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at the earth's surface, both of which are affected by climatic conditions.

The problem was one of determining statistically which climate factors
are significant and how they are related to the coefficient, C.
Analysis of Climatological Data

Evaporation data are more numerous than evapotranspiration data, and
they are probably more reliable for statistical study. It was reasoned
that if satisfactory relationships could be derived for evaporation, these
relationships could be modified to apply to potential evapotranspiration.,
Nearly all research on evapotranspiration or consumptive use has included
measurements of,'or comparisons with, evaporation as measured with a
Weather Bureau pan. It was decided, therefore, to begin with an analysis
of evaporation data and to determine which factors have a significant
effect upon the value of the coefficient, C, in equation 1. Only monthly
Climatological Data as published by the Weather Bureau were used.

Values of extra-terrestrial radiation, R, in terms of equivalent

depth of evaporation, were computed from data by Shaw (13). They are

Weather Bureau pan. It was decided, therefore, to begin with an analysis
of evaporation data and to determine which factors have a significant
effect upon the value of the coefficient, C, in equation 1, Only monthly
Climatological Data as published by the Weather Bureau were used.

Values of extra-terrestrial radiation, Ry, in terms of equivalent
depth of evaporation, were computed from data by Shaw (13). They are
given in Table 1 for each month and for each 10 degrees of latitude from
the equator to 60 degrees north,

The initial study included data from only five northern Utah evapor-
ation stations. The length of record at these stations varied from 4 to
20 years. Each month of record was considered as a separate observation,
Temperature and wind data are given for each evaporation station, so these

factors were considered first., It was found that they alone did not
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Unfortunately, these data are reported for only a few stations in each
state, For Utah, both humidity and sunshine data are available only for
the Salt Lake Airport station., Humidity data are also reported for Mil-
ford and have just recently become available for Wendover. Since the five
stations mentioned were all within a radius of 90 miles of Salt Lake, it
was assumed that the sunshine and humidity at Salt Lake would represent
that at the other stations with a reasonable degree of reliability. Other
factors reported that might affect the value of the coefficient, such as
elevation and latitude, did not vary sufficiently to provide a basis for
statistical analysis. ILater analyses indicated that both these factors
are significant., The only factors considered in the determination of the
coefficient C in the initial analyses were, therefore, mean monthly tem-
perature in degrees Fahrenheit, wind in miles per day, sunshine percentage
and the average of the two mean monthly humidity figures for 11 a.m. and

5 pom,

The value of the coefficient C in equation 1 can, therefore, be

are significant. The only factors considered in the determination of the
coefficient C in the initial analyses were, therefore, mean monthly tem-
perature in degrees Fahrenheit, wind in miles per day, sunshine percentage
and the average of the two mean monthly humidity figures for 11 a.m. and
5 pom,

The value of the coefficient C in equation 1 can, therefore, be
written

C = CGp Gy Cg Cqx Cf Cp, Oy (2)
where the subscripts indicate the sub-coefficients for temperature, wind,
sunshine percentage, humidity, elevation and latitude. The monthly coeffi-
cient, Cy, corrects for the hysteresis effect of the seasonal heat storage
and release from the earth's crust.

It might appear that calculation of the coefficient C from equation 2



the value of C can be determined very simply by adding the logarithms,
Likewise, the values of the Jogarithms of K and R can be tzbulated, and
the entire celeculation can be performed with the aid of only an adding
mechine, or calculator, and & table of logarithms,

For simplicity, it was decided to relate each coefficient to the
factor that it represents by a linear eguation of the form

Cr=A+BT (3)

with valuveg of A and B chosen so that the value of the coefficient would

C.)
@]

be unity for an arbitrary but approximate mean value of the factor. Thus

0

F {(20° C), That the

P

for temperature, Cp is 1,00 for a temperature of €€

~ 8

cgs can be shown by writing equation 2 in the form

(4)

where K 1s a conatant determinsd empirically from the analysis of the data.

coefficient is dimensioniess cza te shown by writing equetion 2 in the form

(4)

ly from the analysis of the data,
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April 0,940 Avgust 1.046
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June Co263 October 1,116
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Tatls A Comparigcn o JUR:) Evapcration
at the Five Northerrn Utah Eveporation Staticns

Agtual Prove Utah saltair  Bear Logan
Month or Radio Lake, Salt River  Agricultural
Cale, KOVC Lehi Plant Refuge Exp. Station

195159  19AG=50 1056m50 101050 1951-59

April A Lo52 5.68 6,37 4e75 4631

C 4079 Sodd 6,33 5.C4 o35

Mey 3 o L2 7450 5,17

Tarle and Calcuvicted Evapcration
Eval cration Staticns
Agtuel  Prove paltair  Bear Logan
Monih or Radio i Salt River  Agricultuzral
Cele,  KOVC eni Plant Refuge Exp. Station
1881L-58 1940-59  1056-50 10.C-59 1951-59
Apfil A 1052 5:68 693’7 /10'75 40,)1
C 4o 79 Bodd, 6,33 5.0L 425
}8.3}' A '6 938 89 08 L; e/:‘.f’ ":70 50 691?
C 0035 7'93 (905'/.:7\ 7.6:{ 5099
June A €.00 2.66 13.C0 2,91 745
G 7o 64, 9.57 13,38 G.05 7a45
July A €.55 10,71 1454 10,91 8,88
C £.92 1Ces7 15.46 10.9 &.57
Avgust A 7,61 GelB 13,36 GLo 8,21
C 779 954, 12445 2.62 2.07
September A 5.61 5,72 3,25 £ .49 5,5
C 5,86 6.8/ 88X €.332 5.51
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It will be seen that the computed evaporation is within 6 percent
of the measvred evwapcration irn all but one lnstance, The mean error, or
difference in the actual and computed evgporation, was only 2.7 perceant.

A comparison of the results obtained with this procedure and from

the Blaney-Criddie and the Hargreaves formulas is given in Table 5,

Table 5,

Comparison of the Ratios of Computed to Actual Evaporation
for the Blaney-Cri dc:].u.q Hargreaves ond the Rational Fermulas
for the Five Worthern Utsh Stations
B-C Utah  Saltair  Beaw Logan
Month Formula Coef., Prove Lake, Salt River Agricultural
*  _KOVO  Lehi Plant _ Refuge Exp, Station
April laney-Cricddle 1,20 1,11 0,91 C.84 1.1 1.16
Hargresves C.22  C,70 0.58 0.89 C.88
Ra’tl onal 0499 0.96 0999 loo5 009
May Blaney-Criddle 1.30 1,16 0,91 0,82 1.05 1.17
Hergreaves 1.1z 0,89 0,88 1.11 1.11
Rationei 1,00 0.98 1.05 1.01 0.97
June Blaney=Criddle J.41 1411 094 Ca77 1,08 1.2
Hergreaves 1,22 1.06 1,01 1.28 o4k
R&u]Dl’} .f., Oot}é 0999 inB 1302 .loo{-}
April Blaney-Criddle 1,20 1.11 0,91 .81 1.1 1.16
Hergreeves .22 0,70 0.68 0.89 0.88
Rationel 0,99 0,96 0,99 1.05 0.99
May Blaney-Criddle 1.30 1,16 0,91 0.82 1.05 1.17
Hanroaves 1.1z 0.89 0,58 l.11 1.11
Rationel 1,00 0,98 1.0% 1.01 0.97
June Blaney-Criddle J.41 14131  0.94 C.77 1.08 .22
Hargreaves 1.23  1.06 1.01 1.28 1e41
Rational 0.96 0.99 1.03 1,02 1.00
July Blaney-Criddle 1,43  1.23 0,98 C.75 1.02 1,18
Hargreaves eG4 1.30 1.l 14l 1560
Rational 1.04  0.98 1.04 1.01 0.97
August Blarey-Criddle 1.41  1.25 1.00 0.74 1.0 1.16
Hargreaves 1.59 1.20 1.02 1.37 1.49
Rational 1.02 1.0 1.01 C.97 0.98
September Blaney-Criddle 1,28 1,18 0,92 0e74 1.07 1.17
Hargreaves 149 1419 0.97 1437 1.45
Rational 1.04 1.0z 0.96 C.98 0.99
October Blaney-Criddle 1,0L 1,15 1.01 0.69 1.18 1.2C
Hargresves 120 0.99 C.25 1.25 1.20
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analyses seemed sufficlently gratifying to warrant
further study. The first step was to check the equations by computing the
evaporation at 47 additional stations in the western states and Texas,
ranging in latitude from 26,15 to 48,50 degrees north and in elevation from
to 6007 fest above sea level, Only one year of record, usually 1959, was
taken for this study. The agresment hetween the computed and actual evapor-
aticn was remarkshbly goo
deta to further improve the equations for general application and to deter-

mine the coefficients for elevation and latitude, Later, ten-yecar means

r‘n

were substituted for the one year of record for six of the stations and an
additicnal station was added, making a total of 53 stations in the analysis,

Thege stations were chosen from those available on the bagis of their proxi-

o LS T H Tn A F N - e .
would be similar to that at these locaticas.

were substituted for the one year of record for six of the stations and an
additional station was added, malking a total of 53 stations in the apalysis,.
These statione were chosen from those available on the basis of thelr proxi-

mity to locations for which sunshiae ard humid

LR 1 ; ) - PR
would be gimilar to that at thege locaticas,

3 have been mcodified ftc give & letter over-all fit, Tentative eguations,
and the value of the constant K, based on this study are given in Table 6,

Tentative mean values of monthly coefficients; Gy, are given in Table 7,



Table 6.
Tentative Equations for the Coefficients and the Value
of the Congtant K Baged on a Study of Climatological Data
for 53 Stations in the Western States and Texas

11

Value of Factor

Coefficient Equation for which

for ¢ =1.000
Temperature CT = 0,0147 T ¢8° F
Wind Cy = 0.676 + 0,0054 W 60 miles/day
Sunshine Cg = 0.560 + 0,550 8 0.80 (80%)
Humidity Cy = 1,288 = 0,720 H 0.40 (40%)
Elevetion Cp = 0.925 + 0,000015 E 5000 feet
Latitude Cp, = 1.520 - 0,013 L 40 degrees
Constant K = 0.490

Table 7.

Tentative Mean Values of the Monthly Ceoefficients, Cy,
for the Seven Months Included in the Analysie

Llevetion Up = Ue720 T U,000UI5 B 5000 166%
Latitude CL = 1,520 - 0,013 L 40 degrees
Constant K = 0.490

Table 7.

Tentative Mean Values of the Monthly Coefficients, Cy,
for the Seven Montha Included in the Analyeie

Month CM Month CMm
April 0,933 August 1.063
May 0.943 September 1.081
June 0.962 October 1.044
July 0,991 Sezgon 1.000




Discussgion

The equations, constants and coefficients given in Tables 6 and 7 are
tentetive., Of the 53 stations, 40 included records for only one year.,
Obviously a simple linear equation cannot be expected to be valid for =z
wide range of latitudes. Unfortunately, there are not enough suitable
evaporation stations at Iatitudes less than 30 degrees or more than 45
degrees north to derive sgtatistically an empirical relationship that would
be valid for all latitudes. A different approach to this problem is planned.

The study is continuing as a Master's Thesis Project, It ig planned
to include at leact 10 years of record for as many stations as possible.
To date, most of the computatlons have been mede on an electric calculator.
It is planned, however, to program the analysis so that the computations
can be made with an electronic computer,

The reliability of the tentative coefficients and the constant has
been checked by determining the average difference between the actual and

computed evaporaticn for all of the months of record., This average differ-

mrmmm mrmn o D B L™ el Ll @ Teo . L. YT M L% O ML 1 O I | -

To date, most of the computatlons have been mede on an electric calculator.
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lanned, however, to program the analysis so that the computations
can be made with an electronic computer.

The reliability of the tentative coefficients and the constant has
been checked by determining the average difference hetween the actual and
computed evaporation for all of the months of record, This average differ-
ence ranged from 6,1 percent for June to 10.5 percent for October, with a
mean of €.3 percent for the season. Slightly better results were obtained

when a gecond-degree equation was used to obtain the latitude coefficient.

Deficiencies in the Data

As mentioned previcusly, only the Weather Bureau Climatological Data
were used in the analyses., Not all of these data are completely satis-

factory for this purpose, and this undoubtedly accounts for some of the

[ I IR SRR | [ 2 1 D T, TP S T ST« I T P T




For other locations, wind velocities corresponding to that measured at

.

evapcration stations would have to be egitimated from that at nearby

Sunshine data, although avaliable at only & limited number of
atations in each state, are probably adequate as suashine percentages

area, Humidity data, as now

are, therefore,
zoneg and are no

temperatures and relative humicity are reported in supplements published

these supplenents are not reauily avalilable in most libraries., Analyses

between maximum and minimum

vere nmsde to Jetermine if

temperatures could Te used as an index cf humidity; but this proved un-
satisfactory for some stations, especially those the more arid loca-
temperatures snd relative hunidity are repcrted in supplements published

eg, Analyses
vere nsde to Setermine if the difference between meximum and minimuom

temperatures could be used as an index of humidity; but thi

0

proved un-
satisfactory for some stations, especially those in the more arid loca-
tions where minimum temperatures do not approack the dew-point. It is
believed that the difference between the mean and dew-point temperatures

ity for ithis purpose.

date reported by Pruitt (11 and 12). The results wers very satisfactory,

but additional data must be analyzed before coefficients can be deter-
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to be considered. Pruitt (11) and others have shown that wind, for
example, doesg not have nearly as much effect cn evapotranspiration as
it does on evaporation,

Conclusions

The results of the analyses reported here suggest that this approach
to the problem can lead to falirly reliable estimates of evaporation and

evapotranspiration for locations where other climatic data are available,
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