape -

. re

parameter,vn, jsia fUnctiOn of K/tﬁ,_as shown in Figunefl
~ 5. 14 therefore..the enti%e Unit hydrograph can befcomputed
| 1f K and t -ape—known To compute K and tp for ungauged

watersheds_ HYMO uses the equatlons

T K% 16.1 p0-24 g~0.84 . j(s.'S)

- and -

Lt = 6.5k 40439 §70.50 . (5.7)

,where A is the watershed area (sq mi. );iand S is'thei -
'd1fference i elevat1on 1n feet dtvtded by flood p1a1n '
i?djstance in 'lles, between ‘the watershed- outlet and the most
distant'po1 t on- the watershed Calculat1ng the peak flow

using-equat'on 5 2, the volume of runoff (Q) in 1nches is*

‘rcomputed by ut111z1ng the SCS ra1nfa11 runoff relat1onsh1p
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* Figure 5.14. Re]at1onsh1p Befween D1mens1on1ess Shape
Parameter n and Recession Constant/Time to Peak (After

W1111ams and Hann 1873). .\\\\“h
(5011 Conservat1on Serv1ce. 1969).‘This can be eﬁiaihed by

"~ the- fo]]ow1ng equat1ons $;

5
qQ = (g'; 8:§A§)2 (for,f>'0.25) ‘}5w8)‘

g ” o o . K
b S = ;%%9 -0 - ‘(5L9)_

where P is the rainfall (inches); S is the rainfall
retention parameter, and CN is the soil-cover;COmplex number
determined from actual soil’types and land coveh"fqr'eaeh

» subwatershed. The SCS rainFall-ruhoffFre]ationshib is



Direct Runoff (inches)

:ﬁ; iﬁ-: - : ) ’:157

expressed by a sét'of numberéd cufve§'(55guneﬁ5 15) .In the f"
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[ SR
¢

SCS me t hod the”Changé;infS (aciua]]y;{h\CN) is based on the
- s0i1 antecedent mbféibre cénditién, determined by the total
rain?all precedfﬂglthe-sfobm; Fof‘béstestfmates.ofvpeak

flood flows, the watershed should be subdivided into
subéatchment areas, éabh'of whiéh is homogeneous with

respect 40 soil type, topography, vegetationﬁcovér, land
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k‘;se;-and drafnage'pattern _

| The var1able storage coeff1c1ent (VSC) flood rout1ng

N method (W1111ams, 1969) is used. in ‘the HYMO method Th1s '
method uses an 1terat1ve so]ut1on ‘and 15 free of convergence

, problems The vVSC rout1ng equat1ons are

3 - ‘ 1 : : : .

L 2 At o o
C-.l‘ = — - - o
R RN S (5.1)
C e  2At
G =

2.7 ' '
2 * At (5.12)

L x swp_ 1/2

'T<1', < T8"TV—"'V _7) X (LxSLP ¥ g --_DO

1 1
(5.13)
N\ “
X -
v o L \ ( L x SLP, 1/2
2 1800 (v, + vy, 1’ * T x SLP +D; -D

s . - (5.14)



where I is the inflow rate (cfS) 0 is the outflow rate |
(cfs) : a is the average 1nflow rate (cfs) C 1s the storage
.]_coeff1c1ent T is the travel time~ through the reach (hours) e

L is the reach leng}h (ft.), V is the veloc1ty (ft per
. second) SLPo is the normal sIOpe -and D 1s the depth (ft. )
In the above equat1ons the subscr1pts 1 and 2 refer to the
beg1nn1ng and end of the’ time 1nterval th Subscr1pts %
.11 1o 01 , and 02 are also used in conJunct1on ‘with the
norma| depth D anq velocity, v, to defIne the spat1al and
temporal values of these quant1t1es Slnce T2 and Cz 'are :
'dependent upon 0 . an 1terat1ve techn1que is requvred to
X solve the rout1ng equat1ons 'In Equat1on 5.10, a and 01
are Known.-and.-_(;1 can be’ computed from Equat1on 5.12. Hence'
~only 03 and Czl aré unknown. 01 ~can, be used as a first
'approxgmation of d The normal depth and veloc1ty for the

approxiaate value of Cl-2 are entered lnto Equat1on 5,14 for
comput1ng T Then Equation 5. 11 1s used to compute C

k\lhe second approx1mat1on of 02 is obta1ned from Equatlon
5.10. This 1terat1ve process continues until there is a NT
dlfference of. about O 1% or less between successive 02 :
values. o LT I ' —
- HYMg/Uses the storage 1nd1cat1on method to route floods
throdgn/reservo1rs Th1s method has been w1dely used and
accepted because it is practlcal and accurate The model |
requ1res rating curveSvalong a valley to adequately descrlbe

the hydraul1cs of the stheam and valley The model also uses

Mannyng s equat1on'(V1essman et at., l977) to compute the



norma l flow-rating curves that are used*in the'VSC‘fIOOd-
routing method A normal flood plain siope is determined for
each valTey section by plotting a profile of the flood
,plain The nOrmal channel slope 1s determined by plotting a,
profile of the flood pﬁain with channel distances. Since -

© flow- rating curves are needed in thls model but are not
always available this tends to maKe the HYMO Model less-
,effective. Also,-the,user needS“to describe the val]ey'
'section to the computer which may not always be p0551b1e
This mode] has an advantage 1n that 1t is a user- oriented
mode]_ with a smal]er data requ1rement than the SSARR Model
Because of 1ts 51mplicity, however it 1acks powerfui |
methods for sophisticated hydrological sxmulation 1ncTudingvt
~snowmelt computations | | |
J _ | G
5.3.1 1 PMF Estimates'from the HYMO Model 7

oJ

A PMF estimate can be computed w1th ‘the HYMO Mode] by |
(1) aSSIinng the curve number (CN) a value of 190 which ‘
'represents saturated soil conditions and (2) distributing
the. PMP loading to produce the: maximum discharge. Snowmelt
can be simulated by adding the ne]t rate to the -
~ precipitation mass'distribution;lThe preoipitatioh
distribution can be specified-in the modei-by'the time
period (DT) and the hass distribation. To inyestigate the
choicé of the time period three different time periods were

teéted for a 24-hour water loading of 645 mm (25 4 in ) over

a 2471 km? (954 sq thi.) watershed area with a slope of 5.69
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htm.peé km~(3021 ft.‘ber'Mi ) ;nhthe Red Deer River. Bastn The
.water load1ng consisted of a. PMP 1oad1ng of 340 mm (13 4

Iﬂr\) and a snowmelt of 305 mm (12 in. )., The prec1p1tat1on
load1ng of 340 mm (13.4 1n ) is- d1str1buted at.a max1mum

| 1ntens1ty .of 30,5 mm (1 2 in. ) per hour for 11 hours. The

“l resultarit PMF hydrographs are deplcted 1n F1gure 5.16 for DT

- 1,‘3, and 6 hours. For the’ d1fferent DT va]uestthe results

- show on]y a sllght d1fference in the shape of the hydrograph_‘
and in the peak d1scharge Hence us1ng a t1me per1od of (

‘3, or B hours will result 1n comparable hydrographs ahd peak*

7d1scharg;s Because the 1argest peak discharges 'were PO

;obta1ned w1th the - 1- and’ 3 hour t1me per1ods, these per1ods 1

'were USed 1n analys1s in th1s work

5 3 2 SenS1t1v1ty of the HYMO Model .
ln the HYMO Model a number of parameters are needed for
51mulat1on of the PMF hydrognaph and these quant1ttes are

-~

e1ther,recorded} measured” or calculated. For a partlcular
Watershed, specific values of<these parametens abe!ohtained
that are called'fiaed.quantjties,‘that is, they d notlvahy JT'
within‘measurtng tolerance.tﬁven though ghesé parameters ared~
'Lfixed,'ii,ﬁs sttl] possible to examine thF model” s
sens1t1v1ty to-ﬁ@rameter variation by conSIder1ng
-hypothet1ca1 simulations. These s1mu1at1ons are ddvantdgeoUs
in that they can’ prov1de 1ns1ght into var1at1ons of the

'magn1tude of the peak»d%scharge The same watershed as was -

o descrwbed in sectlons 5 2.6 and 5 3.1is used here for the
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: hypothet1cal srmulat1ons Nw:;-“-ZJ,T e T 4 'ﬂJQ 5 "{.s;,;f

The f1rst parameter te.the curve numbertpThe HYMD Model

*" uses” the SCS rainfall runoff nelat1onsh1p (SO1l Conservatlon ‘
ffServ1ce,,1969) to obtain an est1mate of the direct runoff "

',vand hence an approx1mat1on~o£~CN is requ1red 1n the model k

value of CN = 100 gives the maximum d1rect runoff and

'~corresponds fo the soil be1ng saturated For natural flows.

g E)
_5315 important to -

- CN 1svusually lower than 100 therefore.
1nvestlgate the effect of us1ng lower, : VQTﬁes than CN = 100
'The effect is examlned by us1ng three dafferent CN numbers
’;(100 80, and 65; correspond1ng to curves A, B and C 1n
"LF1gure 5.17). Curves A, B, and C show that the peaK | ’
'd1scharge decreases w1th a.decrease in the CN. valueo(' ”‘~7f Kgp
'(equ1valent to prqgress1ng from saturated to unsaturated
;cond1t1ons) The max1mum peak d1scharge occurs w1th CN
>‘100 hence, th1s value is used for thp’other simulations of
the HYMO Mode!. | o o T
The second parameter 1nvest1gated was- the average slqpe -
of the watershed represented by K and tp. These two
quant1t1es can be computed by equations 5. 6 and 5 7.in the
“HYMO Model. For any watershed, the average slope 1s a. 'd"g
‘predeterm1ned tlxed value.. It is poss1ble to 1nvest1gate tHe
effect of this fixed value on the PNF estimate by v
cons1der1ng hypothetlcal s1mulatlons in wh1ch all pirameters
are kept constant while the average s.ope 1s varled.wlth\

each s1mulat1on. To test any poss1ble effect two average e

s lopes (rang1ng from 0.85 to 5.69 m per kml were slmulated
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. ‘for the 2471 sz (954 sq m1 ) watershed w1th average slope f

.of 5. 69 m per Km (30 1 ft per mi. ) in the’ Red Deer. Rwer

v"fffBaSIn The 2471 Kmz watershgg)has one of the steepest

.[javerage slopes of the watersheds in the Red Deer R1ver

”"=T'Bas1n Thus the average slopes selected 1n the s1mulation f:{

'?are arbltrary lower values than the esttmated value of 5 69
m per km for thts watershed The effect of the hypothetTCal E
\ . .

stmulat1ons 1s dep1cted 1n thure 5 18 The resultant

'"ahydrograph shows that the largest peak d1scharge co1nc1des

":~w1th the largest average slope and s1m1larly the smallest

-ngpeak d1scharge co1nc1des w1th the smallest average slope
“Increases in the average slope produce 1ncreases 1n the peak
ld1scharge Th1s f1gure shows that 1n the HYMD Model average
"slope not only affects the shape but also the peak of the

*Thydrograph Two watersheds w1th stmllar areal )

~‘:_.fcharactenstws hut d1fferent slopes therefore would not R
T:have the same peak d1scharge - ‘ ) | | | _;T |

U - The th1rd parameter was the area of the watershed The

watershed area,.s1m1lar to the average slop'{'1s a

lpredeterm1ned f1xed value in the HYMO Model

':f;:parameter it was desirable to 1nvest1gate the effect the

[

‘-j~watershed area m1ght have on the PMF esttmate In th1s

‘1nvest1gat1on the watershed at Sundre was aga1n used and
two d1fferent watershed areas were hypothet1cally s1mulated_
dw1th all other cond1t1ons betng the same The results as
1shown in F1gure 5, 19 1nd1cate a logar1thm1c 1ncrease in:

~area with peak d1scharge Two watersheds w1th stm1lar IQTf,"
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*f'ﬂwatershed parameters but of d1fferent areas would also have

‘:d1fferent peak discharge.Af”‘h”

In summary, for a watershed with the same 1ntensity 5 “,

f-aloadlng. three parameteds can significantly affect the PMF

Co e

. "peak d1scharge in the HYMO Model the curve number. average
"tslope and the watershed area For PMF est1mates, a]l three
ﬁ these parameters are fxxed ;uant1t1es, and once
iedeterm1ned they‘do not change Because these f1xed '
) quant1t1es affect the resultant PMF 1t is important that

. they are’ determined as accurately as poss1ble ht-"f]{ff)

. \‘ . .

" .
. ) . .
SR “ g
bl .7 ‘ @
S “ - :
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F1gure 5. 19 Area Versus Peak D1scharge Relat1onsh1p for PMF
Est1mates in the HYMO Model o .
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e In thé last two chapers. three models (TAPMF SSARR

”'p'and HYMO) were presented fer est1matlng the PMF for gauged

Watersheds An obJect1ve 1n th?s study was to compare the

lki*results from these models 1n order to determ1ne wh1ch model

-.leould be the most approprlate for est1mat1ng the peak PMF

' i.7d1scharge in Alberta wThe PMF ‘can be regarded as.an. extreme 'gl

',commonly used 1n hydrolog)cal studtes to 1dent1fy a’ |

_event and pﬂbbablywhas not yet occurred hence only e f;t'

]

“compar1sons betff_‘ model results éagﬁbe made A graph1cal

ltapproach was selected for compar1ng the results ln such
'“compar1sons. the normal1zed d1scharge (expressed ‘as. m3 per tﬁ/
f;second per sz or cfs per sq L omi. l 1s usually plotted "
niagainst the dralnage area of the watershed (Km2 or- sq mi. »ef;
- The normalvzed d1scharge can be regarded as the dlscharge q'_,
.per unit ‘area. F1gure 6 1 presents recorded max1mum "’J

'“dlscharges and a number of PMF est1mates for the Red Deer,v

River Bas1n : _;; o :t' -*’,1 o .7.f';.
‘. . . - o (S N . . ..
o ; = SR o ° A . ‘,
BT Recorded Max1mum D1scharges [g'f“".f L l‘**m..“

The ava1lable max1mum recorded dtschargesvare 1nd1cated //

"iby trgangles in. F1gure 6. 1 The enveloptng.curve a cunve 1n

wh1ch all d1scharge values are equalled or exceeded iéy;d‘-

relat1onsh1p between d1scharge and- area Tpis curve is -fg l'
: : v wv;; o
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‘tobtalned graphtcal]y and may be either a curved or a

| stra1ght 11ne For s1mp11c1ty, the latter 1s most frequently

“7fused The envelop1ng curve for the maximum recorded

t-d1scharges in Figure 6. pE can be approxxmated by a

hre1at1onsh1p of the form Q 1000A 55 th1s stratght line
'co1nc1des with the 100 year flood estimates g1ven by Ne111 e
(1965).. | ‘ - - ‘

‘6 2 Muz1k's PMF Est1mate e L .
| The PMF est1mate obtalned by Muz1k (1975) (froﬁ"Ftéureh~
15) at Raven 1n the Red . Deer R1ver Bas1n, 1s designated by .r

L the letter "X".1n F1gure 6 1 Th1s est1mate was' obta1ned by '

) -1mpos1ng a 292 mm (11.5 1n ) PMP load1ng distr1buted over a

| ‘48 hour per1od so that 228 mm (9 in. ) were d1str1buted the “;

'f1rst day and the balance of 64 mm (2 5 in. ) was dtst'1buted

‘the second/ﬁay S1nce no mass d1str1but1on was given w‘th

'th1s est1mate, the 228 mm prec1p1tat1on load1ng was. probably

un1formly dtstr1buted over & 24- hour per1od (g1v1ng an B

-average intensity equwvalent to 9 65 mm 10. 38 1n ) per |

hour) The resultlng instantaneous d1scharge of 4 814 ‘m3 per f

. s€c (170 000 cfs) obtained. by Muz1k is cons1stent with |

results obta1ned by the author us1ng the SSARR Model (not

presented here) for a. s1m11ar average 1ntens1ty PMP loadxng .,
at Raven'1n the Red Deer R1ver Basin. It would seem from the
u,l1terature (Muz1k 1975) that this estxmate 1s stric' due

-to .a PMP load1ng w1thout the snowmelt loaé1ng
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- 6.3 PNF Estimates7from'TAPMF SSARR, and’ HYHO Models
PMF estlmates for a number of watersheds 1n the Red

Deer R1ver Bas1n as obta1ned from the three models (TAPMF

- 'sS R and HYMO) are also presented in F1gure 6.1. For a .}3'
r

l"‘

‘g1ven dra1nage area, all three models produced greater
’normar1zed d1scharge than e1ther the max1mum recorded
' d1scharge or the PMF d1scharge est1mate by Mu21k (1975)
: estimates’ from the three models seem ‘to-be comparable 1n =
~value. Any d1fferences can. be attrlbuted to the dataﬁi
-requ1red and the mathematwca] approx1mat1ons used 1n the..'
’model\} For example, in the HYMD Model a value of’ the |
‘average slope is used for s1mulat1on but th1s parameter is
not needed in the other two models In the SSARR Model
:snowme]t is est1mated us1ng the genera]1zed snowmelt'
equat1on for a part]y forested area, wh11e 1n the HYMO and
TAPMF models th snowme]t is: s1mulated by . add1ng the melt
'rate (Chapter 3) to the prec1p1tat1on mass d1str1but1on |
Another example of a difference between the models is 1n the
techn1que used for rout1ng of . floods In the HYMD Modfr
var1able storage coeff1c1ent flood rout1ng method (W1111ams,
1969) is usSH for- routtng of floods through streams and
valleys (Sect1on 5 3. O) This: method accounts for the | H
variation‘1n water surface s lope during a flood. In the‘
SSARR»andiTAPMF models, routing 1s accompllshed by so]utwon
of the basic storage equation in f1n1te time. perlods for

‘each increment of storage routing (Sectlons 4, 2 6 and .

5 2.3).

D
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Twke



It was or1g1nally expected by the author that the .
“‘Aresults from the SSARR Model would be vastly d}fferent from
those of the HYMO Model since the former model 1s ‘ :
; Jcons1dered'by many users to be a more super1or hydrologlcal
,‘model The compar1son in Flgure 6.1 seems ta: suggest that

-‘to the contrary, e1ther of the three models can be used for f,'
;_PMF est1mates It was also bel1eved that the computat1ons 6f“1.ﬂ
"lthe shape of the watershed would s1gn1f1cantly 1nfluence thei‘;
PMF estimate: To test thls concept the: TAPMF Model was .- |
. developed Comparlson oF the results from the TAPMF Model
1nw1th the results obtalned from the other two models seems to -
d1sm1ss this bel1ef Because the results were comparable,.‘t*u
'1s not pract1cal (due to tlme and resource constralnts) to.
: Jest1mate the PMF ‘for the other watersheds 1n Alberta by
“u51ng all three models Instead 1t was dec1ded to use the b“
model requ1r1ng the least amount of. data and w1th m1n1mal
_computat1onal costs for est1mat1ng tﬂb PMF for all other ?s
watersheds 1n Alberta The model that best met these
:requ1rements was the HYMOrModel hence th1s mpdel was used
'for other 51mulat1ons in’ thls thesws The«hYMO Model o
"requ1res less data. or at least data that are more eas1lyl'
access1ble, for s1mulation than e1ther the’ SSARR and the

TAPMF models The HYMO Model also costs apprOX1mately the
 same as the TAPMF Model and less than the SSKRR*Model for

.computer s1mulat1on

&

. s
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6 4 Ratio of PMF to Maximum Recorded D1scharge

D A second COMparison of the three models results

,;maximum re¢orded d1scharge (QMR) for each watershed This tvsr

’involved examimng the rat'lo of the PME est1mate (OR) to the -

'{~rat1o glves the number of times the PMF est1mate 15 greaterf-* o

“r[than the recorded d1scharge F1gure 6 2 shows that the PMF
'Jdest1mates from the HYMD Model are from over 10 to several
f,100 ttmes the recorded values lhe recorded d1scharges are
t"the largest ava1lable values, -and for many stat1ons these o
‘) vaers are small because large d1scharges have not yet beeni
“77recorded due to the short record per1od o |
For completeness. the PMF est1mate from the HYMO Model S
.fwas compared to recorded flows us1ng a frequency a.alys1s -3'
'for the Red Deer R1ver at the Red Deer stat1on (Figure 6.3).

Th1s statton was chosen because o? 1ts long reC‘;d length

: compared to- tﬁe\other stattons in the ba51n a _also because

th1s ‘station had the largest recorded dlsf., ge in the Red'-”
;Deer R1ver Bas1n A frequency analysts 1s usually dtsplayed}
" on Gumbel extreme value logar1thm1c probab1llty paper. where
}d1scharge data from a small per1od (say, 50 years or so) is
.extrapolated to. return per1ods of thousands or m1ll1ons of
years The plottlng pos1t1ons on Flgure 6 3 were determ1ned
: by ranK1ng the extreme yearly vaers of the d1scharge, from
-}ythe highest to the. lowest ( 1, 2 ..,n) and calculating
k; the-probab1l1ty (e g . P = m / {n + 1)) In Figure 6.3,
f?‘ extrapolating a straight Tine through the po1nts for the Red
ihv Deer stat1on suggests that. the PMF estimate of 21 041 m3 per
Q\second (743 482 cfs) would have a return perlod of 9 X 105

L \‘,'v'.
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1years As a general rule however, a frequency analys1s is
not recommended by stat16t1c1ans when the return per1ods to
be est1mated are greater’ than tw1ce the record 1ength |

gPugsley, 1981)
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~.PMF EMPIRICAL RELATIONSHIPS FOR ‘AUBERTA

watershed c1 1é a coeffncfent believ d
. EAR Rt R ; .
var1ous meteorolog1ca1‘uﬁ_u

'”7r a pos1t1ve:o, a'negat1ve value thus a11ow1ngtan‘

var1ous authors, and the two that are frequently advocated
0 5 and m_= 1 0 These two

are the relat1onsh1bs w1th m
forms of Equat1on 7. 1 are exam1ned us1ng the HYMOYModel for
G LT




*7f;three sectuons In the

Tf;invest1gated ‘Jheiﬁ

kifor ungauged watersheds 1n the samexbasin vf[VfﬂFft}&fgém

~

The work dlscussed 1n th1s chapter 1s d1v1ded 1nto

i st sectlon &7 2 Q) the square root

NN

fquImat1on (or m \$Qx5 in Equat1on 7 14 1s:exam1ned Some

'ifﬁauthors (e g P McKay and St1chl1ng, 1961) hah_fﬁf

\.L"

‘ffﬁthat thls approx1mat1on def1nes the enVelop1ng ehn\e of the S

afn;Q -A- relat1onsh1p A mutt111near regesston\an\lysls of peah \ 5

/{;rd1scharge and area gave a value of m- 0 51 tor A'berta

f”;Thls value suggests that a square root app;ox1mat1on may bex
té:;a'val1d conslderat1on/to'define the envelop1ng curVe in: the
»;é;Q A relatLonsh1p : o o

" In the second sect1on (7 3 0) the second form of |
ff;;Equat1on FJWJ) (called the Rational Formula) e

at1ona1 Formula has been used for ,»vﬂ

- S : 'uTv¥Qu,
&Vest1mates of peaK d1scharge, The formula 1s obtalned by ‘f*§,ﬁ%

;‘ﬁfsett1ng c1 = KCI and m ; 1 O 1n Equat1on 7 1 so that

.o '?'KyG;I AL gy
i where Q 1s the peak d1sgharge K isr the converston constanﬁ
. (equ1va1ent to O 278 iFQ is in m? per second and 645 3 1f Q
| 1s 1n cfs) C 1s the runofF coeff1c1ent and I 1s the

‘average ra1nfall 1ntens1ty 1ast1ng for per1od of. t1me t

g T .

¢



- gnnorma11zed d1scharge and the runoff coefflc1ent for-the e
’?f”r1ver bas1ns in Alber_“ta< Th1s work is presented dn Sectlon B

'?;_7 2%

“7¥7 2, o PMF Re]at1onsh1p (nr o 5)*‘”ﬂﬁﬂfa

"fa g1ven watershed For PMF est1mates, because of Ehe

'fvar1ables, ﬁnclud1ng the cl1mate geology,}and hydroiogy of

a: o

' basm .iaﬁh:d;iifrbqu-.-'Ba;s:-i ntobasmafurtherobsect ij veof this ,

e

g;tistudy &as to 1nvestlgate the spat1a1 d1str1but10n of the

McKax and St1ch11ng, 1961) to be a functfon of many

e;mwrequ1rement fon saturated 5011 cond1t1ons,,a number of these

'W‘fvaraables become less fmportant and contr1bute\}1tt1e to the

_g-parameters affectxng the PMF estwmates Parameters such a%

',the pPeCIpILﬁé‘OD load1ng were 1dent1fled as 1mportant

max1mum watershed W1dth_and length are to séme degree

O

- 0.5,
covered by the A approx1mat1on and'hence are no{iexpected

'to s1gn1ﬁ1cant1y 1nfluence the coeff1c1ent

S L P
P

Three°types of 1ntens1t1es can be 1dent1f1ed (1) the

‘ 1ntens1ty for prec1p1tat1on loadlng, (2) {he 1ntens1ty for

DT s

‘est1mat1on of . thé coeff1c1ent Slope and the 1ntens1ty of .J:,af



ﬁj’ffﬁ1gure 7 1) to 1nve§t1gate any posslble relat1onsh1p:“f?vf**”;‘i

‘$ﬁ¥fbetween the two parameters. The coefflc¥ent was calculated

:?fiAppendif 11) fromnthe HYMO Model and the dra1nage area for

thleach watershed The results of these computatlons, as _ 3;;ﬂh;f

ﬁffﬁthe coeff1c1ent w1th an 1ncrease 1n s1ope These results fr°3”5

tﬂﬂﬁfurther suggest that the slope may contr1bute to the

"“f;est1mat1on of coeff1c1ent c1 thf;‘ffsﬁ

vﬁ-? 2 2 Relat1onsh1p of Coeff1c1ent c1 w1th Intens1ty

Q. Y

L_ﬁ;d1splayed in: F1gure 7 1 1ndicate a logar1thm1é 1ncrease in tij}ﬁ

The second parameter bel1eved to'!.&ect the coeff1c1ent 6 ';

;,cl is the 1ntens1ty of the prec1p1tat1on Ioad1ng To

'1;;1nvest1gate th1s aspect three d1fferent s1mulatxons usvng

”;“ethe HYMO Model were carr1ed out for the Sundre watershed of

e*the REd Deer R1ver Basin.xln these s1mulat1ons all

parameters were Kept constant,.and only the 1ntens1ty of the f



“Eigure 7.1. Relationship between Slope and Coeff jcient ¢ -

-
. .\‘.




f_fﬁgprec1prtat1on loadtng'was varted from simulation to

“}fﬁﬂsimulation The constant parameters were (a) the drainage ,

"ljiper Km or. 30 1 ft per mia),vand (c) 24 hour tota] water

harea (2&71 km2 or 954 sq m1 ) (b) the average slope (5 7 m

..........

”lhﬁzloadtng (645 mm or 25 4 in ) The results of these threea_rr;fiff

""ff}svmulatlo@s are dep1cted 1n F1g re. . 2

The f1rst 51mu1at1on 1s depwcted by Curve AV the

?;ponesultant hydrograph of a water Toadpng 1ntensity of 43 2 mm

aoitp(1 70 in. ) per hour Thls 1ntens1ty is: composed of a’ 12 7 mm

?jw(O 5 n. ) per hour (for 24 hours) snowmelt load1ng'and a }*uu‘”r

l

‘»“ ‘30 5‘mm (1 20 1n ) per hour tfor 9 hours) prec1p1tation

Ioad1ng The resultlng peak d1scharge of 21 055 m3 per
second (743 482 cfs) glving c1 equal to 24 071

For the second STmuTatton Curve B dep1cts the 1.
hydrograph for the same watershed but w1th a water loadtng '
1ntens;ty of 35 6 mm (1 40 1n ) per hour, composed of a 12 7

mm (O 5 1n ) per hour (for 24 hours) snowme]t loadlng and a

..' /

22 9 mm (O 90 1n .l per hour (for 9 hours) precap1tatlon

load1ng A peak d1schar e of 19 829 m3 per second (700 183
g

-)¢' cfs) and the coeff1c1ent 01 equal to 22 669 were obtatned

The thtrd s1mulat1on is shown by Curve C for a water fff -

load1ng 1ntenstty of 26 9 mm (1 06 1n ) per hour, composed

d)} of Aac 12 7 mm (0. 5 1n ) per hour (for 24 hours) snowmelt

loadtng and a 14 2 mh (0 56 in. ) per hour (for 24 hours)

Qprectp1tat1on load1ng A peak d1scharge of 16 735 m3 per ;)-\'

second (590 910 cfs) and a coeffkslent value of . 19 131 were

obta1ned
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;Efizdiséharge 1ncreases with an increase 1n xhe 1ntens1ty of the

.f{?;pre01altat1on load1ng (even though the tota] water lo ding

n’h}ireﬂattonship between the coeff1c1ent c1 and the

‘rema1ned constant ﬁor the 24 hour per1od) Tbe 1ncrease is

‘f:i}suspected to be logar1thm1c Io ver1fy th15-gth,tﬁfff7'?}'f@ﬁﬁfh*

v

'{ifaprecvbltatvon Ioad1ng 1ntens1ty was pTotted (ngure 7. 3)

‘f;f;Three d1fferent averagé s]opes were s1mu1ated, s1nce 1t wasf;ff”"

fﬂ}ﬁsuspected that slope m1ght also affect the results thure ;h;fff

’;;;ane (b) the averagew

\h*:7 3 conflrms that the“coeff101ent c is logar1thm1cally

Jf;;related to ( ) the 1ntensxty,tfffhé prec1p1tat1on loadlng

”hlcmmi Of these two quant1t1es,:th¢;1_):

ﬁ*ﬂfprecﬁp1tatlon load1ng 1ntens1ty s the dom1nant contrlbutorﬁgf*tff
S £ IR
"];to the cOeff1c1ent cl, s1nce Tncreases in 1ntens1ty PPOdUCanlgfrt

..u,

'frﬁlarger 1ncreases 1n the cqeff1c1ejt than s1m1lar 1ncreases

‘tfor the s{ope Because the prec1p1tatwon loadlng 1ntens1ty f-f

-\.,

':t"maKes up the water loadnng 1ntens1ty. the above statments ,a'fiz

| ‘;can also be applled‘to water load1ng Varywng the snowmelt

Nefload1ng 1ntens1ty W111 also have an effect (probably 51m11ar ..p

“”to that observed for the pv'

_ 1p1tat1on Ioad1ng 1ntens1ty)
v .

h,but th1s was not exam1ned in th s work

7 .3.0 PMF Re1at1onsh1p (m : 1. O) _

_ The second Q A relat1onsh1p 1nvest1gated 1s Equat1on
'-“7 2 or Equatlon 7. 1-w1th m= 1.0 and c, = “KCI .. The
' ,coeff1c1ent o (called the runoff coeff1c1ent) is d1v1ded

~

1nto three parts (1) K the convers1on constant (2) C, the
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':ffand the total volume The coeff1c1ent CfV:‘L

f”,!result1ng scatter for the Red Deer R1ver Ba51n 1s dep1cted
tglain F1gure 7',.\

{logari thinigg

the case 1n

tﬁf-Sectlon 7 2 0 The water loading 1ntens1ty 1s consxdered

RN A
-“,quhere since the runoff coeff1c1ent ls def1ned as the rat1o

'fﬁ{between surface runoff follow1ng a ra1nfall on a snowpack“73b-"

Scexamlned 1n;

fﬂrelatidh to the average slope u51ng the HYMO Model, and the :33

V7he results 1n the f1gure 1nd1cate a o

| ’;t1onsh1p between the two parameters _Thefkjﬁ
'Htgraphs forj”: "
tAppendlx v, These graphs also 1nd1cate a. logar1thm1c
é“ff?;..,l"‘_ts'l::atwnsh'lp :f"' ffj' 79aﬁ ;f;i“fﬁftiqtk_a‘ S f;t
1' 7 4 0 PMF. Estlmates for Alberta R1ver Bas1ns .

. The normallzed dxschangelwas thought to vary w1th1n a

';measln, theré&ore, th1s aspect was 1nVest1gated,by us1ng the

‘;HYMO Model w1th the PMF est1mates obta1ned for the var1ous T

Alberta r1ver bas1ns deplcted 1n F1gure 7 5 Also given 1n

“-Vth1s f1gure are the max1mum recorded dIScharges for

}ava1lable watersheds The envelop1ng curve for the max1mum'l'

:rrecorded d1scharges seems 4% be well approxrmated by the
equatlon Q z 2OOOA0 5 The envelop1ng curve for the PMF
'est1mates can be approx1mated by an equat1on Q 1,35 x 105

,7A° 9 suggestlng a: relat1bnsh1p w1th—a smaller exppnent

value (m = O 29) than the square- root’ value obtalned for the*:"

e other Al erta rwver ba51ns are g1ven 1n,‘, :

¥
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'fone w1th an exponent of m # 0 ZQPEThe separatlonyof‘thef:

fivtogether wlth the max1mum recorded d1schargesﬁfor the

f{f/correspond1ng dralnage areas For 1nd1v1dual rtver basin
EA(APPENDIX IV) the results seem to be represented by a
’-envelop1ng curve of the form Q o( f(A
. 1n the values of the normaljzed d1schagge 1s bel1eved to be

- due to the spat1al var1at1on of the average slope Also

; : presented 1n APPENDIX IV is- the graph1eal representatwon d?

dand runoff coeff1c1en

normal1zed’§1scharge hy basxn 1s presentedfjn APPENDIX IV

! 5) : »The.,‘ lar'ge : sppead |

N

the relatxonsh1ps bet:jen slope and PMF d1scharge and lepe

for the d1fferent bas1ns

Y

- ".,\-. ;

7.4, 1;Spat1al D1str1but1on of the Normallzed Dlscharge Pﬁ?iﬁf :

:thelr spatlal d1str1buﬂ?on jp/Alberta The normal1zed

The normal1zed d1scharges were exam1ned 1n terms of

d1scharge can be computed by d1v1d1ng the peak PMF d1schargevanff

o by the dra1nage area from the data pPOVlded 1n APPENDIX III

'-The computer contoured results of these computat1ons are57

'”-deplcted in F1gure 7 6 The computer contour1ng system used ;f;jf_

‘1n th1s analy51s was developed for the Kansas Geolog1cal

~ Survey and 1s presented by Sampson (1975) in the user’ s

.Vf'manual SURFACE I1 Graph1cs System" SURFACE 11 1s a

- computer software system for creat1on of displays of jf”'Tfiy97

‘ .spat1ally dlStPlbUted data. The form of graphlﬁ“

gdlsplayv_ '

« v
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wh1ch values of the th1rd Var1able (var1ab1e to be
contoured) are def1ned by l1nes of equal values vrn.Fi
7 6 the contoured 11nes dep1ct the normaIIZed dzsoﬁarht;}'hﬂwff
Targe number of computer commands are avaiTabTe 1n the

\

SURFACE II graph1c system The user”“t'st generates a 9r1d R

matr1x of normallzed d1scharge values trom 1rregu1ar1y\\

spaced data po1nts by us1ng a d1stance we1ghting functidn 1n

. the averag1ng process Sample data po1nts used in the

est1mat1on procedure are we1ghted S0 the1r 1nfluence,f“5?“
decl1nes w1th d1stance from the po1nt be1ng est1mated
Followmng thxs, a contour map from the gr1d matrlx 1s
generated by the graph1c system Smooth1ng 1s done by
p1ecew1se Bessel 1ntepolat1on‘(a sp11ne f1tt1ng method)
(Sampson, 1975) w1th1nmthe grid ceT] wh1ch results 1n a '”
. smooth path of contour T1ne through the gr1d o

The results i FLgure 7 6 show that watersheds 1n the o

foothllls and aTong the cont1nental d1v1de generally have o
h1gh nonmallzed d1scharge values rang1ng fhpm severaT .i.".‘h::
hundred to sT1ght1y over 1000 cfs per sq mi.. The hwgh “ -
values co1nc1de to watershed w1th steep average sTopest' :
Smallet (va]ues Tess than 200 cfs per sq m1 ) of the J;t?i:;gr

~ L
norma11zed d!scharge Were obtatned for the northern and

2]

'] eastern sectio s of the proy%nce



‘_w1th watersheds w1th low average slopes

[

“
~

‘p7 4 2 Spatlal D1str1but1on of the Coeff1c1ents

Another aspect examtned was the spat1al d1str1but1on of,f;

'5'the coeff1c1ents\c1 and C us1ng t\e SURFACE II Graph1c

iﬁffSYStem These results are. dep1cted in F1gures 7 7 and 7. 8
.respect1vely Gener lly, h1gh coeff1c1ent values are found

;1dfor the footh1lls and along the cont1nental d1v1de
.'coznoad1ng w1th watersheds of h1gh average slopes Low:r

jcoeff1c1ent values were obta1ned for watersheds in the

i

'”’eastern and northern sectlons of the pPOVlnce CO‘”C‘d’ng |

~

7. 4 3 Top1c for Future Research

The results obta1ned in Sect1on 7.2. 1 suggest that the i

”average slope may contrlbute to the est1matlon of the peak

.d1scharge and needs to be éons1dered in a Q-A relat1onsh1p

Td/exam1ne th1s aspect a prel1m1nary 1nvest1gat1on was

’conducted us1ng a mult1l1near regress1on analysis w1th the

three parameters (peak d1scharge, average slope. and

;dralnage area as’ g1ven in APPENDIX A. 3) expressed in
'glogarithmic form. U51ng ‘this analys1s the following equation,
"huas'obtajned for Alberta with a multicorrelation coefftcient.' :

of 0.97: o e o

ey Y N L

= 505 a078'g0.57 (13

’

© where Q is the peak discharge (cfs), A is the drainage area

'fsq.:mi{), and S is thelaverage slope (feet per mlle)r

Equation 7.3 was'computed“for average siopes oT.1.Q,‘10.0,
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-;f pre11m1nary~analyéis_onjth1s top1c and further work is

»“ sUggested  5i3fF;}1~»f i

R



Discharge (cfs)

. , I Ar"ea'(s_q."_:mi_.")

. Figure 7.9. Re\'l'a'tionship’betﬂweér‘_i Peak Discharge, Average
“Slope, and Drainage Area for Alberta River Basins. .
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U CHAPTER 8
2 E I R e I S
| DIscUssioN AW conclustons

8 1 0 D1scusswon flﬁk

A number of top1cs deal1ng w1th est1mat1on of PMP and

\ PMF were exam1ned by the author A comprehens1ve o
cl1matolog1cal analys1s of, ra1nst0rms was condUcted usrngnh.
“l novel approach 1n wh1ch the 1sohyetal patterns and ra1nfall
~'.1ntens1t1es from ratnstorms were dlgwt1zed 1n-spat1al blocks o
§%; and analyzed SUCh an analys1s 1s the ftrst of 1ts‘K1nd ﬁor
Alberta and 1s lacklng for many prov1nces 1n Canada ”h
PMP was est1mated u51ng two cdmmon approaches ‘he:w"” ‘

meteorolog1cal and statistlcal techn1ques,,and 1nclEREd an. :d"

extens1ve analy51s and graph1cal representat1on‘?”ﬁlff_ .
*“dEWpownt temperature:fand (b)- envelop1ng PMP curves for' ‘fk o
vAlberta rlver bas1ms Both techanues gave s1m1lar esttmates

fﬁa suggest1ng that e1ther approach can be used for Alberta QA.5~*5

r1ver bas1ns y" : "Q 4"i9ffﬂﬁ";.‘, '594ﬂ -

| PMP est1mates were also used to obtatn PMF est1mates A
un1que concept employed the spat1al relat1onsh1p of PMP
estxmates to determ1ne the location of the largest PMP

K}

load1ng in a basln In the study, the author found that such
a relatlonsh1p was well correlated w1th1n a‘kaver bastn and ‘1~V_
matnly dependeht on pos1tion and elevat1on of the locatlon

- for wh1ch the est1mate 1s requ1red

H



\

THe ra1n on snow event is bel1eved to produce the i

0 ﬁ¢largest water loadlng on watersheds 1n Alberta The ‘
ff;1mportant processes contrlbutlng to snowmelt were defined

“3t~and an equat1on was developed to est1mate max1mum snowmelt

f7lPrev1ously. convect1on and condensat1on were 1dent1f1ed as

necessary to the total melt 1n the ra1n on snow event.

“'_however, analysws showed that shortwave rad1at10n and o

'ralnfall are also 1mportant

. . T . )
To 1nvest1gate the effect of watershed shape on PMF

‘;’Thhe TAPMF Model was developed PMF estlmates obtalned from '
.ithls model were comparable to those cbtained by the SSARR |
jﬁhand HYMO models The lack of a 51gn1f1cant dlfference in the"

ff'est1mate, atttbutable to the watershed shape._1s probably

| 'due to the dom1nancejgi area on the shape parameters The j

Tsens1t1v1ty of “the SSARR and HYMO models was also
' ;_1nvest1gated hypothet1cally and the results show the
| l 1mportance of accurately determ1n1ng the requ1red model

"parameters All three models gave about three t1mes larger

than a. preVFous PMF est1mate in theeged Deer R1ver Basin;

this is- ma!nly due to the d1fference in the prec1p1tat10n

1ntens1ty load1ng

N Two emp1r1cal Q- A relat1onsh1ps were 1nvest1gated wfth

:a‘exponents equal to O 5 (a square -root- approx1matlon) and 1 0

‘f(Rat1onal Forumla) . ‘The Rat1onal Formula was selected
,'because the coeff1c1ent is d1mens1onless and hence easlly
,"1nterpretable Also, the Q A relatlonsh1p obtawned by other

. 1nvest1gators have exponent values less than 1.0 and hence



5;‘ithe exponent equal to 1. 0 can be conS1dered an upper l1m1t B
'.in the relat1onship | “-577*3?7:7 R SRR

‘»A " .

The spat1a1 d1str1butlons of the coeff1c1ents in the
fi;jtwo Q A relat1onsh1ps and the normal1zed dtscharge are also‘tf{?
Tﬂpresented The Q A relat1onsh1p W1th an exponent equal to |

Q;§§8\?9 best represents the data for all the rlver basins 1n

| Alberta, wh1le for many 1nd1y1dual r1ver bas1ns a squ?ﬁe-i
-rroot relatvonsh1p best desbr1bes the enveloping curveﬁof B
tPMFJ The square root relat1onsh1p seems to vary ' ‘“;jfff?f

-'_'logarthm1ca11y w1th stope and 1ntens1ty

}\

SRR This.- study presents PMP and PMF est1mates, prev1ous]y .
,;]Lck1ng, for Alberta r1ver bas1ns - _“ . 'tv‘
‘A number of conclusvons were reached dur1ng the course'
of th:s study perta1n1ng to the cl1matolog1ca1 :

o meteoroiog1caﬁ PMP, and PMF est1mates, these are summar1zed*‘

$8.2.0 Cbnctu'_si,ons

e L e .
| 8.2.1 Climatology and Meteorology =~ . . % .
1. Ra1nstorms w1th depths of 50 mm (2 in. ) and more are tf ;
nfrequent in ATberta (average of 11 occurrences per year)

wh11e ra1nstorms with depths of 150 mm (6 in. ) and more are-ftﬂﬁ

4

uncommon (average of an occurrence per two year) |
©2. The maJor1ty of ra1nstorms occur 1n dune and duly, w1th

only a small percentage occurr1ng in Apr11 and September



3 The greatest frequency of ralnstorms 1s 1n the

',:mounta1noue.area 1n the southern part of the prov1nce (1 e.

';‘QWaterton Lakes Nat10nal ‘Park): w1th -an average of two

ra1nstorms a year w1th depths 50 mm (2 in.) and more In

,th1s area ar ra]nstorm w1th a. depth of 100 ‘mm. (4 in. ) or_more

(occurs on tbe average once every 3 years, whlle one Wlth a’

/

The frequency of ra1nstorms decreases eastward and

‘northward from the cont1nental d1v1de 1n Alberta

'flpS Severe ra1nstorms (ra1nstorms w1th depths Qf 150 mm (6

Jn. ) and more) occur 1n four ma1n reg1ons (or belts) of the/

‘prov1nce the fwrst extends through southern Alberta Just

"south of Calgary, the second is in central Alberta from

'Hsouth of Edson eastward 'to the Edmonton reg1on “the third 1s ,:1

'1from Lesser Slave Lake northeastward to Fort McMurray. and
. the fourth i's around the- Fort Verm1l1on area " '} -
6 In Alberta, heavy prec1p1tat1on events (depths of 150 mm

':(6 1n ) or more) are produced by a cold low system

. 8.2.2 PMP and PF E's'ti“mate's' o .

Several conclus1ons can be drawn from the analyses of N

the depth area dUratlon curves and the estlmates of PMP and A

PMF .

~

”T« DAD analyses using the phys1cal approach show that only a’

few ralnstorms contr1bute to the estlmate of the PMP “Thef'

'storms that contrlbute to the PMP are not obvious. hence the

depth of 150 mm (6 1n ) or more occurs once eVery 10 years- '
( i



| procedUre of plott1ng DAD curves 1s an 1mportant and
necessary part | | o 'J‘ f ’,u.,;

::f 2 The max1mum est1mates of the PMP occur 1n dune for the

| bas1ns in the southern portton of the province whlle 1n
central and northern Alberta these occur 1n duly

3 Estlmates of PMP vary spatlally w1th1n each rlver baSIn

:1n Alberta Generally, two charactef1st1c var1at1ons can beA;ff
def1ned the fvrst and the most predom1nant 1s a. decrease :
.y’west to east Tn the bastn whfﬂe the second 1s a’ decrease |

N

from south to north L » _
4 For many of the river bas1ns 1n Alberta estlmates from _
i the stat1st1cal techn1que produced results s1m1lar to those
from the phys1cal approach . . *
5 Max1mum water loadlng on a watershed ‘can be expected in
late May or early Jdune in Alberta 51nce the co1nc1dence of )
severe'ra1nstorms sdiw ‘cover, and air temperatures above 3
freez1ng seems to. occur dur1ng th1s per1od | |

Bg For na1n “on- snow events under a- PMP load1ng, the"[‘._
predomanant heat transfer processes are due to convectvon
‘and condensatlon, shortwave and longwave rad1at1on and i
ra1nfall\\yax1mum snowmelt can be expressed as a functuon off
meteorolog1cal parameteﬁs (temperature PMP and w1nd -
,speed), which were observed to be well correlated w1th the
locatlon elevat1on durat1on,:and ra1nstorm area. 1 ‘

7. Sens1t1v1ty of model response to parameter qhanges is an

‘ 1mportant feature of the SSARR and HYMO models, s1nce some

parameters affect the shape of the result1ng hydrograph and ;



the peak PMF d1scharge . [. “ =
. 8. The three models for PMF produced comparable results..
‘1nd1cat1ng that any one can be used effectively for' .
watersheds in Alberta " ‘ e
8. The Q A relat1onsh1p expressed as Q = c Aideftnes_théff,

' envelop1ng curves- for the maximum recorded. flows and PMF‘=

o

est1mates for watersheds in Alberta.
10. The coeff1c1ents c1 in Q = clA%and C (the runof f
coeff1cyent) inQ = KCIA in the Q-A relat1onsh1p are
logar1thm1cally related to the average slope of the
watersheds. _ ' |

11. High normal1zed d1scharge and runoff coeff1c1ent values _
are mainly observed 1n the footh1lls and along -the |
contlnental d1v1de where watersheds exh1b1t h1gh average
slopes Lower values of the these parameters were obta1ned
for watershed\1n the eastern and northern port1ons of ‘the
_prov1nce (c01nc1d1ng with watersheds of lower average

_ slopes) ‘ - : L .
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APPENDIX “A.'1

Th1s append1x conta1ns tables used in est1mat1ng the

» R
PMP by the phys1ca1 approach PR

Table AL, presents values of preCIp’gablewwater (mm) o

. . . P .
uﬁ. L3 --~<’--'c ‘ .- o ¢ o - . N X
»—’s-" : S e @B e, SRl

" betWeen the ﬂOO@“mb surface‘and v ious pressure levels up B
to 300 mb in a satuﬂated pseudoad1abat1c atmosphere as av_
.- funch&sn of the 1000 mb dew po1nt Table A 1 2 l1sts_p

1s1m1]1ar values for layeri between the 1000 T? surface,'

,‘assumed to be at zero e]evat1on ~and var1ous»he1ghts up

Km. -
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" mu1t1correlat1on coeff1c1ents a53001ated w1th eaoh
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The fOIIOW1ng pages descr1be a number of relat1onsh1ps

of a1r temperature w1nd speed and prec1p1tatlon and the

X relat1onsh1p for r1ver baslns Fn A)berta The notat1ons used

Hh
< e

x;//1n these re)atvonshxps are déf1néd és foTToWs.f“ &ff;ﬁ;,frfjff

- .

T ):)sdmean of the da1)y maxwmum a1r temperature)(oF).;'
’lT;Af:5{§7the )at1tude Adegrees) = ;»,r;'i,rpt;l;ﬁ')'fl
g b: 5ﬁs'the long1tude (degrees) o | '» v
;pif)sfthe e)evatlon above sea 1ebel (feet)'
.mb ;isfthe Probable)Max1mum Prec1p1tat1on (1nches)
’ frfisfthe watershed ‘area: (sq: mi. ) |
){is;the duratlon of’ the prec1p1tat1on (hours)

C L ﬁfs_)s'the average hourly wind speed (m1)es per hour)

)
)
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Relatlonshlps of Alr Tcmperaturcs
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. ‘South Saskatchewan River Basin .
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. Relationships of Wind Speeds.
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:Rglnlonsh-l'ps ‘of D=hr PMP' -

3.1 AN -251.,192 - 0.0134 L, #2.19 L -0.094 0

<.« . - -=0.00028 A (rw0.955)

3.2 P -—z7k29+06h3L #2037L +0.0022 F
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©.. +0.094°D - 0100028 A (r-O 958)

3.3 logh_ = -59 us + 1. 0882 Tog L, +27.93 log L_

. +0 508 log D - 0.0687° Iog A (r-o 965)

, 3.4_.' log P = -63 818 + 3. 8176 log L, + 27 310 log L

- Combined Basins in Alberta - ‘."

P

+0.2773 log E + 0.508 log D - 0,0687 log A (r=0.966)
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. Mla‘t»lqnshl.ps of Aélr Temperatures . ’
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Relationships of Wind Speeds
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o Survey of Canada)r

The followung pages conta1n 1nformatlon calculated and-“n‘
) used 1n the HYMO Model for estlmat1on bf PMF The notations“i'i

’,‘used are def1ned as follows

(a). Kéllerhals reach number (Kellerhals et al ‘vl§72l‘ |
(b)- Water load1ng (1nches) | o
(cl Total 1ntens1ty (1nches per hour)

:_ld) Dra1nage area (sq mi. l (Water Survey- of Canada)
.‘(el Average slope (feet per m1le) (Kellerhals et al.

; 1»972“)'7
() PMF (cfs) .

- g) Instantaneous daily recorded d1scharge (cfs) (Water,

EY
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. Athabasca River
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Bow/Ne]son'

113 24.96

Peace River Basin =
22.00.2.85 4350. -
22.00 2.85 130.
22.00 2.85 /1810,
22.00.2.85 18500.
22.00 2.85 50200.
22.00 2.85° 72000.

Basin
24.76 1.89 ' 1580.
24.76. 1.8B9 4000,
24.76 1.89  7300.
24.76 1.88 = 373,
24.76°1.89 "'1000;
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24.76 1.89 ' 350.
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24.76 1.89 ' B71-.
24.76 1.89 ' 34¢¥.
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24.76 1.89 . 5680.
24.76 1.89 430.
24.76 1.89 500.
24.76 1.89 = 742,
2476 1.89 . B140.
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%%.76 1.89 .29600.

Nor th Saskatchewan River
27.72 2.48 1980.
27.72 2.48° 4220.
27.72 2.48  10500.
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27.72 2.48 500.
27.72 2.48 1210,
27.72 2.48 . 318,
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4860
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3380.
4310,
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17360."
$7340.

95200,
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145000.
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(a) (b

Milk/Mississippi River Basin

110 34.88 2.12 -.

(c) -

(d)

1040, 3.

(e)
69

B0 24.96 2.04  858. 0.
61 24.96 2.04 .1510;‘ 9.50
- 62 24,96 2.04" 196Q.: 21,12
63 24.86.2.04  2500. :10.56
"64 24.96.2.04 3010. 8.50
- 65°24,96°2.04 600Q0. . 6,34,
66 24.96 2.04 7610. 4:28
67 24.96 2.04-. - 136, 79.20
" 68 24.96 2.04 54, 100.32
70 24.96 2.04 276. .35.90
71 24.96 2.04 362. .30.62
72 '24.96 204 = 346, 33.79°
'7324.96 2.0 187. 13.20
74 24.96 2.04 \_ 306. 40.66
77 24,96 2.04 7300. 31.15
78°24.96 2.04 - 421.° 22.18
79 24.86 2.04  906. 8.45
81 24.96 2.04 - .96. 22:70
82 24.96 2.04 . 176. 33.26
‘83 24.96-2,04 232.  31.15
84 24,96 2.04 - 628.-'20.06
112 24.86.2.04 25600. 1.90
- 58 24.86 2.04 22500 2.16
91 24.96 2.04 11000 - 2.32
Dldman/NeTson R1ver Bas1n\\\ '
85 34.88 2.12 ' 551. 20.06
86 -34.88 2.12 730.° 24.29.
87 34.88 2.12  1700. . .8.45
88 34.88 2.12 - 2230. .8.98
88 34.88 2.12  345¢C. 8.34
90 34.88 2.12  6630. 4.96
82 34.88 2.12 162. 12.87
93 34.88 2.12 268.. 16.90
94.34.88 2.12 31&.'716.%0
.95 34.88'2.12 . 435, .54
96 34.88 2.12- “ 57. 35,
97 34,88 2.12 446& i 4.
.- 98 34.88 2.12 - 900r &,
101 ;A 88 2.42!h‘ﬁ5 27 0.
-~ 103734.88 2.12 38 10
- 104 34.88 2.12 4 -_g€§g;
106 34.88 2.12 12" '58.08
107 34.88 2.12 468. 21.8B5
108 34.88 2.12  1410.. 10.586
109 34.88 2.12 117.. 26.83

12

(f) - Ag)
61819,  14100. "
647293. 21210, "
1153205.  31900.
976264. * 21400.
1065615.. 53600.
1384634. 447100,
1238312, 88700,
142917.—2860."
69158. 710.
266263.  5060.
329457, 362.
325536, 13800.
128209. . 10300.
306163. .15200.
. 278040. 10000.
327203.  8000.
378629. 25100.
91043. . 2030.
177210. 12000.
216591.  6£900.
432848. 21400.
1627605. 75100.
16383980. 151800.
1430983. 68200.
- 542510." 16000,
745253, 27300,
900451, 2610C.
1158739. 78500.
1282467. 87500,
1753966. 148000.
154921, . 2610.
+ 268226.  8000.
311788, 18000.
1 44000.
6090.
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