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THE ACCURAcY OF PRECIPITATION MEASUREMENTS 

by 

J. P. Bruce and. .r. G. Potter 

In the world of 20th century technology) the demand for meteorological 
and climatological inf'ormation has b een steadily growing. Many" highly usef'ul 
developments in forecasting techniques) and applied meteorology,hav8 evolved 
as a resul~ of these demands. However, ane item in the meteorologist's 
portfolIo or valuab le data has received surprisingly little critical 
attention from meteorologists themselves . This item i8 t he accuracy and 
representativeness of precipitation measurements. 

It la perhaps natural that we have often taken measurements of ra1n.fall 
and snowfall largely for granted, for the measurement of precipitation baa a 
long and honourable history ae a scientific activity of' man. The earliest 
reference (1) we have to the actual USB of a rain gauge 1a found among the 
instructions to a. government chamberlain in charge of a grain store in India 
about 300 B.C. It was required that: "In (front of') the store house a bowl 
with its mouth as wide as an IAratn1~ (18 inches) shall be set up as a rain 
gauge. According as the rainfall 1s more or leas, the superintendent shall 
sow tha seede whieh reCl.ulre either luore or las8 water" . You will note that this 
implies tbat records were kept. 

For as long as men have been concerned with the measurement or 
precipl tation, they ha"Vs also tried to evaluate the accuracy and 
representativeness of' their measurements., Maoyof the findings of' investigators 
of the 18th and 19tb centuri es are of value to- day. A precedent for tbe 
historical approach was set by S1IDona (2) over 90 years ago when he stated, 
in referring to early rainfall records : " I think them far more reliable than 
modern ones; ror in the 17th and early :part of the 18th century to measure 
the .fall of' rain was esteemed e. serious undertaking only to be accomplished 
by first-class ~n. The repeated reference to the beight of their gauges, 
their diameter ... and the details frequently given, combine to render it certain 
that they took e very reaBonaole precaution to secure accuracy. " 

Modern knowledge of the factors whleb affect the e1".ficiency of the 
caLch of a. rain gauge began when Reberd.en (3) :first mentioned in 1769 the 
-variation of rainfall with height. It was then postulated that electr icity 
was involved in this phenomenon. Bache (4) in 1848, noted the effect of e ddy 
winds upon the catch wben ~uges were exposed around a tower. Jevona (5) in 
1861, 'published a paper entitled: "On the deficiency of' rain in an elevated 

Mr. Bruce J a specialiat Ul Hydrometeorology, 18 seconded from 
the MeteorologIcal Branch to the Ccnservation Branch of the OnLario Department 
of Planning and Development . MI'. Potter is in char ge of the Baaic Doouments 
Section of the Cl1lllatological Division in the Meteorological Branch, Toronto, Ont. 
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rain gauge, as caused by the wind". In essence, tbe effect 1s that the 
accumulation of' precipitation on the ground exceeds what entera t he ga~J 
because the gauge obstructs the air movement, and the vertical component of the 
air trajectory immediately above the saugp may be large with respect to the 
sett l ing speed of' the rain drops or anow particles, and thus prevent aome of 
the preCipitation from entering the or ifice. In addi tion turbulent eddies 
induced by the wind in t he gauge mouth may r educe the catch, and the 
increased horizontal willd speed over the orifice may result in t he transport 
of small droplets acrOBS the opening which WOuld, in undisturbed air flow, 
fall into the gauge. 

After JevonB, various 8xperimenta were immediately begun to examine 
the e'ff'ect of the vind by changing t.he size and shape of' the ortlieB and the 
exposure at different helgbts abo¥e the ground . By 1870 Symons (6) r eached 
the conclusion that t be dJameter 01' the gauge ia irrelevant over 3 inches and 
in 1881 (7) presented data to illustrate bow the height of the orifice 
affected the efficiency of the gauge (l'al)le I ) . 

TABLE I 

VARIATION OF CATCH WJ.TH lIEIGllT (SYMONS, 1870) 

Inches Feet 
Height above 

Ground 
2 4 6 8 1 1.5 2 ·5 5 20 

Catch as ~ 
of that 

at 1 r oot 105 103 102 101 100 99·2 97 .7 95.0 90 .0 

According t o these results , there ia enongh turbulence around the 
or1:fica of a sause at 1 foot t,o maka our sample accurate only to wlhin 
appro:dllla,tely 5 per cent or t,he actual rainfall "['saching the ground . If the 
gauge if:! raised higherJ the accuracy of the sample decreases. 

Many of the r enults of t.heBe 19th cent.uryand other, later, 
invest. igatlona are dlacU61md if! Kurtyka I a r eport (8). Be has sUIIIUl!I.t'lzed the 

I 



3 

nature and approx1ma.te magnitude of various loca~ sources of error that 
have been i nvestigated, in tbe followIng tabl e . 

i 

TAllLE II 

APPROXIMATE ERRORS IN 
PRECIPITATION MEASOREMENTS (KlJRTYKA 1953) 

'% Error 

Evaporat1.on - 1.0 

Adhesion -0 .5 

Col or -0 . 5 

Inclination 

Splash 

Total 

Exposure 

-0 .5 (approx . 1,% 
per degree 
of" tilt of 
orifice) 

-<>1.0 

-1.5 

- 5.0 to -Eo.o 

It ['.ppeara then that the likely err ore are nearly all negative 
and thus the e ffect on precipitation t.otals la cumulative rather than 
compensating. It ia also evident. that exposure la by rar the moat 
significant factor. 

Since the exposure problem la entirely a matter of wind effects 
on the gauge catch, many studies have been done on catch deficiencies at 
various wind speeds .. A summary of the results of many of these experiments 
has been given in graphical form by Wilson (9) and la reproduced as Fig. I. 
Ris figures apply to the U.S. Weather Bureau standard sause} and he was not 
certain in each case of the anemometer heights from which the wind data were 
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obtained. However it 1s clear from the graph that the: effect of' wind on 
the catch of an unshielded gauge is likely very important in raln

J 
and 

nearly disastrous in anow . 

It will be noted that the term I'local sources of arror" is 
used above. In a discussion of the accuracy and representativeness of 
}Jrecipitatlon measurements, Bome consideration IDUSt be given to "non
local errors", that i8, the effect of the areal variability of 
precipitation on the reliability of our samples . Middleton and SpilhaUB 
(10) have vividly illustrated the fact that by meane of rain gauges we 
are able to sample only an extremely small proportion of the precipitation 
that reachea the ground . They note that if a ~~ network density of one 
S" - diameter gauge for each 10 s q . miles existed in a particular area (such 
a network density is very rare in North America), then one sauge orifice's 
area .. 1s only one-eight- hundred-mi11ionth of that of the region which it 1s 
taken to represent". 

Th1s is not quite as bad as it sounds, however, as there is a 
fair degree of uniformity of rainfall ove~ an area even in indiVidual 
general storms. In the case of isolated showers, there may, of course, 
be esrious srrore in areal rainfall est1ma.tsEl due to boo ina.dequate size 
of our sample . Over a period of time though, the i:1dividua,l storm errors 
will tend to b e compensating, providing local orographic e£fects are not 
significant . As local error sources tend to be cumu..l.B.tive} rather tba.n 
compensating, Middleton and Spilhaue aum up the matter, f'It therefore 
bebooV9S us to make our sample . .. as accurate as we can, and in particular 
to keep it free from local sources of error" . 

Before we turn to suggest1o,ns for minimizing local errars, it 
would be instructive to consider Bome of the present UBeB of preCipitation 
figures} and the potential economic value of more reliable data . 

Much of the impetus In. recent yaars far tn7estigatlona and 
critical appraisal of procipit.atiot.l meaSUTament,s baa ComB fram bydrologists 
and hydrameteorologlats who are , of course, primary COnBum9ra of 
preCipitatIon data. The hydrological problema in which questions of 
accuracy of rain and snow obBc~r.:ona ariae include storm stud ies fo,t'" 
e stablishing design criteria for river and local drainage structureaJ annual 
and seasonal water budget inveatlgat :! ons , and streamflow f'Qrecasting .from 
weather observations . 

When dealing .... itb the .... at.e1' supply and f'lood problema of a 
moderate size drainage b!:l.sin, the volumee of water inTolyed are enormous . 
For example, suppose gauges indicatea.n a.-:erage atonn rainfall of' 2" over 
the Up1J8r Thames River Watershed in south-west,ern Ontario. Let UB assume 
that the average error of measurement due to various ractors ia 5i (a 
conservative figure) .. This .10 inch e~-ror over the 1, 325 sq . mi . watershed 
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represents the astounding volume of 2.3 billion gallons of' water. 'l'hie 
amount of water would supply tbe population of the City of London for at 
leaet 6 monthe. 

The importance of accurate precipitat10n measurementa in water 
supply planning is thua readily apparent. In flood Situations) the 
possible errore in rainfal l -measurement may make the difference between 
a seriouB flood or Juat high river levels. In designing dame, bridges 
and other river structures, accurate rainfall records at times of bistoric 
severe floods, are essential t o make Judic ious decisions on the river 
flowB the structures should be designed to accommodate . 

The lmportance -to the hydrologis t of reliable snow water content 
observations ie difficult to over -rats, in this country . Such organizations 
a6 the Ontario Hydro-ElectrIc Power Commission, Shawin1gan Pulp and Paper Co.) 
and the Ontario Department of PJann1ng and Development spend considerable 
sums of money each year t o obtain measurements o~ the water equivalent of 
t -he Bnow accumulated on the grouru] before spring break-up in order to 
forecast :flood flowa and water supply volUmes . 

In land use planning1 persistent errors in seasonal precipitation 
totals may lead to false ideas. about the capability, or lack of it, of a 
given area t o support a particular crop. 

In attempting to assess the water balance of barren areas such 
as tbe Arc t1c, a cr itical a ppraisal of precipitation da-ca bas led to mucb 
concern. For example, Black (9) has suggested that the precipitation at 
Barrow, A.laekamay be "two to four times as great as r ecor ded" . 

In "planning city sewer systems, and highway and airport drainage, 
accurate and reliable rainfall intensity data are a prerequisite to 
economical design. 

TIle list could go on for several pages, and a much more complete 
account of the engineering use of rainfall data haa been given by Jene (11) . 
However, the examplee do serve to indicate the great economic importance o~ 
precipitation meaSltrementa which accurately indicate actual quantities of 
vater reacbing the ground . 

Two spec1:fic examples of the hydrometeorological problems which 
depend upon reliable and accurate precipitation metbods ltJliy be in order. 

Some doubts bave arisen recently regarding the catch reliability 
of the Malton gause 10 connection w1t.h flood forecasting in tbe Toronto a.rea. 
The Malton observations are relied on no::;ta,vUy by t.he flood warning 
organization of the Metropolitan To:ronto ::.re::., as it is a 24.-hour s·tation with 
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paid staff' in continual attendance. Thus any possible local inaccuracy- in 
the Malton catch may have serious consequences, 

In a preliminary investIgation of this matter} leohyetal mapa 
were drawn for 15 storm occurencea 1n the Toronto area" using data from 
all climatological stations but Malton. The rainfall that ;,.rould have been 
expected at Malton Judging from the observations at surrounding stations 
waa estimated .for each storm .from the ieohyetal map . These figures were 
compared with observed Malton rainfall data . The precipitation that would 
have been expected at Malton f'rom observations at surrounding stations 
exceeded the observed by an average of l~. To eee if auch an effect was 
observable in yearly rainfall totals} those for Malton and the three 
nearest surrounding stations" Brampton, Woodbridge and Islington, vere 
compared . For the 5 years 1951 to 1955 Malton rainfall averaged 25.SO" 
and the mean of' tbe other 3 atations averaged 28 .07" , 8.4~ greater than the 
Malton :figure . Malton averaged lesa thaD. each of the 3 for the .5 years . 
Although tbe above figures are not conclusive, they tend to indicate that 
eome agency ie at work r educing the catcb of the Malton gauge. It may be 
orography, or a rain shadow effect due to a building, but the most likely 
culprit i8 the effect of exposure. It has been suggested that the Malton 
sa'08enay be subject to high winds due to a furmelling effect particularly 
in south-easterly CirculatiOns, and .... ha.t is more alarming, is that :from 
our information, it 88emB like~y that the Malton gauge is more sheltered 
tban most of thoss at a.irport sitee. 

It is sU.6pected from streamflow observations in the Toronto area, 
that the precipitation figures reported- at t he t ime o:f storm "Hazel", may 
be as much as l~ too low, due to tbe strong winds Which accompanied the 
rainf'al1. Yet "Hazel", as observed, is being adopted more and more . 
f requently in Bouthern Ontario as a "design storm" for costly hydraulic 
8 tructures . 

In summary, the hydrologist, hydrometeorologiat and IIlB.D.Y othe,r 
conaumers of preCipitation data place great emphasis on the need ror 
representativeness and accuracy, a6 they are interested in quantitati ve 
.figures accurate in an absolute rather than in a comparative senee . The 
nature of Bome or their requirements are as follOW's ; 

(1) a greater ratngauge network density and the una of weather radar 
bo ensure accurate estimates of volumee of rainwater reaching the ground~ 

(2) more rainfall intensity measurements , particularly during winter 
when heavy rainfalls often produce floods, and moat tipping- b ucket gauges 
are not in use 1 

(3) closer attention paid to the siting and possible shielding of' 
gauges to reduce tbe effect of exposure on gauge catch, as well as a 
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greater kno ..... ledge of the catch efficiency of the M.S.C . standard gauge 
at mrloUB \llDd speeds and In different exposures, 

(~) measurements of the ..... ater content of newly fallen snow} and 
of' tho SDOW accumulated on the ground. 

Some of these requirements can be met, in areas of hydrologic 
concern, by establishment of aux11tary networks. For example the 
Conservation Branch of the Ontario Department of Plannlng and 
Development baa 10atalled some 40 plasti c wedge-shaped ga~e to obtain 
specwl readings during s torm and flood periods for flood forecasting. 
These are cheap, very eaey to read and accurate. Huff" (12) has tested 
them against O.S. Weatber Bureau standard gauges with very satisfactory 
resulto, and preliminary reS-u.lt,B of teet log against M.B. C. standard 
gaugee are 'Yery encouraging . 

This agency has also bad established a number of recording 
precipitation gauges TheBe are of the weighing ~ype andthua are year
round inetruments which, while not quite as oensit1ve 8S the tipping- bucket 
gauge, are capable of .meeaurlng winter rainfall intenSities, and snOW" 
water content, as the preci pitation occurs . Tbeyare equipped with 
Alter ..... ind shlelda to eDBure as re11abl.e aa possible catches of anrn.' 
and rain. 

However, a numb6r of these requirements must be met by the 
Meteorological Serv.1ce as standard procedures and instrumentation are 
affected. To indjcate how the necessary changes m1ght be introduced we 
should examine more ca~efully the question of the accuracy of our present 
observing methode . 

Apparently our present gauge was not alW'aye used 1n Canada . 
In a publication (13) of monthly rajnfa11 for Toronto for 1840- 41- 42 the 
follOWing footnote appears : liThe receitd.ng surface of the anemometer 
rain gauge was 9 feet above the gr"oundh

• We have not been able to 
discover to whom the considerable cred.1t for dssi6'ning and adopting the 
present gauge should be given. I ts adopt1on must have been almost 
concurrent with the work of Symons and 1t Look advantage or all t he 
lmowlodgB a.va.ilable at. that time . The t'ollov1ns table (III) indicates 
that the effect of' 'Wind on the catcb of ehe Canadian gauge ~ w-ttb He lot;; 
exposure height, should be a6 small or smaller than On any other standard 
gauge presently in uae . The work of Den1eon (14) 10 testing t.he M.B.C. 
gauge against the U.S. Weather Bureau gauge wou.ld t.end to bear this out. 
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TABLE III 

C(J.lPARISON OF Ilfi'llRIIATIONAL STANDARD GAUGES 

I Country I Type Gauge Diameter Height of Orifice • 
• (Inche.) (Inch •• ) 

I • 
, 

Canada M.S .C. 3.57 12 I 

England M.a. pattern 8 12 I 
I 

England Snowdon 5 12 I 
I 

Australia 8- inch type 8 12 I 

France Tonnelot 8.88 28.3 

Austria Kostll vy 9.93 30 .3 

United states U.S. Weather 8 31 ~ 
Bureau 
Standard 

Franc. Scientific 8.88 39 ,4 
Association 

China Board 7·91 39.4 

South Africa 5- inch type 5 48 

Bolland DeBilt 8.88 59.1 

Germany Hellmann 6.28 59.1 

SWeden Swedish 14,06 59.1 

Russia Russian 9·93 78 .8 

The question arises concerning ~hy other standard saU~8 differ 
eo radically that they appear to neglect the effect of t he wind. The 
answer likely 1.18e in the custom. of measuring only rain 1n the gauge in 
Canada, while moat other gauges are preclplt~tlon ga~8, for measuring 
both snow and rain . 
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Instructions concerning the s1tlIl8 of' the Canadian gauge and the 
methods of measuring precipitation as described by Klngston (~5) in~878 
are almost identical "to those curre,ntl,y in use. 

Smee 1878 we have extended our network of rain gauges 'throughout 
the prairies and northward into the Arctic. Our primary network more r ecently 
bas Been many movee from t own ~o airport locations . In 1878 the chief problem 
in exposure at any observatory or schoolyard would be to keep the gauge away 
.:from buildings or trees . Kings ton likely had this in mfud in hie instructions 
f'or a "\oIe 11 exposed" gauge and "'6 apparently continued to won-y about this 
problem without considering the problem of over-exposure. The effect of the 
wind on our gauge 1n a naturally sheltered yard in 1878 would not be 
comparable t o that on the eame gauge today a t an open airport aite 
surrounded by tarmac a.t:ld possibly mounted on 8. poat or the stevenson screen) 
for a Yariety o~ plaua lhle reasons The '\tdnd speed at t.he gauge or i1'icB) even 
at 1 foot, under these circumstances is likely sufficient to make t he catch 
de f iciency in our sample as great or greater than that suggested in Table 1 . 

Gauges should then be exposed at sitee with sowe natural shelter 
whenever possible. When none is available " artificial shelter ing is 
necessary . Methods employed to overcome this difficltlty are of two min 
types. First, since we are trying t o catch a sample of the rain at the 
ground} why not dig a pit for the gauge and have tbe orUice at gro1U1d level? 
The pit must be large enough to get away from splashing into tbe gauge. Then , 
there a r e difficultiee with drainage and the filling of the pit witb snow. A 
mode l suggested by Koschmeider (16) uses a brush mat and honeycombed grid to 
cover the pit . This cuts down turbulence in the pit and makes it possible 
for the observer GO get to the ~uge easily. An English modification (17), 
to get away from tbe drainage problem) is to place the gauge on the ground 
and build a circular turf ..... all. around the gauge . This wal l should be as high 
as the orifice, 5 feet in diameter} '!11th the Quter elope oeing 150

, and 
having a turf cover to prevent splashing • 

.In countries where- anow as we.ll as rain j a measured in the gauge, 
shielding of gauges Ie usual ly acoomplished by Barne modi~jcation of the 
inverted cone shield .. originally invellt.cd by Nipher (18) in 1878 or by an 
Alter s hiel d (19). Air below the l ovel of the gauge orifice is deflected 
downward by the shield and the flO'., eCl'oaa the gauge mouth left relatively 
undisturbed. The present Canadian snow gauge (20) undergoing ~ield t.r ial, 
has a modified Nlpber shield and might be used a l so to measure rain. 
Bef'or e adopting it for this purpose it DLay Deed the further modii'ica:tlon of 
a fine wire mesh above the r~n of the shield to bre~~ up those drops which 
might cause splashing into the lnner container, 

To n~ke the best use of all the above eX]ertmental data, ~he 

following suggestiona to i~roV6 rainfall measurements should be 
considered. 1fhere ther e 19 some natural shielding t he gauges should all 
be exposed at the prescribed height. Excep~lonB should not be tolerated. 
There may be as many as 5O~ of M.S .C. gaugee which are exposed now at 



10 

he1ghts greater than 1 foot. If an over-exposed site must be used, and this 
applies to a maJority 01' sitee at airports in the prairies and in the Arctic, 
consideration should be giYsn to adopting BODle l.l1ethod. of artif'icial shielding. 
In addition, field testing of the quantitative effect of winds of variouB 
speeds on the catch of the unshielded M.S .C. standard E?11ugs, should be 
encouraged. 

In consider ing the data required on that part of our precipitation 
which falls as anow, there are really -two measurements we must make, the 
depth of tbe freshly fallen an~ in inchss,and its water equivalent. Only 
3 countries are presently kee~1ng recorda of the depth of the freshly fallen 
enO'lo' in inches, Canada, U.S.A. and West CerIl!a.uy (sInce 1945). 'rhe 
instrument put in the observers t hands to carry out thia observation Ie 
perhaps the simplest of all - a ruler~ 

The difficulties under which this observation of the depth must 
be carried out to give us xeliable data are seemingly insurmountable. 
They begin when the euOW' is not uniformly distrib uted unless it- falle :in 
calm conditione . The depth of snOW' alao changes rapidly with time due to 
melting or to the breakdown of the cryotal etructure due to wind action) 
gravity) etc . Thus t"f!"O sets of equally conscientl ou.e ooaBl"vatlana made a'C 
the eame eits J one at six hourly intervale and one at 24 hourly intervals 
will yield qulte different. data. An ideal site for l1lB.king such observations 
would be a email clearing in a forest at' orcbard. Since observers cannot 
all be re-located at these ideal sites

l 
the ~ollQw1ng aide should be made 

ava1lable to them for measuring snow depth: 1. A sheet of pl.YWood covered 
wlthwblte flanoel to give an even referencB surface for measuring and to 
reduce melting which OC C1.tra on the ground at temperatures near 32F . 2 . At 
primary atat.:1on.a where the site is over-exposed) a Ni:pher shielded snow 
gauge wi'th a container designed in such a way that the observer can 
measure the depth of' the acclDIlulated anow in the container. In these ways 
tbe publlc requirement for reasonably accurate snow depth measurements could 
be provIded. However1 f or most scientific and engineering purposes che 
emphasis should be shifted to direct meaauremento of the snow's vater 
equivalent. 

The Canadian method of' using the factor 0 .1 to convert the de'pth 
of snow in inches to 1ts water equivalent Is Imiqua . Errore in the 
result ing data are due to the difficulties we have already enumerated ~or 
measuring the depth in inches , as well as the error in the fact that 0 .1 
is an unreliable .factor ror all parts of C8.DB.da 1 and for 1Ddiyidual snowstorms . 
Currie (21) swggests that an average ratiO of 0.083 would be more accurate for 
the enowfall at Saskatoon, while indications are that a greater error occurs in 
the data from tbe Arctic. In one snow storm in southern Ontario on AP1~.il 51 
1957, r e liable measurements indicated that the wet anow had a water 
equivalent of 0.14 and for indiv idual atorma during two winter months at Ottawa 
it varied from 0.02 to 0 .13. Thus the use of the factor 0.1 results in an error 
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of' approx.ima.tely 20% in 601116 monthly and aeasona1 precipitation amounts and 
even great.er errore in 6at1matlng the water production of iDdividual storm.a. 
In the dry areas of' the Prairje where moisture 1a crUlca.l and our data are 
81tbJected to exhaustive statistical B~~le8, the error introdQced in the 
~otal annual precl~icatlan Yould be approximately 6~ baaed on the ratio 
SU888sted by Currie . 

The only reference Lo be found for adopting our present metbod i s 
described by Kingston (15): "A long aeries of e~perirnent8 made under the 
former director of the Toronto Observat.ory ( General Lefroy), led to the 
conclusion that t.e!l in.ehes of snow Is e quivalent on the average to one inch of 
water . It is not ~~finmed that this holds true in every caee, as the snow 
varies in density," In the next paragraph Kingston gives a second method of' 
ascertaining the water e qu.ilralent by meana of a "enow gauge" which was really 
a aam:pl1ng tube 12 inches long \(lth crose section e qual in area to bhe mouth 
of the rain gauge. After a sample waD obtained it. was melted and measured 
as rain 

The Meteorological Branch has a shielded anow gauge whose efficiency 
was studied in wind tunnel tel.'!ta and which has under gone a .lengthy field t.rial . 
The latter baa indicat.ed that. it should be mounted OD an adjust able stand. 
Great cal'S nGed aloo be taken in choosing a sHe to be f.ree f'ram extreme 
d:rif'ting aa Bome have been cOYered with d:r:1..fte and othera f'illed by suow 
-blowers . IS tbis gauge were issued to all first order stations to measure 
(-,he wate r equ.1vale:uJ of" snow di~ctll, it ",auld alao be necessary to adopt 
a comparable method Tor the 1400 othar stations ~1ed by climatological 
observers to retuin consistency. It may be financially and physically 
impoaelbla to install a gauge for each of tb6sa. A suitable alternative in 
~..he f orm of a simple sampl1ng tube by:means of which a sample, or swnples, 
represent.ative of the enovfall could be ll.fted, and tbe water equivalent 
tlet.erm.ined by melting or .... elghing, sllould be developed and s upplied to all 
observers . This alLernate method, with a conacisnt10ua observer, could give 
the more accuratereault.s . Huddleston (22) after 7 years experiments in 
England noted that : "m euw, eyery kbd of' rain gauge, wbet.ber it be baro 01-

sheltered by artificial .mearlB, becamBs u~terly unreliable. - The only- sound 
procedure - - - ia to take a l~heege ' cf t.he 800W' o£r the grOlUld at same place 
vrun' e it fleerua to be of' average depth and melt it at your leisure. II Efficiency 
of shielded gauges in ::mo .... 1s usually claimed to be aboul:. 9~ with Winds of' 
8- 15 mph but decreases rapidly with increasing wind speed. HoweVfrr, 
efficiencies of unshielded gauges in C!atcb1og snow a t wind speeds or 8-15 mph 
but decreases rapjdly with increaa.1ng wind speed . However, effIciencies of' 
unshielded gauges lIT catch1ng Bnow at wind speeds of 8-15 mph are about ~ 
(Bee Fig .I) . Thua

l 
even at. stations equipped 'Wi th shielded snow gauges ) it 

would be desirable to u.ee the eam-plLng method as a check R8'l-inst the gaugG 
observation • 

ilt conclusion} t he t/,ot.eorolog1.ca 1 Se.rnoe of Canada haa apparent ly 
made '10 ~hange :!n the offioial methoilA of mea~ur1ng precipitat lon sjnce 1878 
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The application of pr8clpltatio~ data to hydrologic, agrioultural, buIlding 
design and ather problema Is placing an increasingly great economic value on 
accurate precipitation data. ThOBe 'Who must lMke engineering and agricultural 
decisions baaed on this data should be made 'aware of ita limitationa. In 
considering possible improvements of standard maaeurem'ent methods , adoption 
of the outlined suggestions would take advantage of the investigations which 
have been carried on during the last 80 years J and would a1eo change 
observing practices to conform with those recommended by the World 
Meteorological Organization (23) . 



(1) Kautilya uArthaaaatra" 
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A PRELIMINARY INVESTIGATION 
=0 BREAK- UP AND FREEZE-UP CONDITIONS IN CANJIIlA* 

by 
F. E. Burbidge and J. R. Lauder 

ABSTRACT 

Information on the ice conditione on rivers and. laJees in Canada 
1s tabulated . Mapa are drawn showing Lhe average dates of break- up and ~reeze
up. A study of the meteorological condltJoDa prior to break-up and freeze-up 
ie made to determine the critical number of days of' thawing and freezing that 
are required to produce these changee . It is hoped that a more detailed study 
can be made when new information and more years of r~cordB of the ice condi
t ions have been obtained. 

1. INTRODUCTI ON 

1 .1 The dates of break- up and freeze-up of the inland and coastal 
vaters of Canada are of vital concern to certain transportation inter ests. 
River navigation haa been used since the days of the early explorers, and in 
later years the frozen rivers and lakes were used as bridges by many types o~ 
land traffic. More recently, the most.. popluar method of transportation in the 
North has been the light aircraft, which uses floats for summer operations and 
skis during the winter. Thus a considerable amount of information haa already 
been gathered on this topic, and the purpose of thia study is to collect all 
the available data, and) at the same time, determine if' any method can be 
derived whereby forecasts of the date of occurrence of the seasonal changes 
can be made. 

1 .2 It bas been very difficult to arrive at any universal definitions 
of the terms "Break- up" and "Fr eez.e -up" . In most caaes "Break_up" ie con
sidered to be the date when the ice movee In a river) or clears from the shores 
of a lake) and this wae the definition aocepted and applied herein. "Freeze
up" can be defined as the date when ice fOrIDS and begins to grow, but may some
times be l1sted as the time when sktm lee or slusb ice f i rst forms. In the 
opposite extreme, soma observers do not believe that the "Freeze- up" is 

Mr. Burbidge ia on the forecastIng staff at the Edmonton District Forecast 
Office . Mr. Lauder is in charge of the Meteorological Office at the Namao 
RCAF Station near Edmonton, Alta ~ 

*Reprinted by permission of the Director of the Meteorological Branch, 
Department of Transport from CIR- 2939, 'rEC .-252, 2 July, 1957. 
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official until the ice Is thick enough to walk on with safety. 
all three definitions of "Freeze _upfl are considered, but in the 
maps, the date of first lce formation has been used. 

In this study 
preparation of 

1.3 As several excellent reports have been published by the U.S. Navy 
Hydrographic Office on the formation and growth of Bea and fresh Ice, (1), ( 2), 
(3), this topic has not been considered . Datee of the opening and closing of 
certain Arctic seaports have been included to make the survey complete, but n.o 
attempt has been made to evaluate ice conditione in the larger bodies of salt 
water which surround the islands of the Arctic archipelago. 

Repor ts by C. N. Forward on ice condItione in the Gulf of St . 
IAwrencs and along the Hudson Bay Rout s bave appeared in the Geographical Bul
letin (4), (5). 

~.4 No attempt was made to inolude a survey of ice on the Great Lakas , 
as a report by W. W. Oak (6) already covers this Bubject. 

2. DATA AVA.IIAB~ 

2.1 The largest source of current information wae the "Directory of 
Hinterland Aerodromes" (7) first published by the RCAF in 1949, and amended 
yearly thereafter . This gives "average" dates of freeze-up and break-up for a 
great mnnber of Canadian statioDs. The information was originally obtained in 
a survey, made in 1946- 47 , of all pointe in Canada where ice or water aircraft 
landings were made. Unfortunately, in 80me caBBe the information was either 
vague or was based on only one or t wo yeare of record. Thus it cannot be 
classed ae reliable. A second Bource was an unpublished paper by W. T . R. 
Allen, "tntea of :Break- up and Freeze-up of Rivera and I..a.k:ss in Canada" (8) 
which contains data for a limited number of stations for the period 1950 to 
1954. Wb11e this information is reliable, it ia in many cases not given for 
the full five - year period, and in several instances covers only one or two 
years. 

2 .2 While these two sources have supplied the bulk of the data used, 
a good deal of informatiou on various pOints was obtained from other sources. 
Notably, the Northern Transportation Company supplied valuable data on the 
Mackenzie River watershed, and Canadian Pacific Airlines gave some exact infor
mation on the lakes in Northern Alberta and the N,W.T. 

2.3 In all, 1nf'ormation from SODle 360 stations bae been tabulated and 
used in the preparation of the mapa shown as Figures 2 and 5. Of the r ecords 
on file, only a very small percentage can be considered to be highly reliable, 
with the information covering periods of 10 to 40 years. The great majority 
of the data was rated 8S fair, where 3 to 9 years of records were available. 
Appro~1mately lO~ of the data waa rated as poor, because the coverage might 
be only for a single year, or the data could not be checked. 
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THE JlREAK- UP 

3·1 Process of Break- up in lakes 

3 .1.1 Melting of Lake Ice 

Lakes are very slow in clearing of ice since moat of the i ce must 
be cleared by the gradual process of melting. With the exception of a few 
lakes that happen to have a wide river down which the ice can be disgorged, 
the thawing temperatures in tbe Spring D1USt overcome the latent beat of fusion 
of ice . The melting of snow on the shores and run-off from the surrounding 
land usually creates a narrow shore break although in some caSBS there is 
considerable flooding of water over the top of the lake ice. This ahore break 
usually occurs at the sams time a6 the rivers break up. 

As the melting of the snow and ice proceeds the lake ice becomes 
covered with slush and water from the melting snow chich haa covered the ice 
during the winter. The lake ice becomes candled and porous, loses its tensIle 
strength and is easily shattered into fragments and finally 18 dis8olved . 

3 ·l.2 Effects of winds 

Once the lake lce is floating free of the shore, the wind becomes 
important in driving the ice away from one ahore and packing it against the 
oppOsite shore . Once the ice bas became candled, a strong wind hastens the 
clearing of the ice by crushing ib. However i n doing 80 it usually piles 
rafts it on the windward ahore . 

3.1.3 Size of lakes 

The aize and depth of a lake has an important bearing on the time 
of ice break- up. The ice aD small lakes melta much Booner than on large deep 
lakes. The flood of slightly warmer run- off water from surrounding land has a 
relatively high volume in the case of emaIl lakes and the lake water tempera
ture ia raised much more quickly. 

3 .1. 4 Effect of Snow Cover 

_A heavy anow cover on top of the lake ice delays the melting of 
the ice aince coneiderable heat is required to melt this snow . In a year of 
heavy snowfall the delay has been estimated at about two weeks . No definite 
figures are available since there are many complicating factors. 

The thickness of the ice is another important factor and this de
pends on the severity of the winter and also on the amount of snow aod the 
time of occurrence of the snowfall; for example, a heavy snowfall, if it 
occurs right after freeze - up, will inBulate the ice and result in leas total 
thickness of the ice in the Spring. 
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A q~tltatlve graphical evaluation of the blanketing effect of 
anOW' cover haa been made by E. B. Calloway Cl). From his graph (using several 
meteorol ogical parameters IDcluding an initial ice thickness of' 6 inchee, au 
air temperature of _ 4oF~ and a wind speed of 10 miles per hour,) the follow
ing data have been computed to illustrate the insulating effect of allOV. 

To add 4 inches of ice with no Bnow cover takes approximately 2 daY" 
To add 4 i nches of ice with 4 inches of anow .cover takes approx. 8 daY" 
To add 4 inches of ice with 8 inches of snow cover takes apprOI . 14 daY" 
To add 4 inches of ice witb 12 inches of snow cover takes approx. 20 daY" 
To add 4 inchea of iCe w1th 20 inches of anow cover takes approx. 32 days 
To add 20 inches of ice witb no snow cover t akes approximate l y 18 days 
To add 

3 2 

3.2 .1 

20 inches of ice wi tb J, inches of snow cover takes approx. 48 days 

PrOCBSS of Break-up in Ri vera 

Melting of River Ice 

The break- up of ice in rivera 1s much earlier than in lakes be ~ 
cause only a portion of the ice haa to be melted. Only enough melting ia 
required to create a break in t.he ice along the shores. Then the flood of 
run- off water from the surrounding land increaSBS the water volume of the 
river, creating a l ifting force on the ice and also r esults in a greater 
BlJi:'face area, 0 0. ..... hich the i ce can .float dOloo'Ilstream. 

3.2 .2 Water Pressure 

The current in the river exerts a considerable pressure on the 
ice and helps break the ice free f rom t he land. This pressure, plus t he 
increased r iver volume, plus the mel ting of the ice, combine to break the ice 
and float it downstream. 

3 ·2.3 I ce Jwna 

Different configtwations and local factora along a river valley 
result in different places having break- up at slightly different t imes . 
Various restrictions in the course of the river result in bottlenecks which 
delay the breaking of the ice so that the r i ver ice tend_s to break up in 
sections. These bottlenecks are alsc the usual places for ice jams to form 
and they delay the clearing of the ice floes. '!'be tremendous preesure of the 
ice and water plus the flooding, usually rorcea the ice through tbe bottleneck 
within a few daye. Large chunks of ice are frequently left stranded on the 
shores but the river 1s usually clear of 1ce within one or two weeks of the 
t1roe of break-up. 

3.3 Duration of t he Break-up Period 
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3.3.1 lakes 

As would be expected, large lakes take a longer ~erlod to become 
completely ice -free than do emaIl lakes. Lake Atlln, for example, clears in 
4 to 6 days, once the ice has broken, whereas such lakes as Athabaeka, Great 
Slave and Great Bear may require six weeks before all the ice disappears, 

3.3 .2 Rivera 

Investigations were made to determine the length of time required 
for river ice t o break, once melting had begun. At Edmonton, the North 
Saskatchewan River ice requires 12 to 18 days with t he mean daily temperatures 
above freez ing before the ice moves out of the river. The Mackenzie River at 
Fort Good Hope and Aklavik seems to require about the same period of tlme, aa 
dOBS the Coppermine River at its mouth, the Klondike River at Dawson City, and 
the Bay River at its moutb. Figure 1 (a) shows a graphical comparison of the 
long- term daily mean temperatures for Edmonton with the date of break- up. 
Figure 1 (b) to (g) graphically i llustrates the temperatures at Edmonton prior 
to break- up for the years 1951 t o 1956 . The degree- days of thawing have been 
computed on these charts and· the average figure for Edmonton is 77 degree - days 
prior to break -up. 

3 ·3·3 Rivers compared to Lakes 

As indicated above, the process of break- up in a river differs 
frOOl that in a lake. Thua there is a considerable difference in time .. when 
comparison is made between rivers and lakes in the same ~ographical area . 
The variation may run a8 much as six weeks, and normally is 3 to 4 weeks . At 
Edmonton.. in 1956) the river cleared on April 14th, yet nearby lakes were not 
ice- free until May 19th . Earlier years' recorda for the Edmonton area ahow 
variations of from two weeks to a month. Data from White River, Ont..ario, 
indicate that three weeks is the normal time delay between the ice moving out 
of the river and from lakes in the viCinity . The break_up date for a river 
usually coincides with the occurrence of a break in the ice along the shore 
of a lake in tlle same area and this date haa been used as tbe time of break- up. 
The average date of the complete c learance of ice hae been recorded in the 
caee of aome of the larger lakes. 

3.4 Fresh Water Ice VB Sea Ice 

3.4 .1 There are some ten stations where tbe occurrence of break- up of 
both fresh and sea ice are reported. Nearly all these points are 10cateQ on 
the sea at the mouths of rivers .. 80 in addition to comparing fresh and salt 
water) the comparison 1s between moving fresh water and the ocean. The Bea 
ice is normally later to disintegrate

l 
being about one month later than the 

f resh water i ce; e.g.) at Fort Chimo the fresh ice disappears about June let 
while the aea ice remains until July let. At Hebron harbour the fresh ice 
goea on May 15th and the eea ice on JUne 15th. 
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3.5 Relat i onship tlith Mean Temperature 

3.5 .1 Figure 2 shows the average dates of break- up for lakea and rivers 
in Canada. To prepare this chart, dates of break-up for the 360 stations 
covered in the survey were plotted and lsopleths drawn far half-month inter
vale. It was necessary to do a considerable amount of smoothing of the 
isopletbs to obtain the results as shown. In addition, the 32 degree iso
therms ~or the spring months are drawn on the chart . These muat be consider ed 
as approximato. The April isotherm 1s taken from a lIlaP in the "Clllnatological 
Atlas of Canada" (9) but tbe othere 'Wet'8 obtained from temperature mapa pre
pa.red locally . 

3 .5.2 From the chart, it can be readily seen tba~ a direct relationship 
exists between mean temperature and date of' break- up.. I t Is difficult to de 
fine the exact period of tilne required fOl' the temperature conditione to take 
effect, and it 1s true that this period wIll vary from year to year. In 
addition, the weight whioh should be given to other factors such as anow cover, 
pressure of water in a streamJ etc ' J has yet to be calculated. However, the 
cloee relationship between iBopletba and isotherms would indJcate that the 
cont~olling feature Is the temperature . 

3.5.3 In the hope that monthly deviations from normal could be utilized, 
a study was made of ten widely scattered s tations. The date of break- up was 
compared to the mean temperature for the month prior to the occurrence, and in 
aoue cases tbe two-month period prior to break- up was investigated. The 
results indicated that the trend vas in the right directioIl, but were far from 
being conclusive; for example, at Peace River the break- up was very late when 
Apri l 's monthly mean was 13 degrees F. below normal and it was early when A~ll 
was 8 degrees above norma.l. But it \<laS "average" with April mean temperatures 
5 degrees above normalJ 4 degrees below normal, and when no difference from 
normal was noted . Fort Nelson was late with April 17 degrees below normal, 
but was even later with April 15 degrees below normal, yet was "average" when 
April and March showed 5 anQ 8 degrees resp~ctively above normal. In other 
years, the March and April temperatures were close to the normals, and the 
break- up occurred on the average date. Tbese cases would indicate that the 
monthly period is too long .for any exact. correlation to be fO\md . 

3.5 . 4 Long-teI~ records fer Edmonton (188l-1955) show that the average 
date on which the daily mean climbs above ft'ee2ing is April 2nd . The average 
date of break-up of the North Saakatchew6.11 .River at Edmonton is April 17th, 
fifteen days later. Stud1p.8 of 1ndi,idual years indicate that a consistent 
15-day period of temperatures above frsszj:ng results in break- up. Thus it 
would seem that this period of time i s the one wbich should -be considered in 
attempting to forecast the break- up . In the same mannsr, the break- up of the 
Klondike J Coppermine, Mackenzie and Ray Rivers wao checked. Rere again the 
period was found to be approxtmately two weeks, 

3·5·5 Shipman (10) investigating t.he Mississippi River at Dl.venport J 
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Iowa, considered the three -day average temperature prior to break-up. He 
found it to be 39.7 degrees . At Edmonton the mean temperature for the same 
three- day period 1s 40.1 degrees, very close to Shipman1a figure. However) 
his study considered only the temperatures for t .... o days before opening, one 
day before opening, and on the opening day, and it wau.ld appear that for 
rlvera in Canada a considerably longer period of time must be used if tempera
tures are to be r~lated to break-up . 

3.6 Rele,t1anship with Degree-Days and Freezing Indices 

3.6.1 Degree- days of melting p:rior to b.reak-up were computed for Edmon-
ton and the long-time average C8.1Il6 to 77 deges days. Comparing the degree 
days for individual years on the onarta in Figure 1 sbowe that only a fe .... 
years were close to the long- time average and that large deviations frequently 
occur. Degree-days computations should give a Detter indication of melting 
conditions than Just using the number of days of thawing; however there are 
Beveral complicating factors . Short periods of freezing and thawing are 
difficult to deal with since the ::refreezing may more than overcome the effects 
of thawing periods. In acme cases run-oi'f' 'Water flooding over the top of the 
lce I then f'reez:tng, may :increase the ice tbioknas8. The severity of the 'Winter 
and the snow depth alao complicnte the break-up . 

3 .6 .2 Free zing indices (the cumulative degree- days of below freezing 
air temperatures) are a measure of the severity of the winter season. The 
thickness of ice that grows (luring the winter Is related to the :freezing index. 
Our l ines of equal break-up were compared to the map of "Freezing Indices for 
Canada" by.E. B Wilkins and W. C . .Du.jay (11) but the cOl:Telation did not 
appear to be as good 8S with the 32~ . isotherm. 

As indicated in para . 3.1.4 above] the thickness of ice that 
develops during a winter depends not only on the severity of the winter but 
also on the snow depth and the time of ocour!~nCG of the snowfall. It Is 
quite possible to have a amall ice thickness in a a8\rerely cold winter if' a 
heavy snowfall occul"l~d right after freeze - up and insulated the ice during the 
winter . Further studies will have to be made to determine the relationships 
betveen these factors, 

4. 

4.1 

4 .1.1 

TIlE FREEZE- UP 

The Process of' F_reeze -up in lakes and Rivers 

Freezing Temperatures 

During the Fall eeason there is a gradual loas of ~he residual 
summer heat. By the time that -the mea.'l daily temperature drops below 32°F. 
most of the residual heat from shallow bodies of water haa been lost so t hat 
skim ice forms immediately. Ths:r.'s is p::llctically no lag in the formation of 
ice on very shallow lakes and sloughs and witbin a day or two they are covered 
with skim ice. 
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4 .1.2 Lose of Res idual Heat 

In the case of deeper lakes and rivera ther e 1s a considerable 
la.g in the formation of a sheet of ice. The large V'olwne of water that haa 
been heated t o great depths steadily 108e8 its residual heat but the f lux of 
heat upward prevents the formation of ice. The loss of heat finally reaches 
the point where the temperature of t he surface water drape below 32~. and 
i ce forms . 'l'he shore ice (t hat had formed earl ier) builde out and the deepest 
part of the lake Ie usually the last to fr eeze ever . Winds help in freezing 
t he vater due to the rapid r emoval of the residual beat and a1ao the increased 
evaporation from the surface . Streng winds, however, tend to break the ice 
that forms and prevent a sheet of skim i ce from f onning. 

4 .1.3 Currents 

A strong current 1n a rl'ver or lake also delays the f'o!'l)1a.tion of 
a sheet of ice. The time lag in freezing varies :from only a few days to the 
extr eme case of aome waterfalls that remain open throughout t he winter. 

4.2 Duration of the Freeze- up Period 

4 .2 .1 lakes 

As indicated a bove tne size and depth of a lake viII affect t he 
duration of the freeze-up . Bovever J when lakes are compa.::-ed wit h r ivera L't 
the Bame area it would be logiQsl to assume that t he lakes would be the first 
to freeze . The ouly station witb reliable information on t h is matter is White 
River, Ont . , and here the emaIl lakes do f reeze some three weeks prior t o the 
riVer . Aircra~t reports over large lakes like Great Bear Lake and Creat Slave 
Lake indicate aome open water is still ·~isible six weeks to two months after 
freeze _up . 

4.2 .2 Rlverfl 

The length of time from the flrat appearance of skim ice on 
l"ivera to the time of' aolid rreeze- ov-er varies from two to six weeke. Iati
wde does not S6em to have a~T marked effect on the le~h of time required . 
Edmonton shows an average of 15 days ~ram the time s kim ice is first r eported 
until the river is ice bound . Fort Nelson, Coppel"lllineJ Fort Good Hope and 
Arctic Red River all show a eimila:r period . It is of' interest to note that 
while the reporta indicate that growth of the ;lce r e q,.uires 15 days or longer, 
the actual f'orruation of tl:.e . i ce takes OIlly 1 te') 3 days ~ Figure 3 (a) shows a 
graphical representation of the long-term dai ly lliean temperatures prior to the 
1'reeze- up fo r Edmonton . Figure 3 \b) to (g) showa the daily mean temperatures 
prior to 1'reeze - up for the years 1951 to 1955 . It should be noted tha-t at 
Edmonton the skim ice :forme Just as sOon as the aaily llIean falls to 32 degrees 
F. Figures for freeze - up at Athabaska ahow t,he date when "'cros8ing on foot" 
V,"as possible J and it i tJ evident t.bat sOO!a 20 to 25 days are required with t.he 
temperatures below- t.he .f.reezms,[!o1nt. , "'before the ice is strong enough to bear 
the weight of a man . Figure 4. (a) shows the 10.ug-te:rm daily mean temperature 
prior- to freeze - up for At habaaka . Figure 4 (0) t.o (n) shOW's thE:: daily mean 
temperatures prior to freeze - up from broken recorda 1931 to 1952 . 
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4 .3 Fresh Water Ice VB Sea Ice 

4 .3 .1 As with tbe break-up, there are 80me ten canadian stations report -
ing the formation of both Bea ice and fresh water ice. The Bea ice, as would 
be expected, la the latest to form, being approximately one month later than 
th~ fresh water ice in the Bame vicinity. Eskimo Point gives t.he formation of 
fresh water ice OD September 15th, with the sea ice on October 15th . Mingan 
shows fresh water ice on November 1st, and sea ice an December lat. 

4.4 Relationship with Mean Temperature 

4.4 .1 Figure 5 shows the average dates of freeze-up for pointe in 
Canada . As with Figure 2 J ·t;hil:l was prepared fram the data for all tbe 360 
stations covered in the auxveY4 Again, the tsoplethA and isotherlllB must be 
considered as only approximats . 

4.4 .2 The relationship between isopleths and mean temperatures is not 
as evident as in the case of' break-up . Across southern Canada the pattern 1s 
quite good, but the correlation Is badly di8x~pted by Hudson Bay and the large 
lakes in northwestern Canada . Possibly another d1f:f'1culty arises from the 
fact that no firm definition of freeze- up can be used, so that the actual date 
reported wIll vary frOID. one station to the next . Further complications arise 
from the fact that the siz8 and depth of each lake viIl cause great variations 
in freeze-up time . 

4 . 4 . 3 In attempting to forecast the freeze-up, tbe first essential 
seems to be the time when the mean temperature wIll reach the freezing point. 
Following this, the temperatures for a few weeks must also be estimated, as 
20 to 30 days are required before the ice can be used as a bri dge. Fort 
Nelson £reeze- up records show that the time with mean r eadings below 32~. 
prior to freeze - up ranges fraw 5 to 24 d.aYB~ and is, on the average, 14 days. 
Watson I.a.ke shows an average of only 8 days. Thus any attempt to relate the 
freeze-up to prevailing air temperatures will involve a study of the tempera
tl~es far one to two weeks after the time the mear. drape to 32~ . 

4 .5 Relationship with Degree -Days 

4 .5.1 Degcee days of free zing can be used quite readily for tbe growth 
of ice Bince the 10SB of heat from t he vater can be handled through heat 
equations (1) . However these equations require knowledge of the temperatures 
at various depthB and such soundings a re not available at the present time, 

4 .5 .2 An attempt \(a8 -ma.de to calculate the DUlllber of' degr-ee days 
required to ensure sufficient ice bef~e It crosBiDB on foot " could be made on 
the Athabaeka River. No definite relationship could be found. This was 
:probably due to the fact that vast ly different ice thicknesses were being 
considered, pl~ other complicating ~actors euch as Bnow insulation. I t would 
appear that from the information now available 1 no .firm relationship can be 
found between freezing degree-days and freeze-up times . 



25 

NAVIGATION ON THE MACKENZIE RIVER WATER SYSTEM 

5.1 Of all the transportation operations in the North, possibly that 
moat closely related to the freeze - up and break- up is navigation on the 
Mackenzie River , ita tributaries, and the adjoining lakea. The Northern 
Transportation Company, due to greatly increased commitments, now operates 
to the absolute maximum of the shipping eeason . As Boon as the ice clears 
at Waterways, t raffic starts down the river, and in the Fall the Company.,111 
allow its boats and barges to be I'frozen in" at points down river rather than 
10s8 one final cargo. 

5 .2 Recorda on the opening of the ~hipplng season have been kept by 
the Company over a 15-year period . Dates of the last departures from variouB 
points are available for 10 years. From these it 16 possible to compute the 
average lenth of the navigation season for various points on this inland vater 
route. This information is given below: 

STATION Opening of Closmg of Average duration of 
Navigation Navigation Shipping Season 

Waterways, Alta. Apr 25 Oct 20 178 days 
Ft . Fitzgerald, Alta May 15 Oct 20 158 days 
Goldfields, Bask. June 6 Od 20 136 days 
Yellowknife, N,W .T, June 16 Oct 15 121 days 
Norman Welia, N.W.T. June 22 Oct 15 115days 
Aklavl.k J N.W.T. June 30 Oct 15 107 days 
Port Radium, N.W.T. July 17 Oct 15 90 days 

5.3 It 1s of lnterest to note that while the break- up moves progres-
sively northward and down the rjver, the freeze - up ocours more or less 
simultaneously along the river . 

6. TlMll BRI'WEEN BREAK-DP AND FREEZE- UP 

tha 

By combin1n8 the ma.pa for average break-up and average freeze - up, 
Figures 2 and 5, (using a gridding process) 8. chart was prepared shOWing the 
length of twe between these occurrences . This chart is shown as Figure 6. 
It gives an approximation of the length of the navigation season on the various 
waterways of Canada . However, it should be noted that errors due to smoothing 
or insufficient data in the original oha:d,s may be comlloWlded in this chart. 

7 . CONCLUSIONS 

7.1 Break- up anQ Froeze-up Maps 

The average dates of break- ull and freeze - up are given on the mapa 
Fig . 2 and 5 . It must be stressed tbat tbese are average dates and large 
deviations lnay be expected L. anyone year. 
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Break-up 

Temperature Extremes 

Abnormal weather during anyone year can cause a delay or advance 
in the time of break- uJ? Exceptionally warm weather in t he Spring can advance 
the time of break- up by approximately one month. Similarly an extremely long 
cold Spring can delay the break- up by about one month from the average date . 

7·2.2 Thawing Temperatures Prior to Break-up 

Once the mean daily temperature baa climbed above 32"F, , it 
usually requires l5 days or thAwiug to cause the break- up in rivera. At Emon_ 
ton 77 degree-days of thawing ara required prior to break-up. 

lake Ice 

Lakes require a much longer period to become c l ear of ice than 
rivers. The time required to melt the ice 1s directly related to the size and 
depth of' the lake. The thickness of the lake ice depends on the snowfall, the 
time of occurrence of the snowf'all , and on the severity of the winte!'. 

7.2.4 Other Factors 

Short periods of thaWing, the depth of snow and the thickness of 
the ice all complicate the length of time required in determining the break-up. 

Freeze- up 7 .3 

7·3.1 Yearly Temperature Variations 

The onset of' freezing temperatures in the Fall varies from one 
year to the next . This variation in the temperatures will cause the main 

deviation from the average time of freeze~up as shown on the maps. 

7.3.2 The Time of Freeze-up 

The date of freeze-up Is not nearly as definite as the date of 
break -up . This 1s partly due to the lack of universal definition of the 
term 'freeze - up'. In addition, the river currents and the size and depth of 
lakes are of such major importance that it is almost impossible to draw linea 
of equal ~reeze - up dates. 

7 ·3.3 Duration of Freeze-up 

Skim ice forma along 
temperature drops below 32°F. 
1s excel l ent for the formation 

the shore and. on 81111111 lakes once the mean 
Consequently a map ehowing the 32~. isotherm 
of this type of ice. For freeze - up conditions 
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of a sheet of ice thick enough to walk OD, the number of days below freez 
ing weether that are r equired varies directly with the river current and the 
size and depth of the lake , Both the 32or . isotherm and the average date 
of freeze - up are shown on the freeze-up maps , 

8. RECOMMENDATIONS FOR FURTHER STODY 

As Boon as more date are 8yailable on the dates of break- up and 
freeze- up, the mean maps will have to be reviewed and. a more complete study of 
the ice conditione can be made . A resear ch laboratory for the study of ice 
conditions and a more detailed and extensi ve ice observation program would 
greatly increase our knowledge i n this field . Theoretical f ormulae have 
already been developed (1) for the gro .... th of ice, the insulating effects of' 
anow cover, and other meteorological fact.oTs, and. t heBe should be tea t ed under 
Canadian winter conditions . 
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BREAK-UP OF THE NQRI'B. SASIrATCB:EWAN RIVER AT THE EIMONTcm PCMER .PI.Alfl' 

Mean daily temperatures f or Edmonton from March lst to date of Break-up 
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L(fiG TEEM. Mean Temperatures 1881-1955 and 
break-up dates 1883-1956. Number of 
days prior to break-up with mean temp
eratures above f'reezinB Is 15. 

From April 2nd, a total of IT degree-days 
of melting are required on the average . 

1951. March much below the normal but 
15 consecutive days with above freezing 
temperatures 1 beginning on March 23rd., 
resulted in an early break-up • 

From March 23m, 75 degree-daya of mel.tlng. 

1952. March temperatures c l ose to 
nonnal. 14- days of melting prior 
to 'break-up. 

From March 22nd, 69 positive degree-d.a.ys 
of malting, less 10 nega~lve degree-days, 
gives a net Df 59. 

Figure 1 
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1953 . V£8.rCh considerably above normal. 
Total days of melting 14. An early 
break- up following 12 conseoutive days 
with temperatures above 32 F. 

From March 26th, 38 degree-days of melting. 

1954. Earl y March above normal but late 
March and first half Apr!l muoh belOW' 
norm.9.1. 18 days of melting altogether 
before break- up _ This was the second 
13teet br eak- up on record at Eamonton. 
Latest was May 6th, 1909. 

From April 8, total of 104 positive 
degree -days, leea a total of 72 negative, 
gives a net of 32. Ice must have been 
ready to break on April 22nd., but cold 
spell caUBed 1 t to reform, 

1955. Late March temperatures below 
normal . However 14 days of me lting at end 
March and early April gave a relatively 
early break- up . 

From March 28th, post t l va tot;al 133, less 
negative of 4, gives 127 degree -days of 
meltill8. 

1956~ Early" March far below normal, as was 
the entire winter of 1955-55. Latter half 
of March above normal, combined with melting 
in early April to give a 'break-up very 0106e 
to the average date . 

From April 2nd, 69 poaitive degree-dayB, l eas 
4 negative, with net of 65 degree-days of melttns • 

" l' ,. z. •• Aplt..t l 

Figure 1 (cont 'd). 
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FREEZE-UP (FIR3T FOR>IATION OF SKlM IaE) ON NORTH SASKATCBEIIAN RIml AT EIlMONT<I'I POWER PIllNT 
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Mean dally temperatures for Edmonton frem October lat to date of skim ice formation 
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LONG TERMa Mean Temperatures 1881-1955 ann average 
date of skim ice fOl'Dlatlon 1928-1955. Thin ice 
forms as Boon aa mean daily temperature falls to 
the freezing point. The mean daily minimum 
temperature (not shown) is actually below freezing 
f:rom October 15th onward. Thus, for 21 days 
prior to skim ice formation there vill be night
time freezing. 

1951. The earliest formation of skim ice 
on record in the 24 years used . The first 
ten d.ayB of October had above normal temp
eratures, but on the 14th the mean fell 
belOW' freezing and remained 80 for most 
of the rest of the month. After four days 
of freezing temperatures, skim ice rormed~ 

1952. Temperature for October and early 
November well above normal, ana. t he sk:1m 
i ce rormatlon was a week later than the 
average. Skim ice formed vhile the daily 
mean vaa still above the f"reezing point • 
"However, the overnight minimum bad been 
below 32 degreee F. for eight days prior 
to the date of skim ice for.mation • 

Figure 3 
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1953 . The latest formation of skim ice in the 
24 years of record . October and early November 
temperatures are erratic, but much above 
normal. Again t he skim ice formed before the 
mean daily temperature dropped to 32 deg. F . 
RQ¥sver, :prior to formation ther e were two 
periods with freezlns temperatures, and the 
min1mlJlll8 bad been belOW' :freeZing for 17 daye . 
(Since Oct . 29th, except for Nov. 5th and 15th) • 

1954. Above normal in October and al1ghtlJ 
above in November 1 with the skim i c e fonaa.tion 
a week latAr than average .m The ice began to form 
form jtwt as BOon as the mean dropped to 32 deg. 
There had been eight days with mioimums bel OW' 
freezing when ice formed. 

1955. Tbia can be considered aa a "normal" 
year. October temperatures were clos8 to the 
long term averages . There were two days with 
the mean below f'reezing when the skim. ice 
formed , and there had been nine days vith 
minimums below 32 d.eg . F . since October 17th. 

Figure 3 (cont ' d) 
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FRE:EZE-UP (CROOSlNG OVER ICE MADE <II FOOT) (Jl A'IlIAllASKA RIVl<R AT TOliN OF ArnAllASKA 

Mean daily temperatures for Athabaska from October lat to time of oroaaiDg on foot 
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LrnG TEIM. Daily mean temperatures for 14 years for 
Athab9.ska from broken years of recorda 1931 to 1952. 
Average date of IIcrosslng on foot .. taken f'rcm the 
same years as are the temperatures. Twenty-five: 
days of sub-freezing temperattn"ea required 'before 
ice wl11 carry the weight of a man. If it ~ 
assumed that ak1m ice forma four d.aye after temp
erature drops below freezing, then ice growth 
requires 21 days. 

1931 An "average " year.. Twenty-three d.aye 
with temperatures below 32 deg. prior to the 
time of croeaiDg on foot. 

1932. The earliest case in 22 years where the 
crossing on foot bas been r ecorded. (Broken 
years of record since 1918). From October 9th 
onward the temperatures are below DO!"lDB.l, and 
there are a total of 17 days w1 th the mean 
daily readings below !'reeting. However, the a.a.y 
degrees of f'rost is not high, and it is 
diff'1cult to account for this unusually early 
f'reeze-uP1 eep0cie.lly if compared with the 
years 1933 and 1935. 

Figure 4 
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FREEZE-UP (CROOSING OVER ICE MADE ON Foor) ON ATHAllASKA RIVER AT TOWN OF ATJ!ABO.SKA 

Mean da.Hy temper13.turee for Atbabaska from October 1st to time of croasing on foo~ 
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1933. Abave normal tampereturee in early 
October, slightly below normal in late 
October and. early November; then slightly 
above normal ill late November. Result is 
that freeze-up about a week 14ter than the 
averfl8e. There were 37 daJB in all with 
sub-freezing temperatures prior to the date 
of first croasing on foot. 

1935. October close to n.orma.l. November 
also q\dte near to normal, with the time 
of first croasiDg near the average. There 
vere 24 days with temperatures below 32 des. 
prior to November 16th. 

1940. October temperatures above the long 
term normala. However, very cold. in the 
first part of November, with the reslllt 
that crOBslng on foot made some nine days 
before the average date. 0nlJ' 9 days with 
sub-freezing temperatures before the ice 
was strong enough to bear t he weight of a 
man. Here the day degrees would probablJ 
be cloae to the lana term average. 

Figure 4 (cont'd) 
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1944. An "average I' year, with late October 
temperatures slightly higher than normal. 
Crossing on foot IIllde following aevent·een 
consecutive days of sub~freezlng temperatures. 

1945. First twenty- one days of October 
above normal, and from then on the temperatures 
well bel ow normal . Freeze-up ten days early 
after there had been 17 days with the 
temperature belaw 32 deg . F, of which three 
days averaged belov zero. 

1946. Temperatures erratic during October 
and slightly below nonnal . Firat half of 
November above normal but very cold after 
the 15th. Crossing on f oot made on the 
"average 11 date J after a total of tventy-two 
intermittent days with the mean temperature 
32 degrees or colder. 

1947. October slightly belOW' normal and 
November very close to the normal . Result 
i s that crossing on foot made on nearly the 
average date. Twenty-four daya all told 
vith Bub- freezing temperatures prior to 
November 19th. 

Figure 4 (cont Id) 
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1949. The latest case in the 22 years of record. 
October temperatures cl ose to normal but November 
very much above normal, 80 that croBsins on foot 
not made until December 8th. By- this data what 
appears to be the average amount of day degr-esa 
91' frost have accumulated. In all there were 27 
days with aub- freezing temperatures , if those i n 
October , November and December are CODBidered. 

1950. Temperatures in October and November 
cloee to normal, with the freeze-up about 
one week early. Twenty- one daya with 
below freezing temperatures prior to t1ll1e 
of first crossing on ~oot. 

1951. Latter half of October was much 
belaw normal, with the result that the 
aecond earliest foot croBsing was 
recorded. A total of 16 days with the 
mean temperature 0010\1 32 degrees prior 
to November lat. 

1952. October and November temperatures 
are erratic but for both months are 
wal l above normal. 1~e freeze -up was 
eleven days later than the average . There 
was a total of 28 days with the temperature 
less than 32 degrees in the two months 
prior to the t ime of first crossing on ~oot. 

Figure 4 (cont 1d) 
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Figure 5 . The Average Dates of Freeze-up. 
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A NOMOGRAPHIC SOWl'ION OF PENMAJ('S ;EQ.UATION 

FOR THE 

COMPUTI ON OF EVAPORATION 

J. A. Turner 

1. INTRODUCTION 

1.1 Penman (4,5,7) bas derived a formula for the calculation of 
natural evaporation from existing weather recorda, by combining the two 
classical approaches, namely energy balance and turbulent transfer, with 
the r esults of BOrne of h is experiments. Hie method has been applied with 
Bame success to controlled irrigation experiments in England. 

The derivation of the formula and a discussion of the under
lying physical assumptions have been given by Penman ( 5) and will not be 
considered here, except for a cautionary note regarding the general 
applicability of the formula used for estimating the radiation balance 
at the earth1a surface. 

This paper presents a series of nomograms which have been 
constructed to facilitate the use of Penman's formula for routine 
computations. 

2. REVIEW OF PENMAN'S FORMUIA 

2 .1 Penman's method for the estimation of evapo-tranepiration 
involves three steps, as ~ollow8: 

1. An estimate of the evaporation (Eo) that would take 
place from an extended sheet of open water under the observed climatic 
conditions. 

2. A seasonal correction factor (f) is applied to convert 
this to the potential evapo-transpiration (E t) that ~ould take place 
over the area , if it were covered with green vegetation, and if an 
adequate supply of moisture were available to the roots at all times. 
(Et - f. Eo) . 

3. The actual evapo-tranapiration may be obtained by the 
application of a further correction factor (not considered here) 
dependent on the depth of the rooting of the vegetation under study. 
~h ich controls the availability of water during rainfall deficient 
periods. 

Mr . Turner, a specialist in forest meteoroloSYJ is seconded from the 
Meteorological Branch to the Forest Service of the British Columbia 
Department of lands and Forests, ViclJoria, B. C. The paper was presented 
at the meeting by Mr . C.L. Mateer o.f Research and Training Division of the 
Meteorological Branch . 
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Penman's formula for the computation of Eo is: 

• 
t; H + 0.27 Eo 

/J t 0.27 

rom/day 

~ is the slope of the saturation vapour prBssure curve, in 
mm (Hg) /~ J at mean air temperature, Ta . 
H 1s the average daily radiation budget, at the earth's 
surface, converted t o evaporation lUllts (rem/daY) by dividing 
cal em - 2 day -1 by 59 . 

: - 2 0.35 (ea _ ed) (1 + U2 . 10 ) =/doy 

Ba I s the saturation vapour pressure at the mean air temperature, 
To 

Sd Is the saturation vapour pressure at the mean dew pOint 
temperature, Td . 

U2 ie the average wind speed in miles/day at 2 metres above 
the ground. If the wind speed at 10 metres is used, an approximate 
reduction factor of 0 .8 may be used to obtain the 2 metre value . 

Empirical values of f have been determined for the British Isles 

November to February, inclusive . 
March, April, September, October. 
May to Augus t inclusive 
Annual Average 

• 

• 

0.6 
0.7 
0 .8 
0 ·75 

The theoretical juat1f'lcat.lon far the selection of' these values has been 
discussed by Pemnan and Schofield (6) . 

3. DETERMINATION OF THE RADIATION BUDGET 

3.1 The radiation oudget may be expressed aa the di fference of the 
solar and long-wave (terreetrial)radiative components . Because of the 
paucity of actual observations of one or both of these components, it Ie 
frequently necessary to resort to empirical formulae relating these 
components to other more commonly measured meteorological parameters. 
Accqrding to Penman, the radiation budget, at least for the United Kingdom 
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stationa, may be adequately represented b,y the following empirical 
equation : 

H= 

Where : 

(1 - r) (0.18 .. 0.553) (0.56 - 0.92 "f6d) 

( - 2 - 1) Q.E is the to t al Bolar radiation cal em day 
that would be received at the earthfs surface in the 
absence of an at:moaphere. 

r Is the albedo of the surface (plane water), taken 
here to be 0.0 5 . 

S ie the ratio of actual to total possible hours of 
bright sunshin~ . 

(O·lOt 0·90S) 

~ 4 ( _2 - 1) u Ta is the Lbeoretical black body- radiat ion cal em day 
at DleaD a ir temEsrat we, 'l'a . 

If the reader wishes to evaluate climatological values of Eo f or 
staLions in North America, be should refer to the work of Fritz and MacDonald 
(2) for the United States and Mateer (3) for Canada for the solar radiation 
component. It ie further suggested that the relationship botween ~ and 8 1 

as presented in the above- noted papers, is probably somewhat better for 
North American stations than t he ons suggested b y Penman. In any event, these 
empirical relations should be used wi th conalderabl e caution and, in general, 
their application should be limited to periods of not less than 5-daya' 
duration. 

4. THE NOMOGRAMS 

computations of average daily evaporation for any particular 
station may be done quite rapidly by making uss of t wo or more of the 
nomograms presented here . Each nomogram takes care of the computation i n 
ODe of the stages indicated beloW. For practical convenience, the unite 
used on t he variOuS 8cales of -the nomograma are not always the same as 
those used in the original formulae " 

Nomogr."am 1. 

The 0 -95Q. scale is marked in evapor ation units (rom day -1) . 
Values of ~ for any latItude and time of' year may be interpolated from 
Table 132 of the Smithaonian Meteorological Tables (Sixth Revised Edition) " 

Nomogram Ia." 0·95~ ,0·95 ~ (0 .355 ~ 0.68s) 

This Is an alternative empirical equa tion which i8 reconnnended 
for use at Canadian locations. 



Nomogram II . 

In this nomogram, t he ed Bcale has been labelled directly in 
terms of the average dew- point temperature and the N Bcale 1n evaporation 
mits. 

Nomogram III 

In this nomogram, (Ba - ed) is obtained 
nomogram which baa scales labelled for Ta and Td' 
scale is labelled in terms of mph (dai ly average) . 

Nomogram IV. lI H + 0 .27Ea 

At- 0.27 

from an auxiliary 
The wind epeed (U2) 

The 6 soale is labelled directly in units of air- temperature 
Ta. To use this DOlllogram the point of intersection :£'01' values of Ta and H 
is aligned with Ea to obtain the value Eo' 

COMPIlTATIONAL TECHN~llE 

The calculation of potential evapo-tranapirat ion may be 
facilitated by the use of a table similar to Table I, which shows a 
sample computation for SUIIDnerland. The various column headings are aelf'
explanatory. The data tabulated are either observed or have been derived 
fran the appropr1ate nomogram as indicated . Values of S, the ratio of 
actual to total ~8sible hours of sunshine, may be derived from data 
tabulated in Table l71J Smithsonian Meteorological Tables, and in a 
Meteor ological Branch publication (1) . 

-l The final result is obtained in units of mm eV.l.Y and is the 
average daily evaporation for the period concerned. To determine the 
monthly potential evapo- transpiration in inches per month, Penman's factor 
f , the number of days in the month, and the conversion ~ram mm -to inches 
have been incorporated into a single factor f ' which is given in Table 2 
for each month of the year. 
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TABLE 1 

COMPUTATION OF POTENTIAl EVAFO-TRANSPlllATION FOR SUMMERIAND 

S Ta Td U2 'lo Q. I N H 
, 

Ea Eo f' f'Eo I 

( l-r) 
Cal Ia II III Table 2 Et 
r-:I -1 _1 -1 -1 -1 

of of mph em day mm day mm day mIn day nun day I Ins . Mth 

JAN .20 26 23 6 165 1.4 1.1 ·3 .3 .3 ·73 .2 

FEB .32 29 28 6 260 2.7 1.7 1.0 .2 ·5 .67 ·3 

MAR .40 39 27 6 425 4.3 2.1 2 .2 2.0 2.1 .86 1.8 

APR .48 47 34 6 600 6.6 2 .4 4.2 2.8 3 .6 .83 3 .0 

~ 
MAY .50 56 42 6 725 8.1 2·5 5.6 3 ·6 4.8 ,98 4.7 I 

JUN .51 64 49 6 765 8·7 2.4 6·3 5 ·3 6.0 ·95 5·7 

JUL .6~ 70 53 7 740 9·5 2·9 6.6 7·7 6.9 ·98 6 .8 

AUG .63 68 53 6 625 7 ·9 2.7 5.2 6.2 5 ·5 .98 5.4 

SEP ·54 59 48 6 480 5 ·6 2 .4 3 .2 3.6 3.3 .83 2.7 

OCT .42 49 42 6 295 3 .1 2.1 1.0 1.8 1.4 .86 1.2 

NOV .22 37 33 6 190 1.5 1 .2 .3 .6 ·5 .71 .4 

DEC .16 28 28 6 130 1 .0 1.0 0 0 0 ·73 0 



TAllIE 2 

Correction factor f' to be multiplied by the monthly 
mean value of Eo (mm day -1) to obtain the potential 
evapo- tranap1rat1on Et (inches month - 1) 

Month ~ctQr f' 

January 0 ·73 

February 0 .67 

March 0.86 

April 0 .83 

May 0·98 

.rune 0·95 

July 0.98 

August 0.98 

September 0.83 

October 0 .86 

November 0··71 

December 0·73 
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