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ABSTRACT
- . T

This thesis presents maps of ‘the probability of climatically

derived seasonal surface runoff in southern Ontario for the four' seasons

based on e¢limatic data of temperature and precipitation from about forty-

one climatic stations. The method, which is based on the Phillips
modification to the Thornthwaite-Mather water balance model is discuséed
and tested in a small watershed, Duffin Creek. From the correlations
obt;ined between measured runoff and runoff computed_by means of the
Thornthwaite-Mather and Phillips models, it was found that the Phi{]ips
model is a better estimator of runoff for southern Ontario.

The resulting runoff probability maps based on the Phillips model
indicate that highest probable amount of runoff is 1ikely to occur in

¥

the spring season. In all seasons, the maximum probable runoff is likely

to occur in the areas to the east of Georgian Bay and Lake Huron.
'n '
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CHAPTER 1

1.1 Introduction

It is well known that runoff a£ a place varies from
year to year and month to month. For agrigultural and hydro-
logical purpoées it is desirable to know the variability of
such runoff as well as its average amount. ‘For any area,
it is important to express -Tunoff in terms of its
probabik}stic occurrence.

Precipitation probabilities which have been studied
by many authors, are usually derived from measured data of
.precipitation. Similarly, it would be desirable to use
actual measured values of runoff for constructing maps of
runoff probabil%ty. However, this ideal is difficult to
achieve. For example, in southern Ontario only twgﬁty—
four drainage basin% have runoff records of more than 15
to 20 years duration. The climatological stations for the
same period of record outnumber by three to one the number
of hydrometric sites with comparable records. Bebideé
being more numerous, climatological installations have the
additional advantage of being more uniformly distributed
and less subject to instrumentél'failuke in their measure-
ment. Thus, one of the classical techniques in hydrometeorology

is the augmentation of short streamflow records by inter-

l.



2.

polation from climatological and hydrometeorological data.
Where streamflow records are inadequate, estimates of runoff

can be obtained by comparing precipitation with evaporation
losses.. | '
studies of runoff are of importance for planning ir-
rigational schemes, water resource managemént, water
traﬁsportation and agricultural operations. Especially in
canada, which has about 10 per cent of the world's fresh
water resources, water surplus, that amount of water that

annually and seasonally runs off the surface of the land, .

and its time and probability of. occurrence is of importance

to industry and agriculture. At the present time in southern

Ontario, information on runo%f is desirable because of its
importance to the pollution flowing from agricultural and
forest lands into the boundary waters cf the Great Lakes
System. In addition, the province is one of the most
densely populated and highly industrialized areas in Canada.
Although it contains only 1l pechent of the total improved
fafmland, the area produces about 30 per cent of the total.
value of farm producté, raqking first in agricultural pro-
duction on a per unit basist .Approximately half of ﬁhe
fruit, two-thirds of the vegetables and over 40 per cent
of Canadian Fairy produc@s come from this area.

The Internatdonal Joint Commission of the United
States and Canada has set up an International Reference

~

Group on Great Lakes Pollution from Land Use Activities,
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3.
PLUARG. One of the tasks of this gcoup (rask C) is to ’j
;;carry out intensive studies of a small number of representa-
tive watexrsheds, selected and conducted lo pEIMLt some
.+ extrapolation of data to the entire Great Lakes basin and
to relate contamination of the water qﬁality, which may
be found at river mouths on the Great Lakes, to specific
land uses and practices. The prese§§ study is part of
this task. s
For the anntltatlve estimation of runoff the use
of information collected from the hydrological ;etwork
provides a new dimensicn for the climatologist. No longer
are tﬂe_studies.on runoff limited to geuged networks or
where streamflow records are numerous; however, climato-
logical parameters in computing runoff havejkheir own
. ' bl
limitations, as these parameters cannot take into account
all the factors thgp contribute tg runoff. The present

study makes use of climatological data’ in an effort to

obtain information on seasonal runoff.

1.2 The problem and study area

4

Runoff probabilities on a seasonal basis are un-

//f’_‘h\\\k?fwn in the southern Ontario reglon. " In the present
study, an attempt is made to construct maps of runoff

probebillties for the four seasons. It is hoped such

i

e ¥ &
maps will be useful to resource planners, engineers
\

{ .
involvé&\in the construction of dams and water power

L - : -
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developments, both for domestic and industrial purposes,

and to assess the amounts of.polluténts entering into the
Great Lakes System. |

. The study area for the present investigation is
southérn Ontario as defined by Brown (1968) The region
is bounded by the Great Lakes on the gouth, west and north-
west, and the Ottawa and st. Lawrence Rivers on the east.
From the level plains bordgriﬁg Lakes Erie and Huron,
there is a gradual rise in elevation in a generally north-
easterly direction to the Dundalk uplands. ‘The crown of
this upland stands about 300 meters above the lakes and

™

terminates at the brow of the Blue Mountaln section of the
Nlagara Escarpment, éverlooklng the lower lands to the east

and Georgian Bay to- the north,

1.3 Water holding capacityv of soils

In order to compute the water balénce at a place
it is necessary to know information on the water holding
'pépacity of the depth of socil for which the balgnce is
to be computed. The Soil assocjation of Southern Ontario
map (John, 1971) shows eight major divisions and sixty-
eight minor ones in the region. Many of the southern
Ontario soils have been grouped and reclassified by John
(1971) according to Laboratory of Climatology system using
' the Thornthwaite-Mather (1957) water balance model. Hig

classification shows five major types, fine sandy loam in

[}
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the northwest and toward the south, silt loam goils around
the Dundalk uplands and part of Muskoka area, clay loam and .
clay type of soils on the bordering areas on the east and
western portions of the region.

Soil and vegetation are the determining factors of
the water holding cabacitonf soil at a place. Sandy soils
hold less water‘per ﬁnit depth than clay gsoils. Based on
the soil types and the land use patterns in southern
Ontario earlier workers (sanderson, 1966; John, 1971 and
Phillips, 1975) used soil capacities ranging from 152mm.

+o 330mm.

1.4 Climatic conditions in southern Ontaric

Climate varies considerably across the whole region
pecause of the nature of the climatic controls and physio-
graphic setting in the distribution of land and water

bodies.

Precipitation

Brown (1968) reported the mean annual precipitation
distribution in southern Ontaxio. The areas of highest
precipitation are found at elevations of 360 to 420 meters
on the slopes east of Lake Huron and Georgian Bay and
receive 1020 millimeters. The average precipitation ranges
from about 660 in the southwest (Essex County) to 1020 milli-

meters in the area west of Georgian Bay.
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Snowfall in southern Ontario is one of the elements
that affect the seasonal distribution 6f the runoff pattern.
The fregquency of shifting low pressure systems, cold arctic
air masses in winter, and the extent of ice cover over the
lakes are important controls in determining the amount of
snow. .In southern Ontario, snowfall accounts for about 30
per cent of total annual precipitation in the Leamington
region (Brown, :1968). The mean annual snowfall in the
region ranges from over 2790 millimeters in the Huron,
Georgian Bay and Muskoka regions to less than 1220 milli-
meters near Hamilton and to about 890 millimeters in the

Kent-Essex region.

Evapotranspiration and the water balance

The concept of potential evapotranspiration, the
amount of water loss due to evaporation and transpiration
from an e#tensive, closed homogeneous cover of vegetation
tha} never suffers from a lack df water, was introduced
to the climatic literature by Thornthwaite (1948) and
subsequently used to define other water bﬁdget and moisture
parameters. .

Potential evapotranspiration, when expressed in terms
of depth of water alone, is an index of both thermal
efficiency and water needed for growth of planﬁs. Average
annual potential evapotranspiration and mean annual actual

evapqgnunapiration for southern Ontario as reported by

A
ES

W
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Brown (1968) according to the 1948 system of Thornthwaite
indicate that most of southern Ontarioc has an annual
potential evapotranspiration of at least 530 millimeters
with a maximum of about 660 millimeters over the Leamington
region, while lowest values are found in the Dundalk upland
and the Algongquin Park region. ‘
variations in éctual evapotranspiration occur when
poil moisture is depleted by evapotranspiration‘and subsge-
quently replaced by precipitation. The soil su;ply is at
potential rate only during periods of rain or irrigafion;
at other times it is less than potential rate. By assuming
a soil moisture holding capacity, Thornthwaite cbtained
actual annual estimates 6f water used by crops from a
simple accounting of evapotranspiration. The mean values
of actual evapotrahspi;ation in southern Ontario are about
530 millimeters and show regional variation. The highest
value, 580 miilimeters, is found just northwest of London.
In southern 6ntario during the cool half-year pre-
cipitation greatly exceeds watér need and, after the soil
moisture has been recharged, moisture surplus occurs.
During the periods of rain, rainfall replenishes soil
moisture until the soil moisture holding capacity is

reached. Precipitation in excess of that needed to

‘saturate the soil is considered as a surplus which runs

off and is available as surface runoff, or percolates to

the water table. Much of the surplus water in southern



Ontario is deposited on the ground as snow and usually
runoff does not take place in large quantities until the spring’
season. Table 1 illustrates the bookkeeping procedure for
computing the monthly estimates of actual evapotranspiration
and climatic water budget for Pickering, Ontario, as des-
cribed by Thornthwaite and Mathex (1955) and the details of
the computational procédure may be obtained from
"Instructions and Tables for Computing Potential Evapotrans-
piration and the Water Balance" (Thornthwaite and Mathér,‘
1957}.

Figure 1 indicates the water surpius hﬁp according
to Sanderson and Phillips (196%). One can dbse;ve great
differences in annual water surplus, from 150 millimeters
in Essex County to more than 500 millimeters in the Algonquin
Park uplaﬁds. |

Month to month variation in runoff across southern
Ontario can be seen in Figure 2, representative hydrographs
based on hydrometric data (Surface Water Data) for Duffin
Creek above Pickering and the Thames River at Ingersoll.
The hydrographs indicate that highest runoff occurs during
the winter and spring seasons (29 and 48%‘respectively)
while summer and fall seasons have low runoff (11 and 12%
respectively). Winter and spring runoff together account
for about 74 per cent of the total annual runoff, while
summer and fall amounts constitute for only 26 per cent.

The spatial variability of runoff is due to the



Pab.
-6.10
0
0
31.8
1.8
0
282.9
o

CLIMATIC WATER BALANCE (THORNTHWAITE AND MATHER, 1955)

var.

0.80

0.

180.7

18.¢

TEMP
UNPE
ADPE

P-PE
APWL
STOR

DEF
SURP

ROFPF

! * TADLE |

PICKERING, ONTARIO -1970

Apr. Mny
7.10 11.20
t.0 1.8
3.0 67,2 .
B4, 6 62.7 30.0
50,6 k.6
=L, 6

50.6 0
104.7 - “53.b
&

Juneo

,18.20

117.0

-87.0
-91.6
B3.6
-4, 6
.6
22.4

26.7

Aug.

20,60 20.70

35
128.0
k9.5
-78.5

-t32.7 -211.2

38.1
-25.9
754
52,6
0
6.7

Monthly moan daily temperature %c

Seﬁt.

16.10
2.5
79.2
65.0
-1k,2
-225.4
.8
=33
68.3
10.9

1]

3.3

Unad junted putantlnl-ovnpotrﬁnnplrntion

Ad juoted potentlal evapotranspiration

Precipltation in nllllmutorﬁ

Oct, Hov. Doc.
10.90  5.30 -b4,00
1.8 0.7 0

50,5 18.5 0

77.2 46,0 73.0
26,7 27.5 7.4
-138.6 -B2.3 o
61.5 B9.0 158.2
26.7  27.5 69.2
50.5 18,5 0
) 0 0
0 "o 0
1.7 0.8 4

Procipitatlon minun potential evapotranapiration

Accumulated potentianl water lons

Storage

Change in ntorage

Actual evapotranaplratlon

¥ater deficliency
¥oter surplun
Runoff

All values oxcept temporature are in mlllimetera.

Year

7.71

622.5
709.0

514,7
107.9
231.3
2J1.)



10,

vz-0z IR

2t . . w
0z -9l ,

o -2 [
2 -o [k
g -y [ ]
) (EUNENWEY T

] K
Vﬂ SATdHNS HILVM TYNNNY  3OVH3IAY

—-

Y

z

@& i

/ %gws__? &

¥ Bty :__ :_E: :. i ogge

it IR, '
ATl s g : CHHH

OlIdVLINO NY3HLNOS NI SN1dYNS. 431VM

vl 9l 8L _ 08
| | ] L _ | N_m Jm

Figure 1




11,

;iv

i

L 141 14 L re t 195 tr T SeL

1-10¢ sl ey 1 Lt ir $rL
LN3Du34 1vi0L LN3ID¥34 irioi

4z 5151 WIAlY SIWYH])

14 5L %3742 NIdNQ

L4 %+))
LAEE) 11vd yIwwns ONIRdS fﬂﬂ

140NNy
{ SAILAWINIW NI ) wivg 110NNy T¥NOSY3S

MOSAIONI IY MJAIN SIWYHL (g - OKNIBINDI4 LY 43383 NIdINQ (o
SHINOW

SHINOW

1{ONDY

SHIALAWNIUIW NI

ONVINO NYIHLNOS NI SHIVYOOYAAH
JAILVLINISI¥d Y

'

-
=
z
Q
2
ord 7
z
X
=
=
x
A
-
Ll
=
L
ond
oL1

q

[

Figure 2.

e SR,
e e

—

T TR




’ Q/ 12.

various factors such as climatic and physiographic controls.
Only after the factors responsible for the seasonal fluctua-
tion have been ascertained is it possible to design a suit-

able technidue to compute runoff theoretically.



CHAPTER 2

2.1 Runoff theory

Ward (1967) defined runoff as "the gravity movement
of water over the earth," and further stated that it is the.
amount which remaing from precipitation when allowance is
made for evapotranspiration and storage both above and
under the ground surface. Runoff can be better understood

from a comprehensive description of the hydrologic cycle

in terms of three principal phases -~ precipitation,’
evaporation and runoff, both surface and subsurface.
the hydrologic cycle, water evaporates from the oceahs and
the iénd. and becomes a part of the atmospheres “The
evaporated moisture is lifted and carried in the atmosphere
until it precipitatés to the earth, either on land or in the
oceans. The precipitated water may be intercepted or trans-
pired by plants, may run over.the ground surface and into
streams to oceans, or may infiltrate into the ground; Much
of the intercépted and transpired water and some of the
surface runoff returnsto the air through the process of
evaporation and transpiration. .The infiltrated water may
percolate downward to be temporarily stored as ground

water which later flows out of rocks as springs or seeps

into streams as runoff to oceans, or evaporates into the

13.
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Y
atmosphere to compléte the cycle.

Surface runoff is mainly derived from precipitation
through three main component sources. First, runoff from
rainfall, which is intermittent with its occurrence
dependent entirely on the rate of rainfall being in excess
of the loss rate du; to evaporation, transpiration andh'
percolation. ‘Secondlyq there is the snowmelt runoff from
accumulated snowfail, which is an important source in
colder climates. Lastly, there is a contribution to runoff
from ground'water storége and it is replenished by infiltra-
tion which constitutes a loss from the rainfall and snow-
@elt~contributions to the runoff. -

Climate and physiography are Ehe important factors
that influence the distribution of surface runoff. Under
climate the parameters that influence runoff are precipita-
tion, interception, evaporation and transpiration; Of
these, probably the most important factor g9nern{ﬁg runoff
is the precipitation - form and type, ih%gnsity and duration,
time and areal distribution..frequency and storm movement
and direction. In southern Ontario, during winter and spring
months, precipitation in the form of snow poses problems.

If temperatures are cold enough, the atmosphere supplies
the moisture both for snowfall and for condensation of
water vapour on the snow surface, while meteorological

factors control the interchange of energy in the basin snow-

pack. During the snowmelt period, much water from the snow
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surface will begin to move downwarq_into the lower layers
of the snowpack where, since temperatures are ﬁsually below
the freezing poié%, refreezing of thé meltwater will occur.
Additional heat will be added to the snowpack both from the
air above and frdm the ground below so that aftér a period
the temperature of the entire pack will approach'ooc.
Meltwater continues to be absorbed by tﬁe snowpack until
the liquid water-holding capacity of therpébk is reached
and the snow is defineé as ripe. The density of the <
snowpack which has been increasing remains fairly constant
after the water holding capacity is reached. Additional
melt water now moves downward through the snow to the ground
surface and, depending on the iﬂfiltration capacity of the
s0il and the rate of melting of thé sndw, the melt water;
will either a) enter soil and-move through it, or.b) form
" a slush layer at the surface that will both gontribﬁte to
moisture infiltrating the soil surface, or to the ovefiand
runoff from the area.

Any aftempt to estimate runcff theoretically, in
J\Fartlcular in southern Ontario, must take into account the
\Egﬁtal contribution of snowmelt to the spring and winter-

/season runoff, or its potential for storage ‘and subsequent
appearance as ruﬁoff. i

Generation of snowmelt at a point location in a snow-

, pack is ma&y due to thermocdynamic processes, although
travel of the melt watér to another point in the pack
,ﬂ . 3

?
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depends on phyéiggraphic (gradientf'debth. etc.) and hydro-
dynamic (porosity; Btructurg,‘stofage&‘etcgl_ErOPerties.
The important sources and processes ipfluenci;g heat ~

o 3 ‘
transfer to or from.a_snowp;zk ?;e.listed below:

Absorbed short wave (soiar) radiation, R8 )

Net long wave (terrestrial and atmospheric)
. radiation, Rb

Condensation (of vaporization) from the
air, Rh
Heat cofitent of rain water, H_ ‘ ‘
‘Conduction of heat from‘gropnd, Hg
The melt water produced by the net transfer of heat from

all sources to the snowpack may be obtained as

H/ 80 B

where . : .(\

M - water equivalent of snowmelt (Cms.),

M

H - algebraic sum of all heat contributions
(cal/cmz), ana
B - thermal quality of the snowpack, defined
| as the ratio of heat required to melt a
unit weight of snow to that bf ice at 0%
}average from 0.95 to 0.97, for 3 to 5
per cent liquié water).
The constanf. 80 is the heat input in Cal/sq.cm réquired
to produce one inch of water f25mm:) from ice at Oéa,

While the individual physical relations can be
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utilized to determi;e the effect of different meteorological,
ground and vegetation conditions on the snowmelt and conse-
quent runoff at a point, they are hardly satisfactory to
apply over a large area because of the myrlad of complex
factors anolved

The phy31ographic characteristics are the second
major factor influencing surface runoff. These include
a) geometric lnfluences - size, shape, slope, orrentatlon,
elevatlon, stream density, b) physlcal factors such as
land use, sojll cover and type, topographical features,
and c) channel characterigtics sueh as storage capacity
of the soil, discharge capability, bed slope, channel
roughness, and’braiding'and meandering tendencies.

In the climatological studies of runeff, among the
several physiographic factors that influence runoff, soil
moisture storage is of importance. ' Soil moisture may be
determined simply as a result of a bookkeeping procedure
in which all precipitasion occurring when the soil moisture
content is below field capacity is treated as a moisture
increment and moisture is lost from the soil only by evapo-
transpiration. Precipitation occurring when the soil is
above field capacity is treated as surplus; some of it is
" lost as percolation to contribute to ground water storage
to appear as springs and underground streams, some flows
out as surface runoff, All of this surplus available for

runoff in a particular month may not be lost in that month,
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as some of the surplus water is often detained on the
watersheds past the end of the month and will run off in

3

succeeding months.

2.2 Methods of estimating runoff

The construction of runoff probability maps on 2
monthly or seasonal basis would be simple if the gauged
values of runoff covered extensive areas with long periods
of record or if a perfect technique to estimate runoff were
available. l

In recognition of the roie;of climatic parameters
in runoff distribution, several attempts have been made in
the past to develop simple annual yield expressions
incorporating mean temperature and precipitation.

Theoretically, runoff at a place can be estimated
from the water balance equatién‘VL : |

R

(r + 8)=(E+T+8,+U)

where
»
R - Runoff from drainage area
. r - Precipitation in the form of rainfall

Precipitation in the form of snowfall

E - Direct evaporation

T - Transpiration from plants and vegetation
Sy~ Change in storage

U - All other factors (Underground flow, etc.).

In the above eguation, only precipitation both in

v e e s et e
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the form of snow and rainfall can be measured accurately.
If it is possible to estimate precisely evaporation,
transpiration and all other factors, one can compute runoff
at a place using tﬁe above relation. However, in actual
practice, the limiting factors are the measurement of

'evapération, transpiration and underground flow.

Realizing the above relationship between runoff,
precipitation and evapotranspiration, several workers
(Bruce and godgefs, 1954; Carter, 1955; Morton and Rosen-
berg, 1959; Brunk, 1961; Bruce, 1962; Derecki, 1964;

' sanderson, 1966 and 1971; Pentland, 1968, and Phillips,
1975} have attempted to calculéte runoff from climatic
data by energy budge&‘and degree—dgy methods.

In recent years, climatic estimation of runoff
gaineg néw popularity after Thornthwaite (1948), who
formulated a bookkeeping model as the basis of his
climaiic classification. ILater it was modified by
Thornthwaite and Mather (1955) to make ;t more meaningful
under a wide range of soil and vegetation conditions.
Table 1 illustrates the procedure for gomputing the

- monthly climatic water balance for Pickering, Ontario.

The advantage of Thornthwaite's water balance model is
iég relative simplicity of computation requiring data

only on air temperature, precipitation -and latitude.

Muller (1966) used Thornthwaite's water balance

model as one of the approaches in his study of the effect
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of reforestation on water yield and computed the annual
runoff fromkfouf small watersheds in the Allegheny Uplandé
of New York State for each fear from 1935 to 1957. He
reportea that‘meaaured runoff tended to be greater than
computed runoff at the beginning of the study when forests
covered 20 to 56 per cent of the watersheds: measured
runoff was less than computed in Lhe latter years when
forests covered 80 to 90 per cent of £hree watersheds.

Recently, Solomon (1967) calculated runoff both on
an annual and long term basis, taking into account the
difference between recorded precipitation and computed
evaporation.

‘Mather, et. al. (1972) applied the climatié water
budget bookkeeping technique in Delaware and New Jersey
in the eastern United States to compute net flow figures
for a 20-year period starting in 1949 and concluded that
the calculated values of net flow are quite consistent
with other available meteorologic and hydrologic informa-
tion.

Many of the above studies employ the climatic book-
keeping approach either directly or with slight modification.
Where studies of streamflow are based on the original
Thornthwaite climatic water balance model, estimated
streamflow values fluctuate markedly from measured values
particularly in spring and winter months. This discrepancy

between computed and measured values might be because
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Thornthwaite, in his original scheme. has made no alhowance
to account for runoff resultlng when precipitation occurs
as snow when mean monthly temperature remains ag or close
to 0°C. Also,. in the original model developed by Thornth-
waite, no allowance was made for accdunting for the effect
due to convective summer storms. As a result of. snow
accumulation, rundff occurrence is'frbm the delayed surplus
which collects during spring and Qinter months. Furthermore,
winter months have little flow and runoff is sufficiently.
delayed s0 as not to correspond with measured values in
the spring. |
Realizing the drawbacks in the Thornthwaite book-
keeping model, Van Hylckama {1958) developed nomograms to
account for direct runoff by planimetering the areas
betwegn runoff and base flow cu;ﬁes for each month. These '
amounts were then-subtraéted frqm precipitation agounts,
to arrive at effective precipitation. He then applied the
technique to the Delaware Valley basin, giving due weight
to the occurrence of ‘snow and thé rate of snowmelt, the
amount and nature of di%ect runoff fr&m intense precipita-
tion and the influence of local characteristics such as soil
depth, average slope and stream dehsity on the rate of
runof £, Cqmpared to the Thornthwaite model, the Van
Hylckama modification to account for snow runoff to the
original Thornthwaite water balance model.is a significant

advance with improved estimates in every season. However,
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the dlfflculty in his system is in the additional computa-
tions making the system tedlous to use.
Using Thornthwaite's climatlc bookkeeping model,

sanderson (1966) evaluated each of the factors of the water

budget for the Lake Erie basin fosgkhe period 1958 to 1963.

Comparing these results with average conditions over the

.lake basin, she sought new understanding of the factors

responsible for changing lake levels. During her investiga-
tions she suggested modification to the original climatic
model in an attempt to arrive at a simple method for
determining winter runoff based on two assumptions: a)

that snowmelt runoff during the-months.with mean -temperature
~0.9°C need not be considered zero but modified by the
number of days with maximum temperature greater than 0°;

b) that runoff in the first month with mean temperature
greater than 0.9°C be considered as 50.per cent of available
water surplus. Employing these assumptions, Sanderson found
a 0.99 correlation between measured and computed énnual
runoff for the Grand River basin.

Tn an unpublished B.A. thesis, Phillips (1967) used
runcff records at seven drainage basins in southern Ontar;o
for a ten year period to compare with the computed annual
water surpius.‘ Using only one station in each basin, he
obtained a correlation coefficient of 0.86 between ﬁéaaured

and computed annual runoff. One obvious drawback in the

above two studies is that in dealing with snowmelt 81m11ar
(\
i
‘\
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weight is given té\;ii}days with the same mean temperatures.
This might result in overestimation of the energy available
for snowmelt in cold months and underestimation during the
warm periods.

Using five different drainage basins in southern
ontario, John (1971) reported that the Thornthwaite water
‘balance model overestimates runoff in the high funoff
period (January to June), and underestimates it in the low
runoff period (July to December) and furthef indicated the
model yields good results when applied to larxge basins.

His computed values of runoff based on three Btaéions in
the Duffin Creek basin overestimated runoff, with cor-
relation of 0.75 for the January to June period while in
the period July to December the underestimated values
yielded 0.81 corgelation. on an aﬁnual basis he obtained
a high correlation of 0.90. The overestimation and under
estimation during periods of high aﬁd low runoff periods

may be because the Thornthwaite model uges on

in estimating evaporation. Basically, evaporation is a
function of radiation rather than tempe ature and in most
of southern Ontario, the amount of ingoming inéolation is
highest during May, June and July, whiile air temperature
reaches a maximum cnly in July and A st. Also, although
there could be days within a month with above or below
freezing temperatures, the Thornthwaite model assumes no

resulting runoff for a month when the average temperature
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is below 0°C:

A heat related unit sometimes used in hydrometeorology
to account for snowmelt is the degree;day,la unit expressing
the amount of heat in terms of.a twenty-four hour perio?.

The degree-day or degree-hour values (temperature summation
above a base temperature) can be éorrelated with runoff
values. The approach is only a rough estimate as many
other factors besides temperature influence snowmelt.
Severa} workers have given values ranging from 1.27mm. to
5Smm. of ;ﬁowmelt per degree;daﬁ under conditions of con-
tinuous snow cover and with temperatures above freezing
(CoYlins, 1934; Bruce, 1962).

7 Garstka, et. al. (1958) in their studies on sSnow-
melt in Colorado, observed that a daily maximum temperature
was a better reference point than mean, since a mean
temperature of 0°C need not necess&rily indicate that
melting would not occur. Similarly, Collins ‘(1934) attempted
to forecast runoff bhased entirely -upon degree days above
freezing. : '

Generally, applications of the climatic bookkeeping
approach for theorétical estimat;?n of runoff have dealt
with large areas and average conditiohs with‘emphasis on
annual yields. For yields in specific years, Sanderson
(1966} in southern Ontario and Mather {(1969b) in Delaware,
found correlations ranging from 0.90 to 0.99 between computed

and measured runcff., However, when small areas or seasonal
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or monthly time periods are considered, the results are less
reliable.

: In order to test the applicability of the Thornthwaite
climatic bookkeeping approach for estimating runoff on a
monthl} defjgpasonal basis, the model has been applied to

a sma¥l watershed in southern Ontario, Duffin Creek gauged at

Pickerin%;)

s

LR 7



CHAPTER 3

3.1 The Duffin Creek watershed

The watershed, Duffin Creek(at Pickering) has an
area of about 176 sg. killometers and it is drained by
natural water courses. This watershed was select out
of several small watersheds in the southern Ontario area
after a careful examination of their climatic record of
data, and based on the following criteria: |

a) the drainage water flow at the measuring

site should be'natural,

b) watersheds selected should lie within

séuthern Ontério and the period of |

-record of gauged runoff should be

continuous during the period of study,

and

") the selected watershéd should be nearly

representative of the rest of southern
Ontério. The representative charac-
teristic of the selected watershed to
the rest of southern Onta;io has been
established by comparison of the moisture
index of Thornthwaite (1948), which

represents both thermal and mdisture

26.
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conditions at a place. Accoxrding to
sanderson's (1950) moisture relationships
in southern Ontario, most of the region
falls within the fourth humid to first humid
category, and the selected watershed at
Pickering has a moisture iﬁdex of 45.6
and can be classified as second humid,

a characteristic which indicates a
regsemblance to the rest of southern
Ontarioc. Figure 3 shows the location
of the watershed and the locations of
the meteoroclogical stations used to
test the model,

Elevations in the watershed generally increase
northwards, reaching a height of about 360 meters in the
extreme north, while the lowest elevationsﬂan the south
are at 87 meters around Pickering. The watershed has a
much varied topograpﬂy which approximately resembles the
rest of southern Ontario. The northern section is part of
the Peel plain physiographic region and the extreme
southern tip is also plain area.

‘ The surface soils in the Duffin Creek watershed,
like all those of southern Ontario, are the .result of
glacial action (Report on Flood Control and Water Conserva-
tion, 1962). 1In the ndrtheast and south central parts of the
basin, the prevailing ?oil is Fox grey-brown podzolic

o/

B
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sandy loam. In the northeast it is coupled with the Guelph
grey-brown pedzolic sandy loam, while in the south it is
coupled}with the Granby dark gref gleisolic sandy loam on g
level stone-free topography.

The variation in the permeébility of these soils is
considerable. Pervious type of soils consistiné'of kame
moraine, beach, boulder, and sand plain are prevalent-in the'upper
and lower parts  of the watershed and account for 36 per
cent. Semipervious soils of drumlinized till plain soil
type appear in the central part of the bhasin and §0nstitute
44 per cent. About 20 per cent of the g80il in the basin
consists of bevelled till, plain and clay plain varieties
and these impervious soils appear in the central and lowex
parts. «

According to the land use maps prepared.by the
Canada Land Inventory, ARDA Branch (1968}, éhere are nine
different land use types in the watershed. Most of the
natu;al vegetation within the study/ﬂrea has been destroyed
for developing farms and land lying fallow. Approximately
13 per cent of the total area of the drainage basin is
forested.

In order to compute the water balance for the
watershed, it is necessary to have the following informa-
tion: a) mean monthly air temperature, b) total monthly
precipitation, and ¢) information on the Qater holding

capacity of the depth of soil for which the balance ig to

= Rf
‘{‘:l;l " T
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be computed.

. Mean monthly air £emperature and total monthly
precipitation for each of the years from 1966 to 1973 at
four climatiec stations within the watershed, namely
Brougham (43°55'N, 79°07'w), Frenchmans Bay (43°a9'N, 79°
05'W), Pickering (43°51'n, 79°03'W), and Stouffville

(44000'ﬁ, 79003'W) were obtained from the Monthly Record.

Information on the water holding capacity of the soil
within the watershed is not directly available, but can be
assessed from the soil types and land use patterns. Water
holdiné capacity of a soil depends basically on two
different factors - the soil type and structure, and the
type of vegetation gréwing on the surface. Also, different
species of vegetation wili send . roots down into-the soil
to different depths. Cﬁltivateé crops spch as peas or
sﬁinach are very shallow rooted and so the depth of the rocot
zone in which water can be stored in the soil is quite
éﬁall. Tables for use in the computations of the water
balance have been prepared for different soils and vegeta-
tion types by Thornthwaite and Mather f1957). Detailed
information on wate# holding capacities may be obtained
from the Instructions gnd Tables for Computing Potential
Evégotranspiratiqn ag referenced earlier in éhgpter 1.
Since in the southern Ontario region and in the
chosen watershed, the crop pattern rangés from moderately

deep rooted crops to deep rooted crops and the soils from
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fine sand to silt loam type, an average water holding
capacity of 152.4 millimeters (6 inches) was chosen for

the present study.

3.2 The Thornthwaite-Mather model

Using the mean monthly temperature and monthly
total precipitation and assuming a water holdi capacity
of 152.4 millimeters, monthly potential evapotranspiration,
actual evapotranspiration and direct runcff were calculated
according to‘the standard Thornthwaite and Mather (1957)
procedure. Calculated total runoff was then summed on a
three month basis, based éh'the simple arithmetic averages
obtained from the four climatic stations within Duffin
Creek watershed. The computational procedure for Pickering
is pregented in Table 1.

Eight years (1966-1973) of streamflow records for
the watershed were obtained from the Water Survey of Canada,
Surface Water Data, Ontario (1974). Water yield at Pickering
is measured with current meters and the reliability of the
data according to the Water Survey of Canada lies between ha
2 to 5 per cent. In general, data measured during periods
of ice conditions are less reliable and subject to error.

' A measure of the relationship between computed and
measured water yield on a seasonal basis for the Duffin
Creek Qatershed can be assessed by calculating the co-

efficient of correlation. If 'r' is called the correlation
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coefficient,

(3.2.1)
o o
x
where
x - Individual seasonal ¢omputed runoff
Yy - Individual seasonal measured runoff

n - Number of seasons

mi

and y - Mean runoff of computed and measured

S and d"y - Standard deviation of computed

and measured runoff.

The monthly correlations hetween measured runoff and
that computed usihg the Thornthwaite and Mather approach
wefe found to be of low order, ranging from 0.13 to 0.44.
Consequently, the seascnal correlations were obtained
considering the Winter to be from December to February,
Spring from March to May,. Summer from June to August and
Fall from September to November. These values are
summarized in Table 2.,. The correlations tabulated in
Table 2 differ from season to season remarkably. The
correlation coefficient +0.53 for the summer season
while the correlation obtained in winter and fall seaéona
showed that there Qas little agreement between measured
and computed runoff. A comparison of the correlations
at the 5% and 1% level of gsignificance indicates that
significant correlation exists in summer and spring seasons

while winter and fall seasons show least correlation. The
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coefficient of determination cpalculated for the seasons
indicate that only in spring and summer seasons the Thornth-
waite model accounts for 22 and 28 per cént of the runoff
while winter and fall seasons accéunt for only 8 per cent.
Figure 4 shows the scatter diagrams of computed and measured
runoff and the continuous lines are regression lines. On
the scatter diagram, the confldence limits, i.e., the
standard deviation lines (dotted lines) can be used to
agéggs how closely the computed runoff fapproximates
measured value. These lines indicate fhat in all seasons,
about 68.3 per cent of the computed vafues lie within -

one standard deviation.

of snow. The Thornthwaite;Mather model assumes bot evapo-
transpiration and runoff to be zero during low temperature
pericds when precipitation is in the form of snow. Under
these conditions, total storage may exceed the water holding
capacity of the soil, wifh the excess being deposited as
snow or surface storage. When the temperature rises above
freezing level in the spring, the snow accumulated above

the ground is allowed first to replenish the soil moisture

and the excess treated asg snowmelt runoff.
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3.3 The Phillips model and methodoloqy

Manf investigators have criticized the Thornthwaite
and Mather model and have attempted to modify the assuﬁptions
for snow accumulation and melt. Phillips (1975) introduced
a modification to the original Tﬁornthwaiﬁe and Mather book-
keeping approach to account for winter and spring runoff.
The Phillips medification of the water balance in colq
climates is mainly an empirical system which is designed

to account for seasonal and annual variation of precipita-
tion, evapotranspiration loss, soil moisture étorage, and.
surplus water for runoff from snow.

ﬁsing‘the total number of melting degree days above
base temperatures, Phillips obtained a ratio of runoff to
potential runoff. Potential runoff, for this purpose, he
defined as the positive difference between the storage term
and its water holding‘capacity expreésed as a percentage.
The variailes involved in the Phillip§ modification are
a) the total number of melting degree days above base
temperature of 0°c for the month under consideration,

b) accumulated total precipitation from December to the
end of the month in consideration, c) accumulated melting
degree days for the various temperature bases including
the month under study, d) precipitation of the month, e)
mean temperature of the month, and f) potential runoff,
the positive difference between the storage term and its

water holding capacity or surface-storage. Using these
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variables, Phillips chose a multivariate technique of
step-wise multiple regression to determine the significant
factors by generating a series of regression equations.
The following equatidns have been suggested by Phillips

to be added to the Thornthwaite-Mather medel for computing

snowmelt runoff in spring and winter months:

Month Regregsion Equation
December % = 82.5 + 10.3 T (3.3.1)
January % = 37.1 + 2.5°7T |
February % = 35.7 + 1.6 T - 0.8 (X-¥)
March % = 50.1+ 3.6 T - 1.0 (X-Y)

1
where

T - is the mean monthly temperature in °c

X - is the storage value for the month

Y - is the assumed water holding capacity

% - ig the ratio of actual rﬁﬁoff to potential

runoff expressed as a percentage.

In the modified version, computation of the E}imatic
water balance is similar to that of the Thornthwaite-Mather
approach until the storage line, as can be seen from a
comparison of Tables 1 and 3. Then, for each month when
mean monthly air temperature is at or below freezing, pre-
cipitation is temporarily added to the soil moisture storage
of the present month. When the soil moisture storage is

- at field capacity or above, the ratio of actual to potential

runcff expressed as a percentage is calculated from the
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corresponding month's rggression equation. Actual runoff
is computed as a product of the runoff ratio and potential
runoff and enﬁeréﬁ as snowmelﬁgrunoff. The difference
(potential-actual runoff) is added to the water holding
capacity as the revised storage term for that month.

Again in the following month, the Thornthwaite-Mather

" method is followed until the storage iine is reéched,

and the revised storage and snowmelt run&ff énd total runoff
according to the Phillips modification. Once the surplus
has been entered, the next step is to determine the amount
of surplus which appears as direct runoff. For southern
Ontario, it has been found that 50% of the surplus will
appear as runoff in each of the following months ﬁntil it
is all gone (Phillips, 1975). The final calculation is to
enter the result (Direct runoff plus snowmelt runoff) as
total runoff.

For formulating the above modification, Phillips used
twenty-four years of streamflow records (1947-1973) for the
Sydenham River at Owen Sound, which has a drainage area of
about 110 sg. km., and temperature and precipitation recordé
of two climatological stations, Wiarton and Owen Sound.
In‘order to test these empirical adjustments, Phillips
tegted his model in the Thames River at Woodstock (drainage
area of about 150 sqg. km.) using temperature and precipita-
tion from one station for the period 1952 to 1973, and re-
ported good correlations on a monthly basis (phillips,

personal communication).
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A computer listing of the Phillips modification of
the climatic water balance was made available to the author
and used to compute the water yield in the present study.
The program with examgles of the computations for some
climatic stations are pPresented in Appendices 1 and 2.

Using the above assumétions and assuming a water \
holding capacity of 152.4mm. (6 inches), the Phillips
modification of the bookkeeping approach for cold climates
was tested in the Duffin Creek watershed‘using streamflow
records and climatic data from four stations for the period
1966-1973. A model computation using the Phillips technique,
for Pickering, Ontario, is presented in Table 3 and yéquy
computations for the four climatic stations within the
watershed are presented in Appendices 2 and 3, fTotal runoff
in Table 3 was obtained by summing the direct runoff and
snowmelt runoff.

Scatter diagrams have been constructed for seasocnal
computed and measured runoff data to indicate relationships
-and possible patterns of clustering among some of the data.
Figure 4 shows scatter diagrams between measured and com—'
puted runoff according to the Thornthwaite and Mather
approach as well as with Phillips" modification. The
diagrams for all the seasons show less scatter in the case
of Phillipsg* computed runoff versesg measured, while the
scatter is higher for the Thornthwaite and Mather method.

The regression intercept (a) and coefficient (b)”

describe how clogely the computed runoff approximates the




TEMP
UNPE
ADPE
PCPN
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TABLE 3

CLIMATIC WATER BALANCE (Philllps, 1975)
PICKERING, ONTARIO — 1970

Pab, Mar. Apr.
-6.,10 ©.B0 7.10
Q Q 1.0
[ 0 .0
J1.8 50.2 84,6
.8 50.2  50.6
0 (] 0
282.9 1524 152.4

o 0 0
0 I T
0 0 o
0 130.0  50.6
0 65.0 57.8

22,6 0 0

22.6 65.0 57.8

SURP
ROPP
WSMRO
TOTRO

May June  July Aug. Sept. Oct. Nav. Doc.
11,20 18,20 20.60 20,70 16,10 10.90  5.30 -4.00
1,8 3.6 33 2.5 2.5 1.8 0.7 0
67.7 117.0 128.0 128.0 79.2 50.5 18,5 0
62.7 30,0 B6.9 49,5 65,0 77.2 k6.0 73.4

4.6 -B7.0 41,1 -78.5 14,2 26,7 27.%
w6 -91,6 -1232,7 -211.2 =225, -1738,6 -82.3
1L8,2 B83.6 6.0 6.1 .8 61.5 89.0
Sh.z 6.6 -19.6  -25.9 2.3 267 27.5

66,9 4,6 106.5 754 68.3 50.5 18.5

0.4 224 21.5 52.6 10.9 0 0
0 0 0 4 0 [ 0
2B.9 ' 14.5 7.2 3.6 1.8 0.9 0.9
0 0 0 [ 0 o [
28,9 4.5 7.2 3.6 1.8 0.9 0.5

Monthly mean dally temperatura in %

Unad justed potential evn.potrnnupirntlnn

Adjusted potential evapotranspiration
Preclplitation in millimetero

Precipitation minun poEantinl evapotranppiration
Accumulated potentinl water lonno

Jtorage .

Change in storagoe ° 7 B
Actual evapotranspiration

Water daficlency

¥ater ourplue

Direct runeff

Snow malt runoff

Total runoff

All values except temperatures ars in oillimetern

41.

Yenr

7.71

622.5
709.0

514,7
107.8
180,6

180.4

39.9
220,5
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measured runoff. The regression equations obtained from the
plots of computed and measured runoff for each of the
seasons in the Duffin Creek watershed using the Phillips
and the Thornthwaite and Mather models aré presented in
Table 4 along with the corresponding standard deviations.

Monthly correlations worked out using the Phillips
modification are of low order (from 0.33 to 0.74) and ‘
statistically insignificant.and will not be discussed
here. The seasonal correlations obtained are presented
in Table 5.;' . - |

The highest correlation is for the summer season
(+0.61), while the fall seasbn has the lowest correlation.
For all the seasons, the correlations obtained aée
stﬁtistically significant at the 5% level, but only
spring and summer seasons reach‘the 1% level of significance.
A further test was performed on the data, to test the
possibility £hat these correlations obtained for the seasons
could have occurred by chance as a result of sample size.’
Therefore, the significance of correlation was tested by
the use of the S;Pdént's t- distribution, using the follow-
ing formula: |

t = r x yn-2
l - r2

~ where
n - Number of pairs of‘dg:;a;IEAied

r -, Correlation coefficient of the data

-{3.3.2)

The degrees of freedom for the distribution is n - 2.
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e

The computed t- statistic values for each sgeason
are presented along with the correlation coefficients and
it can be seen that the percéntage probability that these
correlation coefficients could have occurred by chance is
of the order of 0.1 to 5%. In other words, these co-
efficients are'significant indicating good agreement between
runoff computed witﬁ Phillips modification and measured‘run;
off. o

For fall and winter seasons,' the coefficients 0.41
and 0.46 -do not reach the 1% level of significance. These
low correlations mith be, because Phillips (1975), in his
modification, has made no allowance for accounting runcff
"due to snowmelt in certain fall months during which period
some precipitation will occur as snow.. Also, Phillips’
modifiéation is based mainly on température to determine
snowmelt runoff, As discussed earlier, snowmelt at a
point location depends upon £hermodynamic processes, but
the travel of melt water and its time distribution from
point to point depends upon both physiographic and hydro-
dynamic'properties and these are not accounted in Phillips'
modification.

A comparison of correlation coefficients obtained
between measured and computed due to the original Thornth-
waite and Mather.bookkeeping approach and Phillips modifica-—
tion indicates that, in'épité of low correlations in certain :

seasons, water yield calculated according to the
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Phillips modification is a better estimator of
water yield on a season to season basis, than the Thornth-
waite and Mather C£ZR%Eic water balance model.

However, the coefficient of determination obtained

1

from the correlations suggest that the Phillips model
accounts for only 40 per cent of the ruﬁoff. Although
there ié a significant correlation between computed and
measured runoff, it-is obvious from the scatter diagrams
in Figure 3 that the relationship is neither regular nor
clear-cut. For this reason, regression lines were cal-
culated in order to obtain the best estimated value. from
the Philiips values of coﬁputed runcff. The kollowing

are the regression equations for the Phillips modification

and are based on the Duffin Creek basin data.,

Season Regression Equation

Winter Rogp = 2.35 R, - 40.81
Spring Roge = 2.46 Rp - 86.58 (3.3.3)
Summer Rogt = 6.93 Rp + 1.96

 Fall Regt = 3-34 Ry, = 6.90

where ‘

Rogt ~ Runoff estimated by regression
ﬁp - Computéd runoff from Phillips modification.

On the basis of these results in the Duffin Creek
watershed, assumed to be representative of the southern
Ontario area, the modifications suggested by Phillips were,

therefore, incorporated in the Thornthwaite and Mather
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approach and used in the present study. For the construction
of seasonal runoff probability maps, estimated runoff
evaluated from the regression.equations of 3.3.3, based on

the computed xrunoff according to the Phillips modification, :

were used.

3.4 Seasonal runoff probabilities

Probabilistic analysis of various climatic'énd
weather elements including synoptic patterns of climate,
gained increasing popularity after the 1950's with the
work of Gregory (1955}, Manning (1956 and 1958), Glover,
et. al. (1954), Strommen and Horsfield (1969), Sanderson
{1974), and Knowles (1974). Using precipitation records
of varying lengths, different workers have attempted the
probabilistic analysis for constructing maps of probable
maximum and minimum values. In all such studies, the basic
assumption usually made is that the given set of bbserva—
tions conform to‘a normal distribution. For testing the
normality criteria, a simple method has been proposed by
stidd (1953) who found that for a wide range of periods
and localities, rainfall series could bé normalized by
a cube root transformatlon. Kendall (1975) used stidd's
hypothesis for monthly rainfall totals for ten Canadian
cities for a thirty year period (1921 to 1950) and con-
cluded that the asympotically normal distribution of a.

function of sample moments can ‘be used to give approximate
* ] g
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confidence intervals for the estimates made.

Based on either normal distribution or normalized
distribution, the probability function is obtained from
the féllowing expression: | ‘

d =x ~-%X
= 3.4.1

where

d - Required figure

X - Critical value

X - Mean value of the distribution

o - Standard deviation of the distribution.

The above expression indicates the extent to which
the critical value differs from the méan expressed in terns
of 80 many standard deviations. Based on the above concept,
Glover, et. al. (1954) produced maps of rainfall probabilities
for East Africa to indicate the probability of receiving
thirty inches of rainfall on an annual basis. Bruce (1968)
constructed an atlas of probability rainfall intensity,
duration and frequency maps for Canaéa and pointed out the
usefulness of these maps for design engineers. Monthly
precipitation probébilities for eleven different levels
ranging from five per cent to ninety-five per cent, for the
eastern Uhited States were reported by Strommen_ and Horsfield
(1969) based on the assumption that precipjtation data fit
into a gamma distribution.

In Canada, Sanderson (1974) demonstrated the useful—
ness of the probability analysis for precipitation, and her

»
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results are discussed in terms of confidence limits for the
frequency with which minimalltotals of monthly precipitation
will be exceeded Or maxima fail to be reached. gsanderson's
work is mainly pbased on the technique outlinco by Gregory
(1964) , but she has drawn isoline patterns of equal
probabilities instead of representing probabilities as dots
on the map. More recent work in rhia direction in southern
ontario is due to Gomes (1975) wﬁo reported that monthly
precipitation during May to September fit into a normal
distribution. He drew precipitation probability maps

for southern ontario for the period May to September.

Brown, et. al. (1968) conctructed graphs showing the
probability of exceeding various amounts of precipitation
for ten-day periods at sixteen stations in southern Ontario
and a similar study was made by Chapman and Thomas (1968) ‘
in northern Ontario.

| Because of the small number of runoff
measuring stations and the problems jinvolved in the
theoretical computation of runoff from measured climato-
logical data, studies on runoff probabilities are meagre and
non-existent in gouthexn Ontaric, and the present study 1is
aimed at partially f£illing this gap.
Regional historical monthly precipitation and tempera-

ture records of 41 climatic stations cbtained from the |

Monthly Bulletin of the Atmospheric Environment service,

canada for the period 1938 to 1967 were ugsed to compute‘runoff



Jitailar

¥ ORI

50.

using the Phillips modification. The estimated runoff from
the regression equations, based on the Phillips computed
runoff values, were used to map the seasonal runoff
probabilities whifp can be anticipated in the region.

Location a;d elevations of the 41 climatic stations
used in the study appear in Appendix 4 and Figure 5. All
the climatic stations have periods of record ranging from
25 to 30 years. For the region as a whole, the selected
climatological station coverage is adequate, although it.
is desirable to have daté from a greater number of stations,
especially in the northern section of southern Ontario
where the distribution of the selected stations is unéven.

Having calculated the runoff for each of the selected
stations, two stations, Beatrice and Orono, were used to
test-whether the computed runoff fits the normal distribu;
tion, in order to justify using the runoff values in the
computation of runoff probabilities. Seasonal runoff is
slightly higher at Beatrice, among the selected stations,
while Orono represents stations with average amounts of
seasonal ruhoff.

The‘chi—square test for the goodness of fit to the
normal curve is used to test seasonal ritnoff for normality
at the two stations. From the cumulative normal frequency

distribution, (zi tables (i.e., area under the standard

- normal curve from O to 2), the areas are read from O to

z;, O to z,, gfc.} to calculate the expected frequencies

’,
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which are used to compute the x? - gtatistic as follows:

If '0' is the observed frequency of a distribution
and 'E' the expected frequency of the distribution, then
the deviation is given by (O-E). Céntribution to x2 for
each of the observed frequencies is then given as (O-E)Z/E.
Summation of all the contributions to the x2 gives the
total x2 which can be tested for a given degrees of freedom
from the number of classes minué the number of estimated
parameters minus one. Table 6 summarizes the summed x?
values for each of the four seasons at the two stations.

From the table it can be seen that at 5% level of
significance, winter, spring and summer seasons runoff at
Beatrice and Orono approximate the normal distribution,
However, for the fall season at Beatrice, the computed x?—
statistic exceeds the vaiue at 5% level of significance
by 0.2 and this might indicate high seasonal variability
from year to year. The interpretation of these results
is a matter of judgment. It seems justifiable to assume
| that the hypothesis of normality is not disproved by the
- occurrence of one or two random occurrences and the hypo-
thesis of normality is accepted.

For computing the runoff probabilities, equation
3.4.1 is rewriéten ag x = d{¢" ) + X. Since seascnal
runoff approximates a normal distribuéion. sixty-~eight
and three-tenths pexr cent og'the occurrences must lie

between +¢d and -o-, and ninety-five per cent of the
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occurrences must lie above or below - 1.28 o-. 1In the
equation, when the number of standard deviations that the
critical value is above the mean is held constant then the
critical values computed at each station is only a function
of the mean and standard deviation. N

. For this study, the appropriate values of 'q’ is

taken as = 1.28 to compute critical upper and lower runoff

limits that will not be exceeded in 9 out of 10 years.

Probability Runoff Maps

Using the computed runoff values from the 41 stations,
runoff probabilities were computed for each of tﬁé stations
on a monthly basis and are summed on a three month basis to
obtain seasonal probabilities. The computer program for
the runoff probabilities for the months and the print outs
obtained for the climatic stations are presented in Appendix
5.

The probability runoff obtained with + 1.280 in-
dicate the amounts of highest seasonal runoff expected in
nine out of ten years, whereas the computations with - 1.29&-
indicates the lowest probabilities, and theée values in
nine out of ten years will not be less than.the computed
amounts. These coamputed values were plotted on a contoured
base map and isopleths of equal runoff brobabilities drawn
using the contour lines as reference. The resulting maps'

for the four seasons in southern Ontario are presented in
L ‘
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Figures 6 to 12. No map is presented for minimum fall
values since, except for four stations {values ranging
from Smm. to 10mm.), the computed values were zero for all
the étatioﬁs..-fhis is also the season when normality of
data is suspect.

In general, the runoff probability maps for all the -
seasons show that, for tﬁe entire southern Ontario region,
for all the seasons in 9 out of 10 years, average seasonal
runoff will not be more than 460 millimeters and will not
be less than 30 millimeters. In.all seasons, thé maxiﬁum
probable runoff is likely to occur in the areas to the
east of Georgian Bay and Lake Huron.

On a seasonal basis, the spring season (Figure B)
has the highest'probable amount of runoff {(1000mm.)}, while
for the summer séason (Figure 10) in 9 out of 10 years,
total runoff will not be more than 100 millimeters. The
maps indicating the low probable amounts also suggest that
at least 60mm. of runcff should occur for the spring
season, while summer an& fall are the seasons with low
runoff probabilities. Large variations of probébility
of occurrence of runoff within the region for the same
period are quite evident in tﬁe‘spring (Figufes 8 and 9).

In order to compare the predicted runof£f range ob-
tained from these maps, measured values of runcff results
for some fepresentative small watersheds for the year 1970
are tabulated in Table 7. In general, the measured runoff

fits the predicted range, although low values of runoff
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from the predicted range are slightly higher than the
measured in the spring and summer seasons at five watersheds.
This tendency of the prediéted range, particularly pronocunced
in spring and summex, might be because the Phillips modifica-
tion to the Thornéhwaite and Mather appfoach does not take
into account the underestimation of evaporation rate in
spring and summer mcnths, and hence the direct runoff
resulted from preciéitation is likely to result in higher

values.
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- CHAPTER 4

summary and Conclusions

In this study, the Phillips modification of the
Thornthwaite-Mather water balance was examined to determine
its applicability as an estimator of seasonal surface run-
off probabilities in southern Ontario. The use of the
historic records of temperature and precipitation from
climatoleogical stations in the region made possible the
construction of seasonal runoff probability maps which
provide background information on the probabilistic
occurrence of runoff in all the seasons.

It is hoped that such maps may be useful to the
PLUARG study in obtaining data on the-inputs of})o_lluta
intc the Great Lakes drainage system which have their YQ\\

origins in the complex land use activities of agriculture.

]

/
Since studies such as PLUARG involve measurements of pre-— /

cipitation and'runoff for two years only, it is necessary )
to determine how representative these two years are of thé
precipitation~runoff histbry of the area. The éreseht
étudy is part of this objective.

On the basis of the study, the following conclusions
" can be drawn. In southern onthrio, the Phillips mbdifica—

tion to the Thornthwaite-Mather model provides a better

66.
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egstimate of seasonal runoff when compared with the original
Thbrnthwaite-Mather model. The seasonal runoff probability
maps presented here'give quantitative statements of maxim;m
probable runoff thatg}s likely to occur in southern Ontario.
Oon a seasonalibésis, the highest probable amount of runoff
occurs in the spring. Also, the evaluated range of probable
seasonal'runoff from the maps shows good agreement.with the
measured runoff in some representative small watersheds.
Only seasonal runoff érobabilities have been con-
sidered in the present study, since the Phillips modification
failed to give significant correlations when applied on a
monthly basis. Further work is needed in the modification
of the model to obtain more reliable estimates of monthly

runoff.
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‘Appendix 1 Y 74.

Computer progrem(WATIV)for Phillips modificetion

APUN=OITNONPWN=C OO ~NOULP N -

PR P R RO P e v 1 bt bt bk gt s b s

IalalnlsTelalalstatataleTaYa ).l

JOY

2

1000

13
934

911
9
933
936
20
10

21

233

35

WATFIV XXXXXXXXXX,TIME =9 .
THIS PROGRAM COMPUTES THE AVERAGE WATER BALANCE BY MONTHS,
FOR AS MANY CONSECUTIVE YEARS AS DESIRED.

FOLLOWING ARE TWD CARD PAIRS, ONE PAIR FOR EACH YCAR OF DATA,
FIRS5T CARD OF PAIR HAS TWELVE MCNTHLY AVERAGE TEMPERATURES
PUNCHED IN FIVE COLUMN FIELDSs WITH DECIMAL PJINT.

SECOND CARD OF PAIR HAS TWELVE WONTHLY AVERAGLE PRECIPITATION
VALUES IN FIVE COLUMN FIELDSs WITH DECIMAL POINTS . '

FOLLIWING THE LAST PAIR OF T-P VALUES, THERE SHJIULD 3E A PAIR
OF BLANK CARDS YO SIGNITY THE END DF A SET CF DAT As

THE PROGRAM 5 SET TO PROCE MULTIPLFE SETS UF DATA, UNTIL

NO MORE CARDS ARE AVAILABLE. .

NDIMENS [ON V(l&O-IO'oC(IE-SO’|*(l301210T(12)-P(12) o
DIMENSION TITLELT7) JHEATL12),20121) .
DIMENSIDN PERCNT(12)

DIMENSION DEGDAY(12)} [
DIMENSION NAME(13)

DIMENSION WS5MRO(12).TOTRO(12) .

DATA NAHE/'TEMP'-'UNPE'-'ADPE'c'pCFN‘-'F—pE'.'ﬂPHL'.'STUR'-'D ST,
1'A EVPL'DEF '.'SURP?','ROFF ', *TMDT"* /

CONTINUE

READ (E£,SQ084END=99) wWHC

WRITE(€.509) wHC

O 1000 1ISET=1,10

READ(5490L) {(VIIZ.ISET) 12=1.160)

CONTINUE (3
DO 1065 ILAT=1.,50

READ{ 54 GC7) (CUIZ,ILAT)  JZ=®] ,12)

CONT INUE

W(Te12)=mHC

CONT INUE

TSAVE=25.0

SUMz= 0.0

ROS=0.0

QST=WHC
PE&D(5.93°'END=99’IYﬂ-TITLE.LAT-HIN.hﬂNGyL"[h-LEV
FIRMATL 140 3Xe7A42212,13412,14)
WRITE(G+Q11}(TITLE(]) +1=1 2 7hsLAT o MINJLONG,LMIN,LEY
FDRMAT('1'07A406K-lZoEXoIE.GXylStZX.TZ-ﬁx-[“p/l)
READ{ S5+S35){ T{K)+X=1,12) . "

READI( S, 936 ) P(K)yK=1,12) .

FORMAT(12F5.2)

FORMAT(1ZFS32)

IF(TIT)) 2.20429

GO TOo 11

ILAT=LAT-40

CONT INUE

00 7 I¥y=l,12 .

WIMRO(IY)I=0.0

TOTROC 1Y )=0.0

WSMSUM=0.0 -
TOTSUMAaDD

THEAT=0.0

DO 253 J=1.12 '
HEAT(J)=(((U-0026!T(J)UOZJ-(D-OEGB'T(J}11-2-2587)
IF{HEAT{J) +L.Ta0s 0} HEATF{ J) =00 !
THEAT= THEAT+HEATL J) .
CONT INUE

IF(THEATWGE.50%0) ISET=10

IFUTHEAT «GE + 4%, 0+.AND e THEATL T+ 504 0) 1SET=x9
IFA THEAT+GE«A4CeQ0eAND s THEATaLTL45.,0) ISET=9
IE(THEAT.GEs 3%, 0aAND W THZATeLTo 40.0) ISET=7
IF(THEATWGE e 304 0aAND s THEATALTs 35.0) ISET=R
IF{THEAT «GE 4 250 04 AND o THEA TeL To30.0) ISET=5
IF{THEAT oGE ¢ 200 0eANDs THEATeLTe 25.0) T[SET=4
IF{THEAT«GE w12 04ANDaTHEAT oL Te20.0) ISET=3
IF(THEAT eGE 4100 0sAND s THEAT4LT.1%5.0) ISET=3

IF(THEAY,LT210.0) ISETs]
CONT INUE -

STL=w{ 7.12)

DO 2%0 J=1.12

wil.d)=T{J) ' . ¥
Wl2,J)mD40 -

WldaJ)=p(J)

wi11,J)=0.0 ‘s

W{l24J)=0.0

IF{T(J)=-32.0)20.40.4a0
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70
71

72
73
74
7e
76
77
78
T9
A0
a1

8
a3
A4
&85
HE
az
ARA
39

ke
>

91

L OO0
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[l e Je]
TN

L
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a0
5¢

60

&2
65

7C

69

713
716G
711
72

71
72

A0

90

110
115
200

210
215
220
230
23S
24C
245

250

IT = 2.0%T{J)=~862.5
Wl2¢0J)=VIITLISET)
Wl3ed)=W{2,0)%C(J4ILAT)
W(SeJd)=wW(a,))=w({3,J)
wl6sJ)=0.0

IF {wW{5.+J))60.70, 70
CONTINUE

1F (QST“HC)GS.&S.63
WH(11eJ)=Q5T~-wWHC

CONTINUE

SUM=SUM+W{ 5, J)

W(6e JI=SUM .
W(7sd) = WHCREXP( SUM/WHC)
WlBs L )=W(740)=-0QST.
AST=W( 7 J)

WlFad)I=wW{a,2)=-W(B.J)
WE104JI=W(340)-W{D4J)
GO T3 200
CONTINUE
W{7+d)=STL+W(5,7)

. -

IFITIJ)4GTe31.G) GO TU 68
POT=W(7,J)=wHC
IF{w{7s2)-WHC)EB,68,69

IF{2.EQ.1) GO TO 710
IF(4.EQ.2) GO TO 711
IF{J«EQ.3) GO TO 712

PERCNT(J)=(-9G.2145.714(T{ N )IY/100.

G0 7O 71

PERCNT(U)I={=7a78+1,41%{T{4)))}/100.

GO T 71

75.

PERCNT(J)5(649340.87%¥(T{I) ) =078 % (M{7 I} =WHC))71J0.

GO T3 71

PERCNT(J )= (-lJ.BSfI.?S*(T(J))*O-QS*(N(7-J)—WHC)l/lud-

GO 7O 71

hSMRﬂ(J)—(PFRCNT(J)*(W(?.J)—NHC)I—(O S¥RCS)
IF(WSMRO(J )G T+POT) wWSMRO( J) =POT
!F(W“MRD(J)-LT-O 0) GO TO 8BS

N(?-J|=U(70Jl—“SMFU(J’
WSMSUM =W SMSUM+wSMRO( J)

GO TQ. &8

WSMEO( J)=0.0

CONTINUFE

TSAVE=T( J)

W9+ JI=W(3,0)

W{10,J)=0.0
IFIW(7+J)-WHC }B0O, 115,90
CONTINUE

SUM = WHC*ALDG(W(7+J}/WHC)
W{6+J)=SLM

W(BsJ} = W(7,J)=QST
QST=W{ Ts+J)

G} TO 200

CONTINUE

SUM=0.0

W{6+J)=0.0
W(BsJ)=wHC~QST

QST=wWHC .

IF(T(I)I-31.9) 200,290,110
CONTINUE .,

W{7sJ)=WHC

CONTINUE |

W lled}=W({S,J)+STL=W{74sJ)
CONTINUE

STL=W(7.2)
W(l24J)=0.5%«(ROS+wW(11,J))
ROS=wW(12.:4)
IF{J-11230.230.240

D0 235 I=1,12
wil3,1)=0.0

DO 245 1 = 1,12

w13, 11)= '(I'J)+W(l3tl)
TOTRO(J)I=W{12+J)+ WSMRQO( D)
TOTSUM=TOTSUM+TOTROL J)
CONT INUE
Wil3.1)=w(13,.1)/12.
W{l13.7)=W(13,7)/12.
WRITE(6.510)

DO 270 I=1,12

DO 265 4 = 1,12

T{3) = Wil,.Jo)
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Appendix 2
Model water baslsnce eomputations bassed. on Phillips model

. 77.

EROS GHAMIO 43 85 g9 k4 850
JAN FED M AR APR MAY JUN JUL AUG . SEP ocT NOV bEC YEAR Y
19.60 19.60 33,00 46.20 49.80 6&1.20 GU.20 67,20 83.20 %1.90 38.%0 23.30 1908 ADL.32 TEMP
0,00 000 ©0.01 0.0 0s00 0210 013 0413 0Oalt G«07 2.02 000 1968 O-068 UNPE

000 000 0431 1,68 2427 3,84 3,03 480 3.43 1499 De4¥ 000 1908 23.T2 ADPE
A 87 3.04 .47 1,30 J.80 2.7T4 1.48 247 3402 1490 a.76 3484 1968 J6.A3 PCPN
4.07 3.04 .18 ~0e33 1.23 =1,10 =3.58 -2.21 ~Dedl =0409 4e27 3u84 19068 12.7T1 P=~PE
0200 Ds00 0200 -0e33 000 -1.10 —3,68 —6.89 =T33 =7.40 0400 0.00 1968 =-27.70 APWL

1075 1239 €,00 568 6.00 4.99 2,75 1.90 1.78 1.73 6.00 8.56 1968 8,71 STOR
0.00 0.00 000 -0.3% 032 —~1.01 —=2.24 =0e85 =013 ~D.03 a.25 0.00 1968 0.00 D ST
0.00 ©0.00 031 1e87 2227 3.75 3269 3232 Jel5 - 193 043 0.00 1960 20.56 A EV
0.00 0.06 0,00 0.01 0.00 Q.09 1.34 136 0229 007 0.00 0.00 1968 .16 DEF

000 000 956 Os€0 091 0.00 0,00 0000 0,00 Q.00 0.02 0.00 1968 1049 SURP
000 D,00 Ae?O 2439 1.65 0a82 0Daud1 Oa2l 0,10 D.0% D.04 0.02 1068 10.47 ROFMF
lel8 1.3% D0.00 0.00 0,00 0.00 De 00 0200 0200 04,00 J.00¢ 1,30 1968 3.88 W5SMRO
TlelB 1.39 ALTB 2.3U 1«65 0,82 0O.41 021 010 0«05 008 1.32 1968 14.35 TOTRD

g .

JAN FEL MAR APRH MA Y JUN JUL AUG SEP  -OCY R CEC YEAR Y

24.30 PHSC 20.70 4440 53.10 6l.20 6%.90 70.00 62,70 49.30 38,9u 23.00 1969 486417 TEMP
000 0400 Q.00 0404 0407 0ul10 0eola Do1d Call 0,086 DJe0d& 0.00 1969 0.68 UNPE
0.00 0a00 0a00 1,34 2at5 3,84 .42 5H.04 3483 1,71 De4¥ 0.00 1969 23292 ADPE
2.72 038 2440 3485 3421 3,05 2.40 1.83 0430 2.34 3.94 1.30 1969 29.78 PCPM

2.72 034 2440 2.71 Do =0e79 —3002 =3¢21 ~2e93 0,33 3.45 3.30 1969 S.806 P-PE
0.0 ©0»-00 000 0.00 0,00 -0.79 -3.81 =Te02 =995 =T.86 =0.93 .00 1969 =30,17 APWL
QB9 D10 D37 6200 6.0 5426 3IolB 186 1.14 1«87 5Se13 T« L9069 %.52 STOR
0«00 0.00 N0e00 0200 0400 —0.78 =2.08 —1232 =072 0,53 Jads 0,87 1969 0.00 O 57
0.00 D0.00 D0.00 134 2.6% .79 4,488 3013 1.22 1,71 0«49 0.00 1969 18.82 A EV
0.00 0400 0400 O0#0C 0400 0Qs03 0.98 1.89 2,21 0.00 0.00 0.00 1969 5.09 DEF
Qe0O 000 0.00 S.E7 0.98 Q.00 0.00 0«00 000 0,00 Qa0 0 .00 19869 Ge.44 SURP
0.01 0400 D.00 294 1.79 0.88 0.44 0,22 0Ooll 0.0% 0.03 0.01 19069 Ge4a4 ROFF
E239 112 2413 0400 0,00 0.00 0.00 0a00 0,00 D00 D200 073 1969 5.40 WSNRO

130 Jel3d 2¢l8 2,94 1,75 0e88 Q.84 0,22 04113 0.05 J.03 0-?6 1969 11.84 TOTRO
JAN - FEDB AR APR MAY JUN JUL AUG SEP acT NOV CEC YEAR ¥
b

17.00 21410 33.80 44,80 52.20 64,80 69.00 62+30 01,00 31.00 61.560 24,80 1970 A%5.08 TEMWP
Ds00 DeD0 0200 0Ca0f Qe07 0vs12 0e13 Ools Da10 04,07 0.03 0.00 1970 0.70 WUNPE
0.00 Q.00 000 [.34 2,65 461 5,03 5.04 3412 1.99 0474 0.00 1970 24,31 ADPE
2.06 1.64 2,085 3,88 215 1402 4,04 3s42 2.43 303 2,33 4,37 1970 34,36 PCPN

3.06 1efd 285 2284 =0,%0 —3459 =009 =Le62 =069 1,06 162 4,57 1970 G.83 P=PE
D00 CGa00 DelO0 0al0 =0eB0 —4,08 —au 17 =5.77 ~6udB ~3.98 —ladz (.00 1970 -—20.48 AP WL
Q1A 9275 6400 6,00 5.52 3,04 2,99 '2,28 2.0s 3.09 aAL71 T.92 1970 .21 STOR
0.CO0 Ca00 ©Oe00 0200 =0¢4B =249 —0.03 ~0e71 -0225 1.086 1.6 1.29 1970 a.00 O ST
0.00 0«30 0400 1e34 "2.63 3251 4.99 Ael3 2,88 1.99 0.73 0.00 1970 2199 A EV
G000 0400 ©0a00 000 0402 110 0-05 0De?l 'Ou8a 0,00 J,00 0.00 1970 2+52 DEF
0.00 0«00 6480 2.84 O02CO 000 0«00 000 000 0400 0,00 0.00 1970 9.14 SURP
DeD! D400 3230 2492 1240 0o73 0.36 0e1B8 0,09 0.05 0pa02 0.01 1970 .14 ROFF
Q00 1,03 0.00 0.00 0400 G+00 0.00 0.00 D00 0.00 0,00 1e36 1970 2.98 WSHMRAD
Oab1 1.03 3230 2452 1486 0a73 0.36 018 0209 005 0.02 137 1570 12.12 TOTRO
JAN FED M AR APR MAY JUN JuL ALG SEP acT NOv oEC YEAR h g

1780 25430 Z0+060 40,90 53,40 64,20 68.70 88.530 O8420 83.40 45400 30.40 1971 A7 .45 TEMP
000 0.00 0.80 0,03 .67 0411 0.33 0Go)2 0Oell 0.11 Del4 0.00 1971 072 UNPE

0200 000 000 101 2.63 4422 5.03 432 3.43 3.14 0,97 0.00 1971 24.77 ADPE
2.%57 3469 1.42 1233 1,06 3.94 4.77 520 .08 136 2.5i 4,38 1971 JA5.47 PCPN
2053 3089 1e42 0232 =159 —0.20 ~0:26 0,88 —0s33 —1.37 154 4.38 197! 10.7T0 P-PE
0e00 0200 0a00 De00 =159 =1¢B7 =213 ~0499 =134 =2.92 «0.83 0.00 1971 =11.67 APWL

Ge60 11467 10a60 600 461 4,39 4,21 509 480 369 5.23 6,96 1971 6.41 STOR
0s00 0200 0a00 Du00 =139 ~0s21 =019 088 —0u2% =t.11 1.54 0.77 1971 0.00 D 8T
0e00 0o00 000 1601 245 A,13 4.96 #.3Z2 33T 2.6T7 0.97 0.00 1971 23.90 A EV
0:0D 0.00 000 0¢Q0 0219 0,07, 007 0.00 OCu08 0.47 Ds0U 0400 1971 0.87 DEF
0.00 0.00 0400 #4452 0,00 0400 0,00 0C.00 DaBD 0.00 2.00 0400 1971 A.92 SURP
0401 0400 000 2.46 1.23 048] 0+.31 0215 008 0204 Dol Q.01 1971 4.92 ROFF
0477 171 2449 0400 0.00 0000 0e00 Qo000 0400 0400 0400 2065 1971 Ta8s2 MW5MRD
0277 171 289 2,48 1,23 0461 0a3l 0415 005 0Oas08 D02 2.60 1971 12.%54 TOTRO
J AN FEOQ MAR APR oA Y JUN SUL AVG SEP ccT HOV DEC YEAR Y

22.80 20420 27.00 30,50 Z4.00 60.00 67.20 68,40 60940 44,70 306.50 27.90 1972 A43.78 TEMP
0.00 DaO0 0400 002 0.08 QelC ©0¢13 0e12 Ovll 0.04 2,02 0.00 1972 0+62 UNPE

0.00 D00 0400 0267 3,02 3,858 9.03 4,32 343 1.148 0.4y 0.00 1972 21.94 ADPE
1eBS Fe27 4.08 2«BS 148 Z.88 226 A.68 3.4l J,21 J.al 602 1972 37.94 PCPN
1085 2,27 4,08 2218 —1.%4 —1.840 =279 0238 =0.02 2407 2,92 06402 1972 18.00 P=PE
0.00 0200 0«00 0200 =laf4 —2:94 =573 —4.,85 =4.89 -1.43 D2.00 0.00 1972 —21.41 APWL

Bold 9447 11al7 0.00 484 3,67 2.31L 247 2a0C 4273 5400 8.07 1972 S.806 S5TOR
0.00 0.00 000 0400 =1,36 =0.97 =137 0a36 =001 2.07
le27 0
g.gg Q00 ©C,00 0267 2,84 2441 3,61 AL32 3ab2 l:lﬂ 0:49 O:gg ;g;g lg:gg 2 23
0'00 8-00 0+00 0400 0.18 0+43 1442 O-Og’ 0401 0.00 0.00 D00 1972 2«05 OEF
0:00 U:gg g-gg ;og; ?.gg g-gg g-gg a g-DO 0«00 1465 0400 1972 900 SURP
. . - . . 23 «11 D06 D085 0as T
D.06A 0.92 2.39 0.00 0.00 0.00 0.00 0.00 ,0.00 0:00 O:OD' J:lg 1372 $:?E 52:50

069 0093 239 Jel7 1,88 0492 0.48 0.23 0all 0.06 DeB3 J.58 1972 15.72 TOTRO
JAN FEB HAR APR MA Y JUN JUL AUG S3EP oy NOV DEC YEAR ¥

16450 20460 38.30 43,70 S1.5C 6520 70.20 72230 61410 81.00 43.0

-1 = 0 26.
0100 0.00 €202 D.08 0206 0e11 0.33 0.15 0210 0206 'veoe Zoiog 1973 o83 IlEmm
0400 0400 0af1 1434 2.27 4222 5.03 Se40 3:12 171 0.42 0.60 1973  24.19 ADPE
2:09 1431 S.38 2.17 3,47 2.19 2.03 2.28 1472 D3.68 3.33 3.28 1973  32.931 Scpn

2409 1431 4.77 0483 1.20 =203 =3.00 =3e12 =1440 1.97 2.88 3. 9

0400 0400 0a0C Q400 Q000 =2.03 =5.03 =813 =955 =379 D400 D-gg }913 -28:;; 29ﬁ5
1026 10.54 600 6400 0600 4227 259 1454 1,22 2419 8,00 T.66 1973 Sed4 STOR
0,00 0200 0.00 0.00 0,00 —1473 =168 ~1.0% =0.32 1.97 2.8l 0.00 1973 0.00 D ST
D400 0«00 Vo6l 1,34 2,27 3o%2 3Ja7! Jad3 2.08 1.71 0.49 D000 1973 19.42 A EV
0.00 0.90 0.00 0,00 0.€0 0.31 1.32 2.07 1.08 0.00 0,00 0.00 1973 4.78 DEF
0.00 0,00 9431 0483 1,20 0.00 0,00 0«00 0400 0400 Ja.03 0.00 1973 11.37 S5URP
0e21 Doll 4u71 2477 L1aSH 0,99 0450 0225 0412 0406 005 0402 (973 1177 ROFF
070 1,04 0.00 0400 0.00 0,00 0.00 000 0.00 0400 .03 1.62 1973 Ja36 WSHROD
0e91 leld 4.71 2477 1.5S8 0,99 050 025 0412 0206 Je05 1.65 1973 15«13 TOTROD

All vslues except temperature are in inches.-
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APPENDIX 2
COMPUTED AND MEASURED SEASONAL RﬁNOFF - DUFFIN CREEK (PICKERING) -
{DEPTH IN\MILLIMETERS)
~

(a) WINTER - (b} SPRING
Year Month a b c Year Month a b [
1966 Dec. 51.3 1,5 26,2 1966 Mar, 72.7 20.8 U44.5
1966 Jan. 21.3 8.6 17.0 1966 April 38.6 93.5 Nn.2
1966 Feb, 26.6 4.3 16,8 1966 May 21.3  48.8 31.8
1967 Dec. 52.8 13.7 35.1 1967 Mar. 39.4 0.3 50.8
1967 Jan. 26.9 0.8 20.3 1967 April 51,0  23.6 53.9
1967 Feb. 19.9 0.5 14,7. 1 1967 May . 31.0 112.0 20.3
1968  Dec. 29.7 6.6 21.6 .. 1968  Mar. 89.4 34,3 101.1
1968 Jan. 21,6 5.3 23.9 1968 April  45.2 115.1 29.0
1968 Feb. 27.9 2.5 81,0 1968 May 32,8  43.7 23.6
1969 Dec. 14,7 1.0 13,2 1969 Mar. 43.7 0.8 58.2
1969 Jan., 29.5 3.3 35.3 1969 April 68.1 25,2 51.8
1969 Feb. 25.9 1.5 18B.5 1969 May b1.2 120.% 30.7
1970 Dec. 18.3 0.5 22.4 ‘ 1970 Mar. 68.6 38.1 4L0.6
1970 Jan. 13.2 0.5 11.2 1970  April 60.2 110,2 54,6
1970  Feb. 22.6 0.3 11l.4 1970  May 30,2  55.1 23.1
1971 Dec. 28,9 0.8 41.9 1971 Mar. 52,8 0 39.6
1971 Jan. 11.2 0.3 19.3 1971 April  s8.% 24,1 75,2
© 1971 Feb, 38.9 0 26,2 1971 May 29,2 108.2 15.2
1972 Dec., 71.4 6.9 U48.0 1972 Mar, 56.9 0 42,2
1972 Jan. 13.5 0,5 20.1 1972 April 83,8 28.7 136.9
1972 Feb. 22,6 0.3 14,7 1972 May b1,9 129.,8 23,4
1973 Dec., 35.1 1.0 21.3 1973 Mar., 104,12  31.2 32.3
1973 Jan. 16.3 3.1 12,2 1973 April  67.3. 155.2 17.5
1973 Feb. 26.0 1.8 14,7 . 1973 May 50.6  92.9 (28.5

computed runoff (Phillips, 1975)

w
i

o
n

computed runoff (Thornthwaite, 1957)

[e)
)
-

measured runoff (l
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1
APPENDIX 3 (cont'd)
(c) SUMMER ) (d) FALL

Year Month a b c . fear ldonth a b [+
1966 June  ~1047 2b 4 21.3 1966 Sept.. 1.3 3.1 9.7
1966 July 5.3 12.2 5.8 1966 oct., 0.8 1.5 9.2
1966 Aug. 2.5 6.1 6.4 1966  Nov. 2,8 3.3 20.6
1967 June 37.9 78.2 20.8 1967 Sept. 7.9 13.0 12.7
1967 July 19.0 39,4 21.6 1967 Oct. 11.2  13.7 2b.4
1967 Aug. 15.5 25,7 21.6 1967 Nov, 264 27.4 25.9
1968 June 15.2 32,8 14,5 1968 Sept. 2.0 b1 1154
1968 July 7.6 15.5 8.9 1968 Oct. 1.6 b8 11.4
- 1968 Auvg. 3.8 8.4 9.4 1968 Nov. "12.5 13,0 19.8
C 1969 June 20,6 60.2 14,2 1969 Sept. 2.5 7.6 6.9
1949 July 10,4 30.2 8.6 1969 Oct. 1.3 3.8 10.4
1969 Aug. 5.1 15.0 8.4 1969 Nov. .0.8 2,0 16.5
1970 7 June 15,2 27.7 9.k " 1970 Sept. 1.8 3.6 11.9
1970 July 7.4 13.7 12,5 1970 Oct. 1.0 1.8 k.5
1970 Aug. 3.8 - 6.9 9.9 1970 Nov., ] 0.8 20.6
1971 June 1hy5  S4.1 11.7 ©o1971 Sept. 1.8 6.9 16.5
1971 July 7.4 26,9 13.2 1971 Oct. 1.0 3.3 12.7
1971 Aug. “3.6  13.5 16.5 1971 Nov, 0.5 1.5 16.0
1972 June 21.1  65.0 17.0: . 1972 Sept. 2.5 7.9 6.1
1972 July 104 32.5 11,7 1972 Oct. 1.3 b1 7.6
1972 Aug. 543 16.3 11.7 1972 Nov, 12,7 14,0 8.1
1973  June 25,2 46,5 15.8 . 1973 & Sept. 3.1 5.8 10,7
1973 July 12,7  23.1 9.9 1973 Oct. 1.5 3.6 14,7
1973 Aug. 6. 11.7 119 1973 Nov. 1.3 2,0 26.2

computed runoff (Phillipé. 1975)

[
n

o
1]

computed runoff (Thornthwaite, 1957)

measured runoff v
o

L/

[e]
1}
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APPENDIX 4

Climatological stations used in the study

Station

Beatrice
Beeton
Belleville
Brockville
Brucefield
Caledonia
Chatham
Delhi
Goderich
Gore Bay
Grimsby
Guelph
Harrow
Haliburton
Kemptville
Killaloe
Kitchener
Leamington
Lindsay
Lucknow
Mada&aska
Muskoka -
Orono

Ottawa CDA (1)
&

Latitude

L 5°

Ll
Ll
Ly
43

s

L2
L2
43
45
43
k3
L2
b5
ks
ks
43
L2
L
43
ks
Wl
b3
45

08"
06
09
36
33
05
2l
52
b3
53
12
31
02
01
00
34
26
03
21
58
30
58
58
23

Long itude El?;izégg)
79°23 288.8
79 47 232.3
77 2k 76.0
75 42 91.2
81 33 258.4
79 57 205.2
82 12 182.4
80 33 231.0
81 42 220.4
82 34 190.0
79 34 92.7
80 14 332.9
82 s 190.3
78 33 319.2
75 38 . 9743
7725 . 175.6
80 30 342.0
82 38 | 212.8
ks 266.0
81 31 g66.0
77 59 315.6
79 18 " 281.5
78 37 147 .4
75 43 7940

80.

/"'\.‘\ .
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~

Appendix 4 (cont'di 5

Station Latitude Longitude Elevation

C ) , ' “(meters)
Ottawa Intirna?%gnal 45019' 75040, \\3?5-6
Parry Sound | ks 20 80 00 193.0
Pelee Islandw \\\\u; s 82 41 174 .8
Peterborough b 17 78 19 193.0
Ridgetown . 42 27 81 53 205.2

St. Thomas L2 48 81 11 o 207.3
Southampton Ly 30 81 21 199.4
Toronto (1) 43 4o ?9“2& 115.2

Toronto (Agincourt) ™ ’

(2) 43 47 79 16 179.4
Trenton Ll 07 77 32 80.9
Turbine | 46 23 81 3 205.2
" Tweed - by 30 77 17 - 144 4
Vineland Station b3 11 79 23 79.0
Walkerton Ly 08 | 81 09 243,.2
Wallaceburg k2 35 82 24 176.3
Welland 43 00 79 16 174.8
Woodstock 43 08 80 46 | 281.2
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Computed monthly runoff prbbabilities

//RUNDFF JON
77 EXEC WATFIV
/7GOL.SYSIN CD

(xxxxxxxxxx.E..&eaal-'C.U.RAMASASTRY'.CLAss=A

*
IEF142] - STEP WAS EXFCUTED - COND CODE 0000

1EF3731 STEP /GO
1EF37a1 STEP /GO
1EF37ST  JOB /RUNDFE
TEF3TAT  J0B /RUNOFF

LJ08
REAL
DATA

I1T=0
702 READ

WATF IV
NIMENSION

IN TE GFR

/ START 75343.1430
7/ STOP 75343.1431
/ START 7%143.1430
/ STOP 75343.1431 CPU

ceu

ANEAXRAXXK
"DATA(35412)
POSVAR s NEGVAR
cSTOP
STORZ Y9599/

1TTTLE

Jog 959

OMIN 11.305EC MAIN 150K LS CK
OMIN 11.305FC

VECTOR(3S).1TITLE (20}

[ e B
YRR ] DN AP WN=CI TR AP LR~

SR Nt

3]
[4,]

26

2
33

FRIRIE
@~ P

100

102
103
105
104
sCO0

2700

201
1000

709

)
1+EQ.5F0P) GO TO 705
N

ITITLE » N
VSTATIGN ' +20A4 55X ' NUMAFR NF YEARS . 13+/7)

1
4]
L]

00 104 I=
g (DATA(L v J) 2 Jd=1,12)

CONTINUE

WRITE (€4500)

FORMAT (3x.'MUNTH'|5X.'HEAN'-16!-'ST- ﬁFVo'-?OKo'PUSVAP'o?Ox-'NEGV

1AR*: 7/ .

DH 1000

SUMX=0.0

SUMXx2=0.0 -

co 2000 I=14N

VECTOR {1 I=DATA(T.J])

SUMX= SUMX+VECTOR( 1)

SUMX2=5UMX2+VECTDR(II.VECTGH(Il

CONTINUE

eAR:(FLﬂATlNI*SUMKZ-SLHXCSUMX)/FLDAT(N‘!N-I))

STNEVSSORT(VAR) i

AMEANZ SUMX/FLOATIN)

PUSVAR=(l-28t5TDEV+AHEANl‘25-A

MEGVAR=(—I-28'5TDEV+AMEAN)‘25-4

wRITE (6.201) JAMEAN STOE Vs POSVAR 4NEGVAR

FORMAT (5!-!2|F15-5.5KVF15.5 S X eF2C5 SR F20.5)

CONTINUE

IT=1T+1

c0o TO TQ2

CONT INUF.

wRITE [64555) 1T

J=1.12

-t

All values in centimeters.




<l

(77700 *RUMUER OF STATIUNS THEAYED®. (9]

19 655 FUHMAT
a0 7100
41 tND
SENTRY
STAFTON ALCNOUIN PARK .
MONTH ME AN 5Ts DE Ve
1 039955 ' 0. 35136
2 OeliatP2 0. 34743
3 1.07272 1+13¢04
a a.%4181 2.37606
5 7.07454 0.91902
A 1.185%4% 0.63463
7 0.57364 0s31675
# 0.208591 0. 15334
0 0.23318 0.28630
10 0.37227 Ce 59169
11 116600 1.0473%
12 23536 0.39257
STATINAN BEATR [CE
KONTH ME AN ST. DFV.
1 . 0.96641% 0+ 50472
2 122892 8. 37401
2 2.4/0705 1+ 35666
a %£.72092 1.16672
5 2.98909 0. 52503
£ 1.5H107 0.58118
7 0.79C35 . 0.29150
n t.40357 0.15476
9 Coda179 0.42918
10 0.667HeX 0.772086
11 2.1317R 1419137
13 1.23892 0.82127
\
STATLON OFLLEVILLF
MO TH ME AN \ 5Te DLV,
1 0.7013) 0.42007
? 1.20633 V26592
3 2.ilare 0.A2333
4 3.19699 1.27295
/ 5 1.05023 Q.93014
s 1.€0800 0e54312
7 U.58100 0.a1922
n 0.27040 Q.209068
9 Cel3IS00 0.10%523
10 0.17367 0.52011
11 N.78533 0e 62617
12 €.79233 0.3a461
STATION KEMPTVILLE .
MONTH ME AN 5T. DEV.
1 0.52207 0. 35401
2 N.98069 0+29412
3 2.36827 0.97001
a 2.A3B95 1.41778
5 1.79103 1.07817
6 0.93620 0.67669
? 0.8EKSS 0.37407
8 0.24310 0.18790
9 0.14724 0el6217
10 Gel2414 0.19%95

a%3% TAHJ)

as508 7923

4409 TT24

1839
PUSV AR

2157178
J2.83401
Ha, 0014
1920122y
N2,37247
49,727 b0
2A.D60464
12.410 10
1523080
2809204
63,51547
21.0928u

950
PUS VAR

47.595T05
43,275Jd
11237910
24B,4709
106,08620
‘59.054 2d
29.55209
1%.28210
25.17473
A42.UPJT
G2.88112
S0, 18960

250
POUSV AR

33.76331
19,2354.4

TR TTUYS
A« 26090
2737111
13.46809%
He835V 30
21,3204
0145060
85.216 10

4% 00 TH38 320

POSY AR

24,7632
3305590
G1.955 10
110,206 34
B0.54544
45.77T3V1
24452029
12.28392

P.01237

F.52361

A1

83.

*  HEGVAR

-1.27a40R
190.21347
10.6120%
311166
22.01415
~0.4612a
4 ,27226

211399
=3.1308525
-P.78122
=4,507¢1
-8 4TINS

HEGVAR

£.53673
19.0%42¢
2a.16300
42.55521
af 04541
21 .263A0
1059790
=,21924
-2,73205
~H.16366
15441325
4«TGTOH3

NEGVAR

T .R2026
21.9a847
44,72413
3G.A1754
19.23762

7294519

Oallled

00735013

0.00762

=12 .4986%
=10457070
-£.5058%

NEGVAR

1.72%005

~ 14.33086
28,35693
26401472
10.43877
177910
0196%7
0.06571
=-12332%2]
=3.21762



11 D« 30655

12 0+8C724

STATION

MONTH ME AN

0.28333
Q6563
134532
24936833
1.£62999
0.89900
D+46000
0+3T2023

N OITdP AL WA -

[R——

0.2€333
STATION
MONTH MEAN

0468066
0.98800
2.41366
2.226846
1.35609
0.77333
0420233
0419567
0.11300
0,10233
0.12867
0.60867

N=OODNUN D =

-

STATION
MONTH HEAN

1.01700
117233
270199
4.76499
2276099
1.,41933
D« 70967
Qe«37267
e 2€A33
0.23167
1.82399
1.42400

N QOO AP LN -

———

STATION

MONTH HEAN

0695066
1.03900
2.40032
J.27800G
2.01968
1.036066
0. 58967
Q29467
019331
024833
Q.56033

-
HOOD AL WA -

@

HADA WA SKA

LEMINGTON

PARRY 30OUND

LINDSA ¥

de? 3%.98749
od.50224 I1.75202
45930 7759 103y b
5T DEV, POSVAR
0.2730% 16,10014%
0.30832 26.81891
0.67370 61.1580Y
1.34711 118.43050
0. 60549 63.68855
0.58198 A1.T5525
O.3t12a8 2l.04319
0s 15587 1082274
0.,31608 1%.5079J
0.63894 2780049
- 0«06584 46.56820
0.42777 20.9963
. 4203 8238 700
5T« DEV. POSV AR
D0+566T77: %9187
0+55646 43,1866%
0.90534 . 90.74135
0.55472 6T.64784
Do 66663 54.14108
0. 38086 31,.25656
0u22525 . 17.2804¢2
0,11337 B.05583
0.12052 65.78855
0e23001 10439590
0. 32032 14.31264
0,941 04 ap,08727
4520 BOOO &35
5T. DEV. PUSY AR
‘0+53133 43,76294%
0.3$330 42,56815
1.21215 108.040 10
2411239 - 189.70890
1.18471 108, 64640
0.59574 SS.41908
0429677 2773920
0.20216 16,03831
0.52065 ’ 26, 44134
0.79798 39.44B15
1485120 - 94,27290
0, 83002 6315497
4421 TBAS 87S
5T. DEV. - POSVAR
CadB42s 33.413067
Os24481 - 34,.33882
0e92653 91.09164
127788 124,82440
1.00210 83,8795
0.51031 43.43047
0. 36101 26.71860
0.18137 13,38114
0.,250%3 13,05602
046782 21.50781
0s 67606 36.21202
T
o .

N\

.

&

84.

—10.25470

~0.20%504

NEGVAR

~1.70683
7403069
17.34792
30.83643
19.11311
J.913a0
1.82479
075736
-4.98458
=13.7458¢6
~9.752186
~T+21504

NEGVAR

~0+93867
700349
J1.87248
2%.55807
12.T9422
ts8DA8T
2-64208

1.28401

=1.04817
~8.19738
~T+79640
=13.10300

NEGVAR

7.90046
1€.99007
29422110
£2,3%26%
31.61186

¢ 16.68217

B.31172
2.89311
-7.93327
-12.43953
-0.09009
. 9.1840%

NEGVAR

1.92605
1B.daa]2
084496
41273145
18.71924
1024792

3.24031

1.34787

~Je23A72
~D.852%1
=7.74T70



L Rt e e s

12

* MONTH

MO INCNR LN

STATICN

MONTH

e

RN=O O NOUNe W~

——

STATM

STATIUN

HMONTH

MmO ORNOALSLIN-

-

STATION

S

MONTH

OO NGRS LN

EE).

0.84000

MEAN

Q.87033
127600
2.20299
3. 325686
2.05460
1.0%023
0.%2347
0.28300
Ds.144C0
Cal13700
0.60100
1.1270¢

MEAN

0.71000
0246606
2.34399
2.09433
1.214066
D.23933
C.130600
0168323
0+05400
«a0B3I3
016200
0.£3633

P
YuEan

091433
131899
T, 33460
3.73299
2.24%323
1,12333
0+56767
Ce29367
0.16a67
0.3%533
084400
1.29566

- ME AN

0.A0760

0.61733

0ROKNO

HARROW

AROCKVILLE

ARUCEFIELD

Qe 72777

0. 80198

5T« DEV.

0.62582
0.37528
Q. 91341
1.02001
0.64407
0433762
0.19956
0.100t4
0.08900
0.24206
081094
0.93a76

5T DEV.

0.50120
Cas3T7041

C.26168

5Te DEVe

C.ATADA
0.30263
O.8422%
1a17145
0. 73282
0.36878
0« 185301
0a 31059
0.15873
0.40381
c.82070

AX,997 20

4350 ATBY AAS
POSV AR

Jb.03213
Aled458D
102.32160
127.05020
Ba.Y0400
Ad,l3943
22,0981y
11-.068906u

G.23701
14, 73260
39.78876
STe2V982

6202 B254 626
POSVAR

. 38. 380648
' 42.78131
8923830

Ad. 35820

Sl.79228

2721570

LN 1502252

A6 59F0L
44 3% T7S42 300
POSVAR

35.51891
. 8%.54520
12196344
143, 76450
90412535

29.2785%

S1+29834

60.92487
[+

4333 8133 850
FaSVAR

AT.95993
39.55300J3

63.66429
32,10643
1609045
1607639
Ba45427
1833995
a2. 36484

85.

=~ 2432547

NEGVAR

756034
23374066
44,13437
42«39114
19.57359
Ge21721
4,605%65
2.27078
0.32017
-6.,80707
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