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CIIAPTER I 

INTRODUCTION 

E v a p o r a t i o n  i s  d e f i n e d  i n  t h e  s t r ic tes t  h y d r o l o g i c  s e n s e  as  t h e  

n e t  rate of vapor  t r a n s f e r  t o  t h e  atmosphere.  

i s  t h e  p r o c e s s  by which water is  t r a n s f e r r e d  from l a n d  and water masses 

of  t h e  e a r t h  t o  t h e  atmosphere" (Viessman e t  a l . ,  1 9 7 7 ) .  

More s imply ,  "evapora t ion  

E v a p o r a t i o n  c o n s t i t u t e s  a v e r y  i m p o r t a n t  phase  of the  h y d r o l o g i c  

c y c l e .  Together  e v a p o r a t i o n  and t r a n s p i r a t i o n  u t i l i z e  much of t h e  

water and n a t u r a l  energy  t h a t  are a v a i l a b l e  on t h e  e a r t h ' s  s u r f a c e ,  

t h e r e b y  i n f l u e n c i n g  a l l  h y d r o l o g i c a l  and most m e t e o r o l o g i c a l  p r o c e s s e s .  

A c c u r a t e  e s t i m a t i o n  of e v a p o r a t i o n  i s  impor tan t  i n  a number of areas .  

Evapora t ion  from l a n d  s u r f a c e s ,  r e s e r v o i r s ,  and o t h e r  water b o d i e s  can 

amount t o  a v e r y  s i g n i f i c a n t  amount. Evapora t ion  from a r i d  a r e a s  such  

as  Wyoming, i s  g r e a t e r  t h a n  i n  humid areas.  Evapora t ion  i s  t h e r e f o r e  

of more c o n c e r n  t o  t h e  e n g i n e e r  i n  a r i d  areas. 

The f o l l o w i n g  comments serve t o  i l l u s t r a t e  t h e  s i g n i f i c a n c e  of 

e v a p o r a t i o n .  

of reservoirs t o  be c o n s t r u c t e d  i n  a r i d  r e g i o n s .  

s i z e  o f  Lake Mead would e v a p o r a t e  v i r t u a l l y  t h e  e n t i r e  f low o f  t h e  

Colorado River i n  a normal y e a r ,  and normal e v a p o r a t i o n  from Lake Elcad 

a l o n e  is e q u i v a l e n t  t o  a lmost  o n e - t h i r d  of  t h e  minimum annual  i n f l o w  t o  

t h e  r e s e r v o i r "  ( L i n s l e y ,  Kohler ,  and P a u l h u s ,  1 9 7 5 ) .  "The annual  amount 

" A n t i c i p a t e d  e v a p o r a t i o n  i s  a d e c i s i v e  element  i n  d e s i g n  

Ten r e s e r v o i r s  t h e  

t 
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of evaporation from Lake Mead cou ld  meet t h e  water supply n e e d s  f o r  

N e w  York City f o r  approximately one year” (Viessman e t  al.. , 1 9 7 7 ) .  

A s  a result of its extreme significance, evaporation must be 

predicted as accurately as possible f o r  t h e  design and development of 

water resource systems. It is indeed unfortunate t h a t  accurate and 

reliable estimates are difficult to obtain (Viessman et n l . ,  1977). 

A l l .  water present on the surface of lakes, reservoirs, and streams is 

subject to evaporation. Although virtually no th ing  can be done to 

prevent these losses, one must be able to determine their quantita- 

tive value in order to design and operate many water resource projects. 

Inclusion of evaporation in reservoir o p e r a t i o n  is necessary f o r  

successful operation, just as knowledge of evapotranspiration is 

essential for successful irrigation scheduling. Knowledge of evapora- 

tion amounts enables one to obtain better estimates of unmeasurable 

terms used in a water budget  a n a l y s i s .  

Pu rpose  and Objectives 

Direct measurement of evaporation is very difficult. A s  a result, 

many equations have been developed f o r  estimating evapora t ion .  T h e s e  

equations are based on a wide variety of climatological factors, such 

as wind velocity, humidity, and temperature. I n  order to use these 

equations one must have available a great amount of climatological 

data. The primary objective of this study was to d e v e l o p  a map oE 

the s t a t e  of Wyoming consisting of isoevaporation lines. Once devel- 

oped this map could be used  to obtain a reasonably accurate estimate 

of evaporation anywhere in the state regardless of the availability t 
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of climatological data. The initial objective was to develop a map 

which would b e  more accurate than any m a p  previously developed f o r  t h e  

State of ldyoming f o r  predicting evaporAtion. Since the available 

evaporation stations a r e  widely scattered and the records  are incom- 

plete and  usually seasonal in nature, a means of i n t e r p r e t i n g ,  a d j u s t -  

ing, and extending pan evaporation values was also a major objective. 

A secondary objective was to develop a means of obtaining an estimate 

of evapotranspiration from this same map. 

Before initiating work on this study, an extensive literature 

review was conducted f o r  purposes of locating any relevant literature. 

The results of this review are  discussed in C h a p t e r  I1 of t h i s  t hes i s .  

Once the literature review was completed, w o r k  was begun compi lin2 

and analyzing data. A discussion of t h e  methodology used f o r  d a t a  

analysis is located in C h a p t e r  111. 

Following analysis of  t h e  data the results were evaluated and 

conclusions were drawn so t h a t  an evaporation map f o r  the State of 

Wyoming could be developed. 

results. 

Chapter IV contains an evaluation of t h e  



CXU'TER I1 

REVIEW OF LZTERATUXE 

A synopsis of  literature pertinent t o  t h i s  study follows- 

Subjects to be covered include: (1) Factors affecting evaporation; 

(2) pan evaporation; (3) pan-to-lake coefficient; ( 4 )  evaporation maps; 

and (5) evapotranspiration. 

Factors A f f e c t i n g  Evaporation 

Many factors have a n  eEfect on evaporation. I n c l u d e d  among 

these are solar radiation, wind, vapor pressure, air and water tempern- 

ture, atmospheric pressure, water quality, and nature and area of 

evaporating surface ( L i n s l e y ,  Kohler, and P a u l h u s ,  1949 and 1975; 

Lahoti, 1968; Chow, 1 9 6 4 ;  and Burman, 1960). 

Solar radiation is one of the most important s i n g l e  factors 

affecting evaporation (Lahoti, 1968). The reason f o r  this is that 

natural evaporation is an energy exchange process, and the main source 

of energy f o r  evaporation is suppl-ied by the sun. Linsley, Kohler, 

and Paulhus (1975) state that by fa r  the most important factor afFcct- 

ing evaporation is solar radiation if one views evaporation as a n  

exchange process. 

Evaporation is dependent on wind. Without wind, evaporation 

would occur o n l y  until equilibrium was achieved between the water body 

and the surrounding atmosphere. Wind has the effect of removing 

saturated air and moving in air capable of holding additional water f 
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vapor .  R e s e r v o i r  s u r f a c e  a r e a  may greatly d e t e r m i n e  t h e  e f f e c t  wind 

w i l l  have on e v a p o r a t i o n .  

l a r g e  s u r f a c e  areas. 

w i t h  wind movement (Eurman, 1960)  . 

Nind will have a more pronounced e f f e c t  on 

The amount of e v a p o r a t i o n  normal ly  w i l l  increase 

The r a t e  of e v a p o r a t i o n  i s  a l s o  dependent upon  t h e  d i f f e r e n c e  

between the vapor  p r e s s u r e  of t h e  wziter and t h e  v a p o r  p r e s s u r e  of the  

a i r  above t h e  water s u r f a c e .  I f  t h e  ai-r i s  w a r m e r  t h a n  t h e  water, 

e v a p o r a t i o n  will occur u n t i l  t h e  vapor pressure of t h e  a i r  i s  equal  t o  

t h e  vapor p r e s s u r e  of t h e  water. I f  t h e  w a t e r  i s  warmer than  t h e  air, 

c o n d e n s a t i o n  w i l l  t a k e  p l a c e  and e v a p o r a t i o n  w i l l  be g r e a t l y  i n c r e a s e d  

as t h e  fog i s  d i s s i p a t e d  by wind a c t i o n .  Based on t h e s e  f a c t s ,  

maximum e v a p o r a t i o n  w i l l  o c c u r  when t h e  w a t e r  is warmer t h a n  t h e  a i r  

( L i n s l e y ,  Kohler ,  and Paulhus ,  1949) .  

Temperature i s  a n o t h e r  impor tan t  f a c t o r  a f f e c t i n g  e v a p o r a t i o n .  

E v a p o r a t i o n  is  d i r e c t l y  dependent  on tempera ture .  A s  t h e  t e m p e r a t u r e  

i n c r e a s e s ,  the e v a p o r a t i o n  r a t e  w i l l  also i n c r e a s e .  T h e  r e a s o n  f o r  

t h i s  is  t h e  d i r e c t  i n c r e a s e  i n  t h e  vapor  p r e s s u r e  of t h e  w a t e r  as t h e  

t e m p e r a t u r e  i s  i n c r e a s e d  (Chow, 1 9 6 4 ) .  

E v a p o r a t i o n  i s  i n v e r s e l y  a f f e c t e d  by a t m o s p h e r i c  p r e s s u r e .  There- 

fore,  as the  a t m o s p h e r i c  p r e s s u r e  i n c r e a s e s ,  t h e  e v a p o r a t i o n  rate 

w i l l  d e c r e a s e .  L i n s l e y ,  Kohler,  and Paulhus  (1949) s t a t e  t h a t ,  

a t m o s p h e r i c  p r e s s u r e  i s  s o  close1.y r e l a t e d  t o  o t h e r  f a c t o r s  a f f e c t i n g  1 1  

e v a p o r a t i o n  t h a t  i t  i s  p r a c t i c a l l y  i m p o s s i b l e  t o  s t u d y  t h e  e f f e c t s  of 

i t s  v a r i a t i o n  under  n a t u r a l  c o n d i t i o n s . "  

p r e s s u r e  i s  known t o  a f f e c t  e v a p o r a t i o n ,  i t s  exact e f f e c t  h a s  n o t  been 

Thus,  while a t m o s p h e r i c  

t 

c l e a r l y  e s t a b l i s h e d .  
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T h e  q u a l i t y  of e v a p o r a t i n g  water a p p e a r s  t o  have o n l y  a s l i g l i t  

e f f e c t  0x1 e v a p o r a t i o n .  The e v a p o r a t i o n  r a t e  f o r  s a l t  w a t e r  i s  some- 

what less t h a n  t h e  r a t e  f o r  f r e s h  water, and t h e  ra te  d e c r e a s e s  f u r t h e r  

as t h e  s p e c i f i c  g r a v i t y  of t h e  water i n c r e a s e s .  

e v e r ,  a p p e a r s  t o  have no n o t i c e a b l e  e f f e c t  on t h e  r a t e  of e v a p o r a t i o n  

T u r b i d i t y  a l o n e ,  how- 

( L i n s l e y ,  Kohler ,  and Paulhus ,  1949 and 1975; and Chow, 1 9 6 4 ) .  

T h e  f i n a l  f a c t o r  t o  be d i s c u s s e d  which h a s  some e f f e c t  on evapora-  

t i o n  i s  t h e  n a t u r e  and area of t h e  e v a p o r a t i n g  s u r f a c e .  T h e r e  a r e  many 

d i f f e r e n t  s u r f a c e s  from which e v a p o r a t i o n  t a k e s  p l a c e .  

are s o i l  s u r f a c e s ,  v e g e t a t i o n ,  and snow and i c e  ( L i n s l e y ,  Kohler ,  and 

Among these 

Paulhus ,  1949) .  

The a v a i l a b i l i t y  of w a t e r  i s  t h e  impor tan t  f a c t o r  a f f e c t i n g  the 

r a t e  of e v a p o r a t i o n  from a s o i l  s u r f a c e .  I f  a s o i l  s u r f a c e  is  sa tu-  

r a t e d ,  t h e  e v a p o r a t i o n  r a t e  w i l l  d i f f e r  o n l y  s l i g h t l y  from t h a t  o f  

a water s u r f a c e  a t  t h e  same tempera ture .  L i n s l e y ,  K o h l e r ,  and Paulhus  

( 1 3 4 9 )  s t a t e  t h a t  d u r i n g  t h e  warm summer months,  e v a p o r a t i o n  from a 

s a t u r a t e d  s o i l  s u r f a c e  can  exceed t h a t  from a water s u r f a c e .  I f ,  

however, t h e  s o i l  s u r f a c e  i s  n o t  s a t u r a t e d ,  t h e  l a c k  of available 

m o i s t u r e  w i l l  become a f a c t o r  which l i m i t s  e v a p o r a t i o n .  

The a v a i l a b i l i t y  of water, o r  e v a p o r a t i o n  o p p o r t u n i t y ,  is  a l s o  a n  

i m p o r t a n t  f a c t o r  a f f e c t i n g  e v a p o r a t i o n  from exposed su r faces  of 

v e g e t a t i o n .  A p o r t i o n  of a l l  p r e c i p i t a t i o n  r e t a i n e d  on t h e s e  surfaces  

i s  r e t u r n e d  t o  t h e  atmosphere by e v a p o r a t i o n .  T h e  amount of evapora-  

t i o n  from v e g e t a t i o n  may well be i n  e x c e s s  of t h a t  from a water s u r f a c e  

due t o  t h e  l a r g e  s u r f a c e  area p r e s e n t  i n  a bush o r  t r e e  ( L i n s l e y ,  

Kohler ,  and P a u l h u s ,  1949; and L a h o t i ,  1968) .  It has a l s o  been shown 
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t h a t  t h e  amount of  e v a p o r a t i o n  depends on t h e  roughness  of the  vcgetn-  

t i o n .  A h y d r a u l i c a l l y  rough  s u r f a c e  ( a l f a l f a )  w i l l  e v a p o r a t e  more 

t h a n  a h y d r a u l i c a l l y  smooth s u r f a c e  ( g r a s s )  ( Jensen ,  1 9 7 3 ) .  

It i s  more d i f f i c u l t  t o  measure e v a p o r a t i o n  from snow (vsporizn- 

t i o n  o r  s u b l i m a t i o n )  t h a n  f r o m  water sur faces .  The maximum tempera- 

t u r e  which a snow s u r f a c e  can a t t a i n  i s  32*F. T h e r e f o r e  u n l e s s  t h e  

dewpoint i s  below 32'F, e v a p o r a t i o n  cannot  t a k e  p l a c e .  Under most  

c o n d i t i o n s  e v a p o r a t i o n  f rom a snow s u r f a c e  i s  less t h a n  from a water 

s u r f a c e .  The only conditions f a v o r i n g  h i g h  e v a p o r a t i o n  from snow is  

chinook o r  s imi la r  wind c o n d i t i o n s  ( L i n s l e y ,  Kohler ,  and Paulhus ,  

1949 ;  and L a h o t i ,  1965).  

Pan E v a p o r a t i o n  

T h e  most common means c u r r e n t l y  used f o r  measuring evaporation i s  

t h e  e v a p o r a t i o n  pan. The e v a p o r a t i o n  pan h a s  been  i n  u s e  f o r  many 

years, and w i l l  p robably  c o n t i n u e  t o  be used a s  i t  i s  t h e  c h e a p e s t  and 

most g e n e r a l l y  a c c e p t e d  means of measuring e v a p o r a t i o n .  

The U.S. Weather Bureau C l a s s  A e v a p o r a t i o n  pan is  t h e  o f f i c i a l l y  

r e c o g n i z e d  means of measuring e v a p o r a t i o n  i n  t h e  Uni ted  S t a t e s  and 113s 

been f o r  more t h a n  20 y e a r s .  The Class A pan i s  c i r cu la r  w i t h  a 

d i a m e t e r  of f o u r  f e e t  and a d e p t h  of 10 i n c h e s ,  and i s  suppor ted  on a 

base of  2 x 4 lumber. The d e p t h  of water w i t h i n  t h e  pan i s  supposed 

t o  b e  m a i n t a i n e d  a t  a r e l a t i v e l y  c o n s t a n t  l eve l ,  u s u a l l y  i n  t h e  range  

of 7 t o  8 i n c h e s  of water d e p t h ,  and i s  measured by means of a hook 

gage o r  p o i n t  gage i n  a s t i l l i n g  well ( S t a l l  and R o b e r t s ,  1 9 6 7 ) .  

, A d d i t i o n a l  c l i m a t o l o g i c a l  data-measuring equipment n e c e s s a r y  a t  a n  
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evaporation station includes a rain g3ge and an anemometer located 6 

inches above t h e  rim of the pan.  Wind movement is recorded in ailes 

per day. 

Class A evaporation data, although widely accepted as the best 

evaporation data available, are subject to several limitations. In- 

cluded among these are: (1) difficulty in establishing an accurate 

pan-to-lake coefficient for means of relating measured  pan evaporation 

to actual lake evaporation; (2) l ack  of annual data, as the pan can 

on ly  be operated during the w a r m  seasons in Northern latitudes; ( 3 )  

relatively short periods of record available, as very f e w  sites have 

more than 20 years of record in the United States (Stall and Rober t s ,  

1967); and ( 4 )  pan performance is highly dependent on f e t c h  and 

conditions surrounding the pan (Hounam, 1973; and Jmsen, 1 9 7 3 ) .  

Pan-to-Lake Coefficient 

Since the rate of evaporation from small lakes is greater than 

evaporation from large lakes (Chow, 1964), a reduction coefficient is 

necessary to convert pan evaporation to lake evaporation. 

of work has been performed on this subject (Chow, 1964; Linsley, 

Kohler, and Paulhus, 1949 and 1975; Linsley and Franzini, 1972; 

Viessman e t  a?-., 1 9 7 7 ;  Brown, 1970;  Lahoti, 1968; and  Horton, 1 9 4 3 ) .  

The results of these analyses indicate that an annual average pan 

coefficient of approximately 0.7 is applicable f o r  means of deter- 

mining reservoir evaporation. Linsley and Franzini (1972) state that 

use of this coefficient should provide estimates of annual l a k e  

evaporation within 15 percent if both lake and pan are  subjected to 

similar climatic conditions. 

An abundance 

An analysis reviewed by Linsley and 
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F r a n z i n i  ( 1 9 7 2 )  found t h a t  a n  a n n u a l  average pan  c o e f f i c i e n t  of 0 .7  

w a s  o b t a i n e d  from a l l  r e l i a b l e  d e t e r m i n a t i o n s .  L i n s l . e y ,  Kohlcr,  and 

Paulhris (1949)  recommend u s e  of t h i s  c o e f f i c i e n t  because it has 

relatively l i t t l e  g e o g r a p h i c  v a r i a t i o n . "  I t  i s  recommended t h a t  one 

d e a l  w i t / \  a n n u a l  e v a p o r a t i o n  r a t h e r  t h a n  s e a s o n a l  o r  inonth ly  cvnporn-  

t i o n .  Viessman e t  a l .  (1977) s t a t e  t h a t  " r a t i o s  of a n n u a l  r e s e r v o i r  

e v a p o r a t i o n  t o  pan e v a p o r a t i o n  a re  c o n s i s t e n t  from y e a r  t o  y e a r  and 

r e g i o n  t o  r e g i o n ,  w h i l e  monthly r a t i o s  often show c o n s i d e r a b l e  v a r i a -  

t ion.  I '  

I t  

-- Evnpora f ion  Maps 

Nitnerous a n n u a l  evaporation maps have been drawn i n  the p a s t  for 

p a r t s  a ~ i d  a l l  of  t h e  c o n t i n e n t a l  United S t a t e s  (Choir, 1 9 6 4 ;  Pleyer, 

3c)42;  I I eye r s ,  1962;  L i n s l e y  and F r a n z i n i ,  1 9 7 2 ;  and I ln r ton ,  19/63}. 

A s  s t a t e d  e a r l i e r ,  t h e  pu rpose  of  t h i s  s t u d y  was t o  o b t a i n  a n  improved 

e v a p o r a t i o n  map f o r  t h e  S t a t e  of Wyoming. Analysis of t h e s e  ea r l i e r  

maps p r o v i d e s  a b a s i s  f o r  comparison of r e s u l t s  and p rocedures .  

O f  t h e s e  ea r l i e r  maps, t h e  l a t e s t  w a s  p r e p a r e d  by t h e  N a t i o n a l  

Ideather S e r v i c e  i n  1968 ,  and i s  shown i n  F i g u r e  1 ( I t i n s l e y  and 

F r a n z i n i ,  1972) .  Although i t  i s  t h e  most r e c e n t ,  t h i s  map i s  less  

d e t a i l e d  t h a n  t h o s e  p r e p a r e d  ear l ie r  by Horton ( 1 9 4 3 ) ,  Pieyer (1 .942)  , 

Koliler,  Nordenson, and Baker (Ilileyers, l 9 6 2 ) ,  and Viessrnan et 31. 

(1977) ( F i g u r e s  2 ,  3a, 3b, and 4 ) .  Kohler ,  Nordenson, and Baker 

(Meyers, 1962)  show v a l u e s  q u i t e  d i f f e r e n t  t h a n  Horton (1943) and 

Meyer ( 1 9 4 2 ) ,  b u t  i n c l u d e  more r e c e n t  and comple t e  pan d a t a ,  supple-  

mented by e s t i m a t e s  of evaporation based  on m e t e o r o l o g i c a l  f a c t o r s .  f 



F i g u r e  1. Average Annual Lake Evaporation in inches 
deve loped  by the National Weather Serv ice  
( L i n s l c y  and F r a n z s n i ,  1 9 7 2 ) .  

P 
3 
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F i g u r e  2. Average Annual Lake E v n p o r a  t i o n ,  
i n  inches  (Horton, 1 9 4 3 ) .  

! 
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F i g u r e  3a. Tfean Annual  E v a p o r a t i o n  
f r o m  S h a l l o w  Lakes and 
Rese rvo i r s ,  i n  inches .  
(Ffeyer,  1 9 4 2 )  



F i g u r e  3b. Ncan Annual  Evaporation f rom Sha l low Lakes and Reservoirs, in inches .  
(Vicssman e t  al., 1 3 7 7 )  



1 4  
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4 1 

111 1 0 9  107 105 

F i g u r e  4 ,  Average Annual Lake E v a p o r a t i o n ,  i n  i n c h e s ,  
f o r  t h e  10-Year P e r i o d  1946-55 (TIeyers, 
1 9 6 2 ) .  



The e v a p o r a t i o n  rates shown on t h e  f i n a l  map were recommended f o r  

use o n l y  as annual v a l u e s ,  as t h e y  were e x p r e s s e d  i n  terms of t h e  

a v e r a g e  number of i n c h e s  f o r  a f u l l  y e a r .  Use of t h e  map f o r  

15 

Kohler ,  Nordenson, and Baker (Pleyers, 1962) used t h e  following 

s t e p s  i n  t h e  p r e p a r a t i o n  of t h e i r  nap: 

1. 

2 .  

3.  

4.  

5. 

60 

7. 

80 

9 0  

The d a t a  used were averaged o v e r  a 10-year p e r i o d  ( 1 9 4 6 - 5 5 ) .  

M e t e o r o l o g i c a l  f a c t o r s  were a d j u s t e d  a s  r e q u i r e d  f o r  estima- 

t i o n  of e v a p o r a t i o n .  

Monthly and s e a s o n a l  v a l u e s  of e v a p o r a t i o n  were a d j u s t e d  t o  

a n n u a l  values u s i n g  r e l a t i o n s  d e r i v e d  by Kohler ,  Nordenson, 

and Fox (Meyers, 1962) ,  and u s i n g  r a t i o s  of a n n u a l  t o  season-  

a l  e v a p o r a t i o n .  

Pan-to-lake c o e f f i c i e n t s  were computed us ing  r e l a t i o n s  from 

Kohler ,  Nordenson, and Fox (Meyers, 1962) .  

Values  of c lass  A pan e v a p o r a t i o n  were p l o t t e d  and i s o p l e t h s  

were drawn between t h e  p l o t t e d  p o i n t s .  

Pan-to-lake c o e f f i c i e n t s  were p l o t t e d  on a similarly scaled 

map and i s o p l e t h s  were drawn between t h e  p l o t t e d  p o i n t s .  

Values  of a n n u a l  l ake  e v a p o r a t i o n  were o b t a i n e d  a t  any 

d e s i r e d  p o i n t  by m u l t i p l y i n g  v a l u e s  from s t e p s  5 and 6 a t  

that p o i n t .  

Values  of a n n u a l  l ake  e v a p o r a t i o n  de te rmined  by s p e c i a l  

i n v e s t i g a t i o n s  such  as Lake Hefner  and Lake Mead were p l o t t e d  

on another map. 

A f i n a l  e v a p o r a t i o n  map w a s  drawn w i t h  c o n s i d e r a t i o n  be ing  

g i v e n  t o  t h e  v a l u e s  o b t a i n e d  from s t e p s  7 and 8. 
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estimating monthly or  seasonal evaporation is p o s s i b l e ,  but would  be 

applicable o n l y  to shal low l a k e s  o r  reservoirs. 

Isopleths were drawn with regard to topography between control 

points. Therefore, t h e  accuracy is best near control points. The 

error should be within 10 percent. Somewhat less accuracy ,  however, 

can be expected in areas between control points (Meyers, 1962). 

Evapotranspiration 

Total evaporation is the sum total of evaporation, transpiration, 

and t h e  amount of water used in building and sustaining plant t i s s u e .  

From a practical standpoint, total evaporation is t aken  as the d i f -  

ference between the inflow and outflow of water in a basin. A 

commonly made assumption is that total evaporation is equa.1 to the 

difference between precipitation and streamflow. 

tion gives reasonable long-term averages, it may lead to serious 

While this assump- 

errors if applied for short periods of time to small basins (Linsley, 

Kohler,  and PauLhus, 1949). Total evaporation (consumptive use) and 

evapotranspiration often are used synonymously in the literature as 

there is only a slight difference between the two (Linsley, Kohler, 

and Paulhus, 1975). The term evapotranspiration will be used in the 

remainder of this discussion, 

An engineer may be more concerned with evapotranspiration than  he 

is with either evaporation or transpiration alone. Evapotranspiration, 

as defined by Linsley, Kohler, and Paulhus  ( 1 9 4 9 ) ,  includes a l l  water 

losses  from an area by b o t h  transpiration and evaporation and i s  a 

quantity necessary for determining the hydrologic balance f o r  a given 

area. Evaporation, as prev ious ly  defined, is general.ly taken as "the 
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process by which water is transferred from land and  water masses of 

the earth to the atmosphere" (Viessman et al., 1977). Transpiration 

is the process by which water leaves plants and  returns t o  tlle 

atmosphere as water vapor (Linsley, Kohler, and Paulhus, 1949). 

Transpiration often exceeds evaporation in amount and importance. 

Methods of estimating transpiration are necessary, as it is difficult 

to measure transpiration l o s s  under natural conditions (Linsley, 

Kohler, and Paulhus, 1949). Estimating water requirements for crop 

production is the principal use f o r  evapotranspiration data. Due to 

economic reasons, it is usually impractical t o  conduct extensive 

investigations on small projects. A s  a result, t he  water requirement 

must be estimated. 

Several methods have been developed f o r  estimating evapotraQs- 

piration from climatological data. Two of these methods chosen for 

analysis are Thornthwaite and Blaney-Criddle. 

involves using only cernperature and duration of possible sunshine. 

Blaney-Criddle's method uses the same two parameters, but a l s o  in- 

volves transposing consumptive use data to irrigated areas with the 

use of crop coefcicients (Linsley, Kohler, and Paulhus, 1975). 

Thornthwaite's method 

The Thornthwaite method was developed in 1945 by correlating 

mean monthly air temperature with evapotranspiration. T h e  data were 

based on water balance studies conducted in the east-central United 

States. An adequate s o i l  moisture was maintained so as not to limit 

evapotranspiration. T h e  Thornthwaite formula is  as f o l l o w s  ( P a i r ,  

1975) : 

lot a 
P.E.T. = 1 . 6  Ld (TI 
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.. .. 

where P.E.T. = the 30-day value of estimated evapotranspiration, cm; 

Ld = daytime hours in u n i t s  of 12 hours; 

t = mean month ly  air temperature, 'C; 

I = heat index o b t a i n e d  by summing 12 monthly indices, 

t 1.514. i = (i) 7 

-5 2 I and a = 6.75 x 10-713 - 7.71 x 10 + 1.732 x 10-31 + 4.9239 

x lo-? 

Since t h i s  method was developed for the east-central United States 

r e s u l t s  could n o t  be expected t o  be entirely accurate f o r  the a r i d  a n d  

semi-arid western United States. 

The nlaney-Criddle method w a s  deve loped  in the 1920's and 1930's 

using soil sampling techniqties to make measurements of evnpotr,?insI) i r n -  

tion. This method h a s  been  modified as recently as 1 3 6 2  for u s e  in its 

p r e s e n t  form. T h e  B laney-Cr idd le  formula f o r  seasonal estimates is as 

fo l lows  (Pair, 1975): 

u = KF = Ckf 

where U = estimated evapotranspiration (consumptive u s e )  in inches for 

t h e  growing period o r  season; 

K = empirical consumptive u s e  coefficient (irrigation season or 

growing p e r i o d )  ; 

F = t h e  sum of monthly consumptive use factors, f ,  f o r  the season 

or growing period (f = tp/lOO, where t = mean m o n t h l y  air 

temperature in OF, and p = mean monthly percent of annual 

daytine h o u r s )  ; 

and k = monthly consumptive use coefficient. 
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Use of t h i s  method in climatic zones d i f f e r e n t  from t h o s e  of t he  

western U n i t e d  S t a t e s  may r e s u l t  i n  less accurate estimates. 

An average seasonal consumptive use map has  been p r e p a r e d  € o r  the 

S t a t e  of Wyoming by Trelease e t  al. (1970)  ( F i g u r e  5 ) .  T h i s  mzp was 

p r e p a r e d  f o r  grass,  as i t  is the most widely g r o m  irrigated crop in 

Wyoming. Evapotranspiration (consumptive use) values were found 

u s i n g  the Blaney-Criddle m e t h o d .  Mountainous areas  a re  n o t  represen t c d  

on t h e  map. 
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F i g u r e  5. Average S e a s o n a l  Consumptive Irrigation Requircnent f o r  Grass, in i n c h e s  
(Trclease e t  al., 1970). rw 
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CHAPTER 117: 

MET €10 D 0 LO GY 

A description of t h e  types of analysis used t o  analyze t h e  data 

relevant to this study are contained in this chapter. T o p i c s  to be 

covered include: (1) Location of Data; (2) Elimination of Data; 

(3) Methods of Analysis; ( 4 )  Factor Analysis; (5) Data Analysis; and 

( 6 )  Evapotranspiration Analysis. 

Location of Data 

For purposes of data compilation and analysis, a five-month period 

from Hay t h r o u g h  September of each year was chosen. Data either were 

not available o r  were quite incomplete for the rest of t he  y e a r  at 

almost a l l  of t h e  stations chosen f o r  investigation. Evaporation in- 

formation is collected at only a few of the many sites w i t h i n  t he  State 

of Wyoming where it is needed. For this inEormation t o  be of value, 

one must have means of accurately estimating evaporation at other 

locations. The purpose of this study, as stated earlier, was t o  

develop such a means of estimation. 

A total of 26 stations were chosen f o r  analysis based primarily 

on data availability. Of these stations, 17 were within Nyoming and 

nine were in s t a t e s  bordering L’yoming. Table  I g i v e s  the name, loca- 

tion, and years of evaporation record  f o r  all the s t a t i o n s  used in 

this study. Figure 6 indicates the location and distribution of 

these stations. 
f 



TABLE I 

STATION INDEX 

Years of  
E l e v a t i o n  Record  o f  

S t a t i o n  Name County S t a t e  L a t i t u d e  L o n g i t u d e  (rnsl) E v a p o r a t i o n  

Anchor Dam 
A r  c he r 
Boysen Dam 
F a r s o n  
Gillette 2E 
Glendo 4 S N  
Green River 
Guernsey Dam 
Heart Mountain 
Keyhole  D a m  
L a r a m i e  2h.J 
Lookout 14NE 
No r t o n  l N % T  
Pathfinder Dam 
Scmirioe D a m  
S h e r i d a n  F i e l d  S t a t i o n  
Whalen Dam 
Flaming Gorge 
Plan i 1 a 
Wanship D a m  
Island P a r k  Dan 
L i f t o n  Pumping S t a t i o n  
P a l i s a d e s  D a m  
Y e l l o w t a i l  Dam 
P a c t o l a  Dam 
Ni tc t ic l l  5E  

Hot  S p r i n g s  
L a r a m i e  
F r  emon t 
Swec twater 
Campbell 
P l a t  t e  
Sweetwater 
P L a t t e  
P a r k  
Crook 
A 1  b any 
Albany 
Fremont 
Natrona 
Carbon 
S h e r  i dan  
Goshen 
Daggc t t 
Dagge t t 
Summitt 
Fremont 
near Lake 
Bonnevil l e  
Big Horn 
Pcnnington 

\J y on i n  g 
\J yo m i n  g 
\Jy om i n  g 
Wyoming 
Wy o m  i n g 
Nyoming 
W y om i n g 
lJy om i n  g 
Wy om i n  g 
Wyoming 
IJy om i n g  
W y o m i  n g 
Wyoming 
Wyoming 
ldyorning 
\C y o m  i n  g 
W y om i n g 
Utah 
Utah 
Utah 
I d a h o  
Idaho  
Idaho 
$Ion t 3na  
So .  Dakota 

4 3  4 0  
4 1  09 
4 3  25 
4 2  07 
4 4  1 7  
4 2  27 
4 1  3 2  
4 2  18 
4 4  4 1  
4 4  2 3  
4 1  21 
4 1  50 
4 3  13 
4 2  28 
4 2  08 
4 4  51 
4 2  15 
40 5 6  
4 1  OQ 
40 47 
4 4  2 5  
4 2  07 
4 3  21 
4 5  03 
4 4  0 4  

108 50 
104 39 
108 11 
109 27 

1 0 5  05 
109 28 
104 4 6  
108 57 
104 4 6  
105 37 
105 38 
108 4 7  
106 5 1  
1 0 6  53 
106 5 2  
104 38 
109 25 
109 4 3  
111 24  
111 24 
111 18 
111 1 3  
107 23 
1 0 3  2 9  

105 28 

6 4 6 0  
6 0 1 0  
4 6 4 2  
6 5 9 5  
4 5 5 6  
4 7 5 0  
6089 
4 3 5 5  
4 7 9 0  
4 1 9 0  
7 1 3 0  
6965 
5490 
5930 
6838 
3 8 0 0  
4 2 9 4  
6270 
6 4 2 0  
5 9 4 0  
6300 
5926 
5 3 8 5  
3 2 9 2  
4721) 

S c o t t s  B l u f f  Nebraska 4 1  57 103  4 1  4050 

1 5  
1 7  
2 7  
19 
13 
17 
1 6  

4 
26 

9 
9 
6 

17 
1 4  
17 
18 
27 
1 9  
16 
18 
12 
19 

7 
18 

l a  

2 4  
N 
N 
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E l i m i n a t i o n  o f  Data 

Due t o  l a c k  of  d a t a  o t h e r  t h a n  e v a p o r a t i o n  a t  s e v e r a l  s t a t i o n s ,  and  

o t h e r  r e a s o n s  t o  be d i s c u s s e d  l a t e r  only 20 of t h e  t o t a l  26  s t a t i o n s  

were used  f o r  s t a t i s t i c a l  a n a l y s i s .  The s t a t i o n s  which were n o t  u s e d  

i n c l u d e  Seminoe D a m ,  Glendo 4 S W ,  Guernsey D a m ,  Boysen D a m ,  Morton lNJ,  

and Keyhole  Dam.  The Seminoe Dam,  Glendo 4 S W ,  and Guernsey  Dam 

s t a t i o n s  were n o t  u sed  i n  t h e  s t a t i s t i c a l  a n a l y s i s  b e c a u s e  t h e y  a r e  

U.S. Bureau o f  Rec lama t ion  s t a t i o n s  r a t h e r  t h a n  U.S. Weather  Bureau  

s t a t i o n s ,  and as s u c h  o n l y  e v a p o r a t i o n  data were a v a i l a b l e .  Boysen 

D a m  data were e l i m i n a t e d  o n  t h e  b a s i s  of its p h y s i c a l  s e t t i n g .  From 

t h e  v i s u a l  i n s p e c t i o n  made of t h i s  s t a t i o n ,  i t  was f e l t  t h a t  the 

e v a p o r a t i o n  pan was i n  a poor  l o c a t i o n  and was n o t  r e p r e s e n t a t i v e  of 

t h e  s u r r o u n d i n g  area. The Morton 1W s t a t i o n  was n o t  u sed  because i t  

was moved twice d u r i n g  a p e r i o d  o f  e i g h t  y e a r s ,  and e v a p o r a t i o n  v a l u e s  

a t  t h i s  s t a t i o n  were c o n s i d e r a b l y  d i f f e r e n t  from t h o s e  of other 

s t a t i o n s  i n  t h e  same g e n e r a l  area. The Keyhole Dam d a t a  were n o t  

i n c l u d e d  b e c a u s e  on ly  two years of r e c o r d  were available w i t h i n  t h e  

2 0  y e a r  p e r i o d  c h o s e n  f o r  a n a l y s i s .  It  s h o u l d  be n o t e d  t h a t  a l l  

s t a t i o n s  were n o t  v i s u a l l y  i n s p e c t e d ,  and some of the stations i n c l u d e d  

in tlie a n a l y s i s  p o s s i b l y  s h o u l d  have been e l  im.inn t c d .  IlorJt3vCJr, s incc 

no f u r t h e r  r e a s o n s  f o r  e l i m i n a t i o n  were known, t h e  rcrnainder of t h e  

s t a t i o n s  were i n c l u d e d -  i n  t h e  analysis p o r t i o n  of this s t u d y .  

N e t h o d s  o f  A n a l y s i s  

T h e  available period o f  record v a r i e d  c o n s i d e r a b l y  f rom s t a t i o n  t o  

s t a t i o n  (Table  I). However, f o r  s t a t i s t i c a l  p u r p o s e s ,  all data were 
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a d j u s t e d  t o  a common base p e r i o d  o f  20  years .  T h e  method o f  l e a s t  

s q u a r e s  l i n e a r  r e g r e s s i o n  was chosen  f o r  a d j u s t m e n t  p u r p o s e s  as t h i s  i s  

the most  commonly used  method f o r  r e l a t i n g  two sets of  h y d r o l o g i c  da ta  

(Klcmes, 1 9 7 3 ) .  Another method which was c o n s i d e r e d  f o r  u s e  i n  ad- 

j u s t i n g  t h e  d a t a  was double-mass analysis. However, d u e  t o  i ine:cplain- 

a b l e  changes  i n  s l o p e  (breaks i n  s l o p e ,  n o n l i n e a r i t i e s ,  e t c . )  on the 

double  mass p l o t s ,  t h e  method of l ea s t  s q u a r e s  w a s  f e l t  t o  lie t h e  

b e s t  method f o r  r e c o r d  a d j u s t m e n t .  Computa t ions  were per formed w i t h  

t h e  u s e  of t h e  Sigma 7 d i g i t a l  computer  a t  t h e  U n i v e r s i t y  of Wyoming 

and t h e  'RFIDV'-Multiple Dependent  v a r i a b l e  r e g r e s s i o n  and c o r r e l a t i o n  

program. 

B e f o r e  s t a t i s t i c a l  a n a l y s i s  c o u l d  begin, i t  w a s  n e c e s s a r y  t o  

choose  a base s t a t i o n . '  Once c h o s e n ,  t h i s  s t a t i o n  would s e r v e  as the 

i n d e p e n d e n t  v a r i a b l e  in any  r e g r e s s i o n  a n a l y s i s  pe r fo rmed .  I n  o r d e r  

t o  p r o p e r l y  d e t e r m i n e  which  s t a t i o n  would b e s t  serve as  a base s t a t i o n ,  

v i s u a l  i n s p e c t i o n  of e x i s t i n g  s t a t i o n s  was deemed n e c e s s a r y .  Ilaving 

made t h i s  d e c i s i o n ,  a v i s i t  t o  t e n  e v a p o r a t i o n  s t a t i o n s  t h r o u g h o u t  t h e  

S t a t e  of Wyoming was made. All b u t  one of t h e  s t a t i o n s  v i s i t e d  were 

o f f i c i a l  w e a t h e r  b u r e a u  e v a p o r a t i o n  m o n i t o r i n g  s t a t i o n s .  The  o f f i c i a l  

s t a t i o n s  v i s i t e d  i n c l u d e  A r c h e r ,  l h a l e n  D a m ,  P a t h f i n d e r  D a m ,  G i l l c t t e  

ZE,  S h e r i d a n  F i e l d  S t a t i o n ,  Heart Plountain,  Anchor I l a m ,  Roysen D a m ,  

and L a r n m i e  2NW. The one. exception was S m i n o e  D a m ,  which i s  opcra t r_d  

by. t h e  U.S. Bureau  of Reclamation. O f  the  o t h e r  s t a t i o n s  a n a l y z e d  

i n  t h i s  s t u d y ,  a l l  a re  o r  were a t  one  time o f f  Lc-ial weaLher bureau 

s t a t i o n s  e x c e p t  Glendo LrSW and Guernsey D a m ,  which  a g a i n  a r e  o p e r a t e d  

by t h e  U.S. Bureau of- Rec lama t ion .  
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F i g u r e  8. Wlialen Dam Evaporation S tn  t i o n  
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Figure 9. Gil-lette 2E Evaporation S t a t  ion 
(a) Closcup of  s t a t i o n  l.ool,:inr, North 
( b )  Overall view of s t a t i o n ,  looking North- 

west, showing e x i s t e n c e  o f  t r e e  s h c l t e r -  
be]. t 
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On t h e  bas i s  of t h i s  i n s p e c t i o n  a l o n g  w i t h  i n v e s t i g a t i o n  of 

s t a t i o n  l o c a t i o n  and equipment changes,  there were two s t a t i o n s  which  

were f e l t  would a d e q u a t e l y  s e r v e  as base s t a t i o n s .  

P a t h f i n d e r  D a m  and Wha1. -1 D a m  ( F i g u r e s  7 and 8, r e s p e c t i v e l y ) ,  i t  w a s  

f e l t  t h a t  P a t h f i n d e r  Dam was t h e  most s u i t a b l e . ,  However, f u r t h e r  

a n a l y s i s  r e v e a l e d  t h a t  a n o t i c e a b l e  change o c c u r r e d  i n  t h e  r e c o r d e d  

values of e v a p o r a t i o n  a t  P a t h f i n d e r  Dam i n  1962. F u r t h e r  i n v e s t i g a t i o n  

r e v e a l e d  t h a t  a procedural change had been made i n  1 9 6 2  which accounted 

f o r  t he  d i s c r e p a n c y  i n  t h e  d a t a .  Because of t h i s  change, o n l y  Path-  

f i n d e r  e v a p o r a t i o n  d a t a  i n  1962 and l a t e r  y e a r s  were used i n  f u r t l i e r  

a n a l y s i s .  T h i s  a d j u s t m e n t  l e f t  o n l y  1 4  years of e v a p o r a t i o n  da t a  

a v a i l a b l e  a t  P a t h f i n d e r  D a m .  S ince  2 7  years (1949-1975) of evnpora- 

O f  t h e s e  two, 

t i o n  d a t a  were a v a i l a b l e  a t  1Jlialen Darn, t h a t  s t a t i o n  was c h o s e n  a s  

t h e  base  s t a t i o n  f o r  f u r t h e r  a n a l y s i s .  

The re  were s e v e r a l  r e a s o n s  why t h e  r ema in ing  e i g h t  s t a t i o n s  were 

f e l t  t o  be u n s u i t a b l e  €or  use as  base s t a t i o n s .  T h e s e  reasons  vere 

based on  v i s u a l  i n s p e c t i o n  of t h e  s t a t i o n s .  A r c h e r ,  G i l - l e t t e  ZE, and 

Heart 1,Iountai.n were su r rounded  by t ree  she1 t e r b e l t s  and were t h e r e f o r e  

f e l t  t o  be u n r e p r e s e n t a t i v e  of t h e  s u r r o u n d i n g  c o u n t r y .  F i g u r e  9 

i l l u s t r a t e s  t h e  t ree  s h e l t e r b e l t  e f f ec t . ,  Anchor D a m  was f e l t  t o  be 

u n s u i t a b l e  because  i t  w a s  su r rounded  on t h r e e  sides by b u i l d i n g s  a n d  

immovable v e h i c l e s .  A l s o ,  i t  was l o c a t e d  on t h e  p o i n t  of R r i d g e  

where,  a c c o r d i n g  t o  t h e  operator, t h e  wind blew more t h a n  was norinaI 

f o r  t h e  s u r r o u n d i n g s .  S h e r i d a n  F i e l d  S t a t i o n  was surrounded by  b o t h  

t ree  s h e l t e r b e l t s  and b u i l d i n g s  and was n o t  protected from a n i m a l  u s e  

by a f e n c e .  Thc. l o c a t i o n  of t h e  Boysen D a m  e v a p o r a t i o n  pan was f e l t  



Figure 10. Boysen D a m  Evaporation Station 
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t o  be t h e  w o r s t  of a11 s t a t i o n s  as i t  was set  on nn a s p h a l t  s u r f a c e  at 

t h e  bot tom of a d e e p  canyon. T h i s  l o c a t i o n  as w e l l  ;IS a nearby t r e e  

s e r v e d  t o  p r o t e c t  t h e  pan from n a t u r a l  wind c o n d i t i o n s  ( F i g u r e  10) .  

The Laramie 2NIJ s i t e  WAS e l i m i n a t e d  n o t  so much from a poor  location 

s t a n d p o i n t ,  b u t  because  of t h e  unknown e f f e c t  of  i t s  c l o s e  p r o x i m i t y  

t o  t h e  o n l y  s i z a b l e  body of water i n  t h e  area,  t h e  c i t y  of Laramie's 

sewage lagoon. 

F a c t o r  A n a l v s i s  

D e t e r m i n a t i o n  of which c l i m a t o l o g i c a l  f a c t o r s  are  i m p o r t a n t  t o  

e v a p o r a t i o n ,  which of t h e s e  a re  c u r r e n t l y  b e i n g  measured,  and w1iich 

f a c t o r s  would b e  used i n  f u t u r e  a n a l y s i s ,  was developed u s i n g  t h e  

f o l l o w i n g  c r i t e r i a .  A v a i l a b l e  d a t a  f o r  s i g n i f i c a n t  f a c t o r s  was 

n e c e s s a r y  b e f o r e  p r o c e e d i n g  w i t h  any a n a l y s i s .  As d i s c u s s e d  e a r l i e r ,  

many f a c t o r s  have a n  i n f l u e n c e  on e v a p o r a t i o n .  @f  t h e s e ,  most. a r e  

d i f f i c u l t  t o  measure and a v a i l a b l e  d a t a  are l i m i t e d .  As a r e s u l t ,  

wind,  t e m p e r a t u r e ,  and e l e v a t i o n  were t h e  o n l y  v a r i a b l e s  chosen f o r  

f u r t h e r  a n a l y s i s  b e c a u s e  d a t a  were r e a d i l y  a v a i l a b l e .  

a n n u a l  p r e c i p i t a t i o n  a l s o  were ana lyzed  i n  a n  a t t e m p t  t o  establ-is11 a 

r e l a t i o n s h i p  w i t h  a c o r r e l a t i o n  s u E f i c i e n t  f o r  u s e  i n  e s t i m a t i n g  

e v a p o r a t i o n .  

summaries of c l ~ i m a t o l o g i c a l  da t a ,  and r e c o r d s  o f  t h e  1J.S- Bureau of 

Va lues  of 

The s o u r c e s  f o r  t h e  d a t a  a n a l y z e d  were N O M ' S  a n n u a l  

F-eclamation. 

Data A n a l y s i s  

TJsing SJhalen Dam e v a p o r a t i o n  d a t a  as t h e  base,  d o u b l e  mass p l o t s ,  

s t a t i s t i c a l  a n a l y s i s ,  and e v a p o r a t i o n  a d j u s t m e n t  c o e f f i c i e n t s  were 
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used  t o  a n a l y z e  t h e  a v a i l a b l e  d a t a .  Once t h e  d a t a  were compiled i n t o  

u s a b l e  form, d o u b l e  mass p l o t s  were d r a m .  

" p r o v i d e s  a means of d e t e r m i n i n g  t h e  c o n s i s t e n c y  of  o b s e r v a t i o n s  

co l l ec t ed  o v e r  a l o n g  p e r i o d  of t i m e "  (Kohlcr ,  1 9 4 9 ) .  R e s u l t s  f rom 

t h e s e  p l o t s  were deemed i n s u f f i c i e n t  t o  make a d j u s t m e n t s  i n  t h e  d a t a .  

A l though  b r e a k s  ( s l i g h t  changes  i n  s l o p e ,  n o n l i n e a r i t i e s ,  e tc . . )  i n  

s l o p e s  d i d  o c c u r  on a number of s t a t i o n s ,  t h e  c a u s e  of t h e s e  b r e a k s  

could n o t  be a s c e r t a i n e d  as t h e y  d i d  n o t  n e c e s s a r i l y  c o r r e s p o n d  w i t h  

changes i n  s t a t i o n  l o c a t i o n  or o t h e r  p h y s i c a l  a c t i v i t i e s .  "Neglect- 

i n g  t o  make a q u e s t i o n a b l e  adjustment i s  a sounder course t h a n  

a d j u s t i n g  r e c o r d s  which may, i n  r e a l i t y ,  be comparab le  as obse rved"  

(Koh le r ,  1 9 4 9 ) .  

The d o u b l e  mass p l o t ,  

A l though  t h e  d a t a  were n o t  a d j u s t e d  fo l l .owing  double-mass  n n a l y -  

s is ,  some a d j u s t m e n t  of t h e  da t a  d i d  t a k e  p l a c e .  This a d j u s t c w n t  w:is 

based  on t h e  v i s u a l  i n s p e c t i o n  of t h e  stations. T h i s  i n s p e c t i o n  was 

u s e d  t o  d e t e r m i n e  i f  any p h y s i c a l  f e a t u r e s  a t  the i n d i v i d u a l  evapora- 

t i o n  pan s i tes  c o u l d  h e  R f a c t o r .  It t . 1 3 ~  f o u n d  t h a t  several  s t a t i o n s  

were s h e l t e r e d  t o  a s i g n i f i c a n t  d e g r e e  by t ree  s h e l t e r b e l t s .  Data 

a d j u s t m e n t  for t h e  t ree  s h e l t e r b e l t  s t a t i o n s  was based on  a n  a r t i c l e  

- by Hanson and  R a u z i  ( 1 9 7 7 ) .  T h i s  s t u d y  i n d i c a t e d  t h a t  e v a p o r a t i o n  

from pans p r o t e c t e d  from t h e  wind by t r ee  shelterbelts was a b o u t  1 4  

p e r c e n t  l ess  than t h a t  f rom u n p r o t e c t e d  pans .  ' 'Decreased  e v a p o r a t i o n  

leeward of s h e l t e r b e l t s  i s  due  t o  d e c r e a s e d  wind v e l o c i t i e s ,  b u t  

t u r b u l e n c e  i s  i n c r e a s e d ,  which  i n c r e a s e s  e v a p o r a t i o n  a n d ,  t h u s ,  evapo- 

r a t i o n  i s  d e c r e a s e d  p r o p o r t i o n a t e l y  less t h a n  a re  wind v e l o c i t i e s "  

(Hanson and R a u z i ,  1 9 7 7 ) .  Based on t h i s  s t u d y  e v a p o r a t i o n  v a l u e s  a t  
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A r c h e r ,  G i l l e t t e  2E (which was one of two s t a t i o n s  i n c l u d e d  i n  t h e  

s t u d y  by Ilanson and  R a u z i ) ,  and Ileart Plountain were i n c r e a s e d  by 1 4  

p e r c e n t  b e f o r e  b e i n g  i n c l u d e d  i n  f u r t h e r  s t a t i s t i c a l  a n a l y s i s .  The  

s t a t i s t i c a l  a n a l y s i s  c o n s i s t e d  of r u n n i n g  m u l t i p l e  l i n e a r  r e g r e s s i o n  

u s i n g  e v a p o r a t i o n  as t h e  dependen t  v a r i a b l e  and wind,  t e m p e r a t u r e ,  

e l e v a t i o n ,  and p r e c i p i t a t i o n  as t h e  i n d e p e n d e n t  v a r i a b l e s .  O n l y  20  

of the t o t a l  26 s t a t i o n s  were used  i n  t h e  s t a t i s t i c a l  analysis for  

r e a s o n s  p r e v i o u s l y  ment ioned .  

Fo l lowing  s t a t i s t i c a l  a n a l y s i s ,  t h e  o n l y  a d d i t i o n a l  a d j u s t m e n t  

which  had t o  b e  made was c o n v e r s i o n  of t h e  'Flay t h r o u g h  Sep tember  

e v a p o r a t i o n  v a l u e s  t o  a n n u a l  v a l u e s ,  T h i s  a d j u s t m e n t  was made  u s i n g  

a month ly  d i s t r i b u t i o n  deve loped  by a n a l y z i n g  a n n u a l  e v a p o r a t i o n  data.  

I t  s h o u l d  be  p o i n t e d  o u t  t h a t  t h e  May t h r o u g h  September  evapora-  

t i o n  v a l u e s  u s e d  f o r  a d j u s t m e n t  t o  a n n u a l  v a l u e s  were a v e r a g e s  over  

t h e  a c t u a l  p e r i o d  of r e c o r d  f o r  e a c h  s t a t i o n  r a t h e r  t h a n  the a v e r a g e  

over t h e  20-year e x t e n d e d  p e r i o d  of r e c o r d  used  f o r  s t a t i s t i c a l  a n n l y -  

sis. It w a s  n o t  f e l t  t h a t  u s e  of a v e r a g e s  o v e r  t h e  e x t e n d e d  p e r i o d  of 

r e c o r d  w a s  j u s t i f i e d  d u e  t o  t h e  h i g h l y  v a r i a b l e  and  g e n e r a l l y  low 

c o r r e l a t i o n  c o e f f i c i e n t s  o b t a i n e d  f rom s t a t i s t i c a l  a n a l y s i s .  

Once annual v a l u e s  were o b t a i n e d ,  a n  a v e r a g e  a n n u a l  pan evapora- 

t i o n  map was drawn u s i n g  i s o e v a p o r a t i o n  l i n e s  t o  i n d i c a t e  t h e  d i s t r i -  

b u t i o n  of e v a p o r a t i o n  across t h e  S t a t e  of Wyoming. An a d d i t i o n a l  map 

showing a n n u a l  l ake  o r  r e s e r v o i r  e v a p o r a t i o n  a l s o  was p l o t t e d .  V a l u e s  

f o r  t h e  l a k e  e v a p o r a t i o n  map were o b t a i n e d  by m u l t i p l y i n g  a n n u a l  pan  

f 

e v a p o r a t i o n  by a pan- to- lake  c o e f f i c i e n t  of 0.7. 
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. .. 

Listed below is a chronological summary of the steps used in the 

prcparation of t h e  above mentioned evaporation maps: 

1. Average evaporation values were determined for each station 

over the perioc! of record for that particular station. 

w a s  not felt that use of extended data would give more accu- 

rate results due to the low correlation coefficients obtained 

from regression analys is .  

Average Nay through September evaporation values were extended 

t o  annual values using a monthly distribution. 

Values of Class A pan evaporation were plotted and isevapora- 

tion lines were drawn between plotted points. Isoevaporation 

l i n e s  were drawn with regard to known evaporation values o n l y ,  

and did not take topographic effects into account. 

It 

2. 

3 .  

4 .  Values of annual lake evaporation were obtained by multiply- 

i n g  values from step 3 at any point by the pan-to-lake 

coefficient of 0.7. 

5. Values of annual lake evaporation were p l o t t e d  and isevapora- 

t i o n  lines were drawn between plotted points. 

Evapotranspiration Analysis 

An analysis was performed for t h e  computation of evapotranspira- 

tion values at ntimerous points throughout the state. 

t h i s  analysis, two methods of estimating evapotranspiration were used .  

These methods, Blaney-Criddle and Thornthwaite, were chosen because 

the necessary climatic data were r e a d i l y  available. Other methods, 

including Penman and Jensen-Haise, although accepted as viable methods 

for calculating evapotranspiration, require so lar  radiation, which is 

I n  performing 

t 
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available at o n l y  t h r e e  s t a t i o n s  in Wyoming. These  methods therefore 

were e l i m i n a t e d  from this a n a l y s i s .  T h e  p u r p o s e  o f  t h i s  a n a l y s i s  was 

to p r o v i d e  the p l a n n e r  w i t h  a reliab3.e means of estimating evapotrans-  

piration using the evaporation maps deve loped .  

Blaney-Criddle values of e v a p o t r a n s p i r a t i o n  were obtained from 

Wyoming Water P l a n n i n g  Repor t  No. 5 (Trelease e t  al., 1970). Use of 

t h e  Thornthwaite method of a n a l y s i s  fo l lowed  a discussion in S p r i n k l e r  

I r r iza t ior l  ( P a i r ,  1975) .  

t 



CHAPTER IV 

RESULTS 

Evapora t ion  !lap 

The main purpose of tiiis s t u d y  w a s  t o  deve lop  e v a p o r a t i o n  m a p s  

f o r  t h e  S t a t e  of lJyoming which would b e  more a c c u r a t e  t h a n  o t h e r  

p r e v i o u s l y  developed maps. The i n c r e a s e d  accuracy  was t o  be due t o  

a l a r g e r  d a t a  b a s e  and a s t u d y  e f f o r t  which c o n c e n t r a t e d  s o l e l y  on 

Wyoming, . r a t h e r  t h a n  on a much l a r g e r  a r e a  as was g e n e r a l l y  t h e  c a s e  

i n  p r e v i o u s  s t u d i e s .  

t a i n e d  from t h e  d a t a  a n a l y s i s ,  as  d i s c u s s e d  i n  t h e  meLhr3dology s e c t i o n ,  

Before  t h e s e  maps were drawn, t h e  results ob- 

had t o  be analyzed and any p e r t i r l e n t  r e s u l t s  reflected i n  t h e  f i n a l  

drawing of  t h e  maps.  T a b l e  11 c o n t a i n s  t a b u l a t c d  values  of  t h e  da tn  

used t o  draw t h e  maps developed i n  t h i s  s tudy .  

S t a t i s t i c a l  a n a l y s i s  w a s  performed on t h e  climatic f a c t o r s  

a f f e c t i n g  e v a p o r a t i o n  u s i n g  m u l t i p l e  r e g r e s s i o n .  T h i s  tec lmique  i s  

based on the assumption t h a t  c e r t a i n  c l imat ic  v a r i a b l e s  a f f e c t  evapo- 

r a t i o n  i n  such  a way t h a t  t h e  r e l a t i o n s h i p  of this e f f e c t  can  be 

d i s c e r n e d  by t h i s  t y p e  of a n a l y s i s .  The r e s u l t s  of  t h e  s t a t i s t i c a l  

a n a l y s i s  are shown i n  T a b l e  111, and t h e  d a t a  used  f o r  t h e  a n a l y s i s  

can  be  found i n  T a b l e  TV. 

Average e v a p o r a t i o n  v a l u e s  o v e r  t h e  a c t u a l  p e r i o d  of  r e c o r d  

(May through September) for each  s t a t i o n  were u s e d  i n  drawing t h e  

e v a p o r a t i o n  n a p s  r a t h e r  t h a n  t h e  extended d a t a  used f o r  s t a t i s t i c a l  

a n a l y s i s .  An i n t e r e s t i n g  p o i n t ,  however, s h o u l d  b e  made. There  was 



TABLE I1 

COMPARISON OF MAY THROUGH SEPTEMBER PAN EVAPORATION, ANNUAL PAN EVAPORATION AND LAKE EVAPORATION 

T o t a l  May-Sept Pan E v a p o r a t i o n  Annual E v a p o r a t i o n  Lake E v a p o r a t i o n  

P a t h f i n d e r  Dam 
Boysen Darn 
WTialen Dam 
Heart Ho~:? t a in  
Anchor Dam 
Green R i v e r  
Keyhole Darn 
G i l l e t t e  2E  
S h e r i d a n  F i e l d  S t a t i o n  
A r c h e r  
F a r s o n  
Lookout 1 4  NE 
Serninoc Dam 
Glendo 4 SlJ 
Guernsey  D a m  
Morton 1hQJ 
Yellowtail Dam 
Pactola Dam \ 

M i t c h e l l  5 E  
Vansh ip  Dam 
Flaming Gorge 
Manila 
L i f t o n  PumpiRg S t a t i o n  
P a l i s a d e s  Darn 
I s l a n d  P a r k  Darn 

46.15  
4 2 . 5 5  
4 3 . 4 5  
4 1 . 0 0  
4 0 . 3 0  
5 0 . 4 5  
4 0 . 3 0  
4 6 . 9 0  
4 2 . 0 5  
4 6 . 0 5  
4 3 . 8 0  
48 .35  
4 2 . 1 5  
4 7 . 5 5  
4 3 . 6 0  
34 .50  
4 4 . 2 5  
26 .45  
39 .90  
3 2 . 4 0  
40.70 
4 2 . 7 5  
3 5 . 3 0  
3 9 . 1 5  
2 9 . 0 5  

67.08 

63.15 
59.59  
5 8 . 5 8  
7 3 . 3 3  
58 .58  
68.17 
61 .12  
6 6 . 9 3  
63 .66  
70 .28  
6 1 . 2 6  
6 9 . 1 1  
6 3 . 3 7  
50.15 
64.32 
38 .44  
5 7 . 9 9  
4 7 . 0 9  
59.16 
6 2 . 1 4  
5 1 . 3 1  
56.90  
4 2 . 2 2  

61.  a5 
4 6 . 9 5  
4 3 . 2 9  
4 4 . 2 1  
4 1 . 7 2  
41 .00  
5 1 . 3 3  
41 .00  
4 7 . 7 2  
4 2 . 7 8  
4 6 . 5 5  
44 .56  
4 9 . 1 9  
4 2 . 6 9  
4 8 . 3 8  
4 4 . 3 6  
35 .10  
4 5 . 0 2  
26.91. 
40. G O  
3 2 . 9 7  
4 1 . 4 1  
4 3 . 5 0  
35 .92  
39.83  
29.56  

A l l .  values l i s t e d  a rc  i n  i n c h e s .  
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TABLE I11 

RESULTS OF STATISTICAL ANALYSIS 

- -_- 
Variable E I u l t i p l e  K R-Squared Sample  R B 

blind , 5 4 2 4 1  . 29421  - 5 4 2 4 1  5 .912 x 

P r e c i p i t a t i o n  - 6 9 8 3 3  .48767 - .53976 - 7 , 6 7 7  x lo-' 

Temperature 72888 .53127 .21541  1 .632  x lo-' 

Elevation .74929 -56144  ,16609 3 . 2 3 8  x lo-" 

(Constant) 6.047 x 10-1 

f 



TABLE IT! 

DATA USED FOR STATISTICAL ANALYSIS 
1956-1975  

'** P A  A/ , h i-' 

Ave. Nay-Sept Ave. Annual T o t a l  Annual E l e v a t i o n  
S t a t i o n  Vind Temp. 3 Prec. 4 (msl) 

Whalen Dam 8 . 7 1  1937  4 7 . 5  12 .84  4 294 
Green River . 10.12 1 7 9 2  4 2 . 3  7 . 6 8  6 0 8  9 
Laramie 2NW 9.77 4547  38.7 1 1 . 7 4  7 1 3 0  
F a r s o n  8 . 6 4  1 7 4 4  3 7 . 4  7 . 3 2  6 5 9 5  
Lookout 14NE 1 0 . 0 6  4 1 6 3  40 .5  1 3 . 0 4  6 9 6 5  

4 7 9 0  8 . 5 1  Heart Mountain 7 . 5 9  1327  4 4 . 3  
6 4 6 0  Anchor D a m  8 . 4 4  . 1 5 6 0  4 1 . 4  1 5 . 3 5  

G i l l e t t e  2E 9 . 2 8  1 6 2 2  4 4 . 8  1 5 . 8 6  4 5 5 6  
S h e r i d a n  F i e l d  S t a t i o n  8 . 4 0  1527  4 3 . 7  1 4 . 9 7  3 S O O  
Archer 9.21 1 4 1 6  4 5 . 7  1 4 . 3 5  6 0 1 0  
P a t h f i n d e r  Dam 9 . 2 1  2529  4 4 . 9  9 . 7 1  5 9 3 0  

6 2 7 0  Flaming Gorge 8 . 1 2  1 4 1 3  4 3 . 9  1 2 . 5 4  
P a l i s a d e s  Dam 7 . 8 1  3406 4 3 . 6  19.60 5385 
Lifton Pumping S t a t i o n  7 . 0 3  1 5 2 3  4 1 . 0  9 . 8 0  5926  
P a c t o l a  Dam 5 . 2 5  1 5 1 8  41.5 20 .27  4 7 2 0  
Nan i 1 a 8 .69  1 0 4 6  4 5 . 1  9.89 6 4 2 0  
Yel lowta i l  Dam 9 . 0 1  2 0 3 3  4 9 . 6  2 0 . 6 6  3305 

5940  Wans h i p  Darn 6 . 4 9  913  4 3 . 6  1 5 . 6 3  
Island Park Dam 5 .76  4 6 1  3 6 . 4  32 .62  6 3 0 3  
M i t c h e l l  5 E  7 . 8 9  1 7 7 5  4 7 . 1  13.01 4 0 8 0  

'All values  l i s t e d  a r e  i n  inc.hes.  3~11 values l i s t e d  are i n  O F .  

2 
A 1 1  vn lues  1 . i s t c d  a r c  i n  miles  p e r  d a y .  4 A l l  v a l u e s  l i s t e d  a r e  i n  inches. 
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little difference between the average value of the actual measured 

data and the average value of the extended data at any given station. 

The maximum difference observed was 8 percent and the average dif- 

ference was less than 2 percent. From this one can  infer that on the 

average, evaporation at a point does  not change significantly from 

year t o  year over the Play through September period. 

The climatic factors evaluated in this analysis included wind, 

temperature, precipitation, and elevation. Wind was found to be the 

most significant variable f o r  estimating evaporation, followed by 

precipitation, temperature, and elevation, respectively. Since da ta  

for these factors are readily obtainable from 1J.S. Weather Bureau 

stations throughout the state, one can easily use the following 

relationship developed from the above statistical analysis a s  a n  

evaporation prediction equation for the State of Wyoming. 

where E = Average annual lake evaporation, inches; 

Id = Average wind, May through September, miI.es p e r  day; 

P = Total annual precipitation, inches; 

T = Average annual temperature, OF; 

H = Elevation, feet; 

and K = 1-02, a constant to convert average May t h r o u g h  September 

pan evaporation to average a n n u a l  l a k e  evaporation. 

Care should be exercised in using this relationship, however, as it 

predicted observed values of evaporation f o r  a l l  stations in Idyoming 

with a correlation coefficient of o n l y  .75.  It is rccomrnended t h a t  

f 
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evaporation values be taken from the isoevaporation lines on the 

evnporation map developed rather than by u s e  of the equation, a s  the 

isoevaporation lines dram on the map are based on actual evaporation 

va lues  and are felt to be more accurate. Since a correlation of only 

.75 was achieved, it was not felt that values predicted by the 

resultant equation would be sufficiently accura te  for u s e  in defining 

isoevaporation l i n e s  for the state evaporation m a p s .  Asa  result, o n l y  

average values of measured evaporation were used in the construction 

of the maps. 

The  final annual pan evaporation map (Figure ll), therefore, w a s  

drawn with regard t o  measured evaporation values o n l y .  

indicates the amount of annual lake evaporation. 

Figure 32 

Topographic effects 

were not taken into account when drawing the. maps since t h e i r  effect 

on evnporation is not known. A s  indicated earlier, the relationship 

of evaporation to increasing elevation is uncertain due to the many 

contradictory factors invol-ved. Evaporation at a particular elevation 

has been foiind to depend on tcnperature, atmospheric pressure, expo- 

sure, and aspect of slope. Although seve ra l  major attempts h a v e  been 

made to study the relationship of evaporation with e l e v a t i o n ,  no 

general definitive results have been obtained which can readily be 

applied to areas o t h e r  than the ones studied with a n y  degree of con- 

fidence (Ulaney, 1960; Peck, 1967; and Horton, 1934) .  Some studies 

have found evaporation t o  increase w i t h  elevation, and others have 

found it to decrease with elevation. 

Available data from studies Ferformcd in the past with regard to 

evaporation at high elevations are limited. These results may, 
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however, p r o v i d e  a b e t t e r  estimate of moun ta inous  e v a p o r a t i o n  than ' cou ld  

b e  o b t a i n e d  by u s i n g  t h e  maps deve loped  i n  t h i s  s t u d y ,  s i n c e  t h e  stn-  

t i o n  of g r e a t e s t  e l e v a t i o n  used  i n  t h i s  s t u d y  w a s  Laramie  2WJ a t  a n  

e l e v a t i o n  of 7130 f e e t .  P r e v i o u s  s t u d i e s  pe r fo rmed  i n  n o r t h e r n  Co3.orndo 

and  n o r t h e a s t e r n  Utah  may be a p p l i c a b l e  t o  Wyoming. A g e n e r a l  d i s c u s -  

s i o n  of t h e  e f f e c t  of e l e v a t i o n  on e v a p o r a t i o n  fo l lows ,  s i n c e  i t  was 

f e l t  t h a t  s u c h  a d i s c u s s i o n  migh t  p r o v e  b e n e E i c i a 1  t o  t h e  r e a d e r .  

One s t u d y  conduc ted  i n  Co lo rado  i s  known a s  t h e  Wagon Iflieel G a p  

Exper imen t s  (Hor ton ,  1 9 4 3 ) .  These  e x p e r i m e n t s  were c o n d u c t e d  on two 

d i f f e r e n t  d r a i n a g e  b a s i n s  on t h e  e a s t  s l o p e  o f  t h e  C o n t i n e n t a l  D i v i d e .  

T h e  d a t a  base w a s  f rom O c t o b e r  1910 t o  September  1926,  i n c l u s i v e .  T h e  

mean e l e v a t i o n s  of t h e  two b a s i n s  were 10,209 f e e t  and 10,133 f e e t ,  

and ranged  from 9 , 2 4 5  f ee t  t o  11,355 f e e t .  The mean a n n u a l  t o t a l  

e v a p o r a t i o n  values f o r  t h e  two b a s i n s  were  14 .95  i n c h e s  and 1-4 -29  

i n c h e s ,  r e s p e c t i v e l y .  

r e l a t i o n s h i p  ex is t s  be tween e v a p o r a t i o n  and e l e v a t i o n .  T h i s  i s  n o t  

t h e  case f o r  o t h e r  s t u d i e s  conduc ted  by ISlmey (19h0) a n d  Peck ( 1 9 6 7 )  

which  found no  d e f i n i t i v e  r e l a t i o n s h i p  be tween e v a p o r a t i o n  a n d  e l c v a -  

t i o n .  

s i t e  w a s  close t o  Wyoming; t h e  s t u d y  was conduc ted  u n d e r  c l i m a t i c  

c o n d i t i o n s  s imilar  t o  Wyoming; and t h e  d a t a  base was o v e r  a l o n g e r  

p e r i o d  t h a n  t h a t  used  in o t h e r  s t u d i e s .  

b e  drmm f rom compar ing  r e s u l t s  of a l l  s t u d i e s  i n v e s t i g a t e d  i s  t h a t  

no  g e n e r a l  r e l a t i o n s h i p  f o r  e v a p o r a t i o n  and e l e v a t i o n  has  y e t  been  

e s t a b l i s h e d .  

From t h e s e  r . e s u l t s  one  migh t  i n f e r  t h a t  a good 

T h e  Wagon \ h e e l  Gap r e s u l t s  are men t ioned  b e c a u s e  t h e  s t u d y  

The o n l y  c o n c l u s i o n  t h a t  can  

F 
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Another study, conducted on Mount Ifliitney in California, resulted 

in the development of an evaporation profile (Blaney, 1960). A l t h o u g h  

based on only s i x  stations, this study is one  of the few sources for 

evaporation data at altitudes up to and exceeding 14,000 feet, A s  

such, these results are listed in Table V for the reclder'sinformntion. 

These earlier studies a l s o  have shown that evaporation at high 

altitudes is greatly influenced by s l o p e  orientation. Southern slopes 

are subject to greater evaporation since they receive more solar heat. 

Evaporation from high ridges on southern s l o p e s  and from exposed s t e e p  

s l o p e s  is higher than evaporation at the same elevation on protected 

slopes and northern slopes, and appears t o  decrease slightly w i t h  in- 

creasing elevation. Evaporation for sites where strong nighttime 

winds occur, along southern slopes and on  well-exposed ridges, was 

found to have no discernable variation with elevation (Peck, 1967). 

The reader should be reminded t h a t  t h e  results given f o r  mountainous 

evaporation rates by Blaney (1960) were not obtained in IJyoniing, and 

should  be used only  f o r  general information in p l a n n i n z  i f  b e t t e r  infor- 

mation is not available. \ 

Evapotranspiration Estimates 

A s  explained i n  the previous chapter, two methods of evapotrans- 

piration analysis were used i n  this study. The purpose of  the evapo- 

transpiration analysis w a s  to develop a factor which, when multiplied 

by an average May through September value of evaporation, would give 

the seasonal evapotranspiration f o r  an area. It is felt that one may 

use the Flay through Septemher evaporation map (Figure 13) to determine 

evapotranspiration with a h i g h  degree of confidence by applyin3 the  
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TABLE V 

PIOUNT IJH ITN EY EVAP ORAT I ON PROF I L E 

Eleva t ion  Mean D a i l y  Evaporation 
S t a t i o n  Name ( f ee t )  ( f ee t )  

S o l d i e r s  Camp 4515 0 .223  

Junction of South Fork 7125 
and Lone P i n e  Creek 

.170 

Hunters Camp 8370 .147 

Lone P i n e  Lake 10,000 .136 

Mexican Camp 12,000 . I34  

Summit of Mount Whi tney  14,502 .140 

(Blaney  , 1960) 



43 

4 2  

45 A 
UTAH 

4 1 

1 1 1  110 109 109 197 106 105 194 

45 

43  

nne  \ 
41 

\ 
4 0 

F i g u r c  13. ?lay throii j ; i i  S c p t c r J b c r  i7zn Evaporation, in i n c h e s  



48  

appropriate factor. T h e  development of the two factors can be f o u n d  

i n  T a b l e s  VI and V I I .  It is recommended that a factor of 0 .47 ,  01)- 

tained by the Blaney-Criddle method of analysis, be used for evapo- 

transpiration estimation purposes. The Blaney-Criddle factor was 

chosen since that method was developed for u s e  in the western United 

States, and the Thornthwaite method was developed for the east-central 

United States (Pair, 1975). 

Distributions 

Although the evaporation maps developed.in this study are  not an 

entirely new development, the distributions developed are new. The 

distributions referred t o  are those used to convert May t h r o u g h  

September evaporation to annual evaporation (developed with Pathfinder 

Dam evaporation data) and t h e  mean monthly distribution developed f o r  

IJyoning stations f o r  the months May through September (Tables V I I I ,  

IX, and X). Table X shows the development of the May through September 

evaporation distribution developed by analyzing evaporation data from 

12 Wyoming evaporation stations. 

The Pathfinder Dam annual evaporation distribution was used for 

extending data to annual values because t h e  distribution of May 

through September evaporation of other distributions developed pre- 

viously by the U.S. Bureau of Reclamation (Lahoti, 1968) and Brown 

(1970) did not compare favorably with the Play through September 

distribution developed for the 12 Wyoming stations (Tables IX and X). 

A comparison of the various distributions available f o r  extending 

data t o  annual values is  shosm i n  Table XI. 



BLANEY-CRIDDLE EVAPORATION-EVAPOTPANSPI3ATION CO~PARISON 

- 

Evaporation 
Station 

Archer 

Farson 

Gillette 2E 

Green River 

Laramie 2 N W  

P a t h  E inder Dam 

Heart Mountain 

Sheridan Field 
Station 

Anchor Darn 

Ne an 

Standard 
Deviation 

c u  va lues  listed 

May-September 
Pan Evaporation 

46.05 

43.80 

4 6 . 9 0  

5 0 . 4 5  

4 8 . 9 0  

46 .15  

4 1 . 0 0  

4 2 . 0 5  

40.30 

45 .07  

3.52 

Consumptive Use 
Staticn 

Cheyenne AP 

Farson 

Gillette 2E 

Green River 

Laramie 

Pathfinder D a m  

P o w e l l  

Sheridan AP 

Thermonolis 

Seasonal 
Consumptive Use 

1 7 . 1 5  

1 8 . 2 4  

1 9 . 9 9  

2 3 . 0 0  

1 7 . 1 4  

2 2 . 5 2  

2 6 . 1 4  

1 9 . 3 3  

23.20 

20.75 

3.13 

1 

Factor 1 
(cu/Evap.) 

.37 I 

. 42  

4 3  

- 4 6  

.35 

.49 

- 6 4  1 
.46 

0 58 

0 . 4 7  

0.09 

are average seasonal  consumptive irrigation requirements for grass, in i n c h c s  
+- 

P3n evaporation values listed are i n  inches. 



TABLE 1'11 

THORNTHWAITE EVAPORATION-EVAPOTRANSPIRATION COPPARISON 

Evaporation 
Station 

Cillettc 2 E  

May-September 
Pan Evaporation 

46 .90  

Green River 

Laramie 2"IJ 

Pathfinder D a m  

Heart Mountain 

Sheridan Field 
Station 

50.45 

48.90 

46.15 

41.00 

42.05 

Anchor D a m  I 40.30 

k a n  

S t and ar d 
Deviation 

4 3 . 4 5  

4 4 . 9 0  

3 . 7 6  

Consumptive Use 
Station 

Gillette 2E 

Green River 

Laramie 2NW 

Pathfinder Dam 

Heart Mountain 

Sheridan Field 
Station 

Anchor Dam 

Whalen Dam 

S e a s o n a l  
Consumptive Use 

21.61 

2 0 . 2 4  

18.41 

1 5 . 9 2  

20.83 

21.39 

19.29 

2 3 . 6 1  

20.16 
2 .32  

Factor 
(cu/Evap.) 

- 4 6  

.40  

.38 

.34 

.51  

. 5 1  

.48 

. 5 4  

0 . 4 5  

0.07 

cu values listed are 30 day values of estimated evapotranspiration, in cm. 

Pan evapora t ion  values listed are  in inches .  

cn 
0 
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TABLE VIII 

YATHFIIJDER DAN ANTJUAL EVAFOPSIT I O N  DTSTRI!3lJTIOI.I 

Month % O f  Annual -xvnpora t ion  

J a n u a r y  2 .7  

F e b r u a r y  

March 

A p r i l  

May 

June 

July 

August 

September 

October 

November 

December 

2 .5  

3 . 9  

8 . 0  

11.5 

13.1 

17.1 

15.6 

11.5 

7.6 

3 . 9  

2.6  
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TABLE T:‘ 

PIAY T EIRO UG I1 S EP T l 3 1  I3 E R HO NT I iLY EVAF 0 PdT TI 0 ‘J Il I S TR I I3 1 JT I ON 

blont i l  % O f  Nay Through September 
E v a p o r n t i o n  

Fia y 17.5 

June 

J u l y  

20.3 

24.4 

August 22.4 

September 1 5 . 4  



TABLE X 

DEVELOPXENT OF MAY THROUGH SEPTEXBER EVAPOP?ATIOV DISTRIBUTION 

S t a t i o n  

P ~ t t i E i n d e r  Dam 

!Icar t >foun ta in  

t\iil.ClIor Darn 

Green River 

Kcyho 3. c D a m  

G i l l e t t e  2 E  

Sheridan F i e l d  S t a t i o n  

PIlaJJ 

1 9 . 6  

1 6 . 8  

1 7 . 2  

18.0 

18.8 

1 7 . 1  

18.3 

16.5 

1G.6 

1 6 . 0  

1 7 . 2  

1 7 . 4  

% 2  

1 2  

4 

2 

3 

7 

2 

5 

6 

6 

9 

2 

1 

1 7 . 5  

1 . 0 4  3 . 2 9  

J u n d  

2 1 . 0  

1 9 . 2  

20 .7  

2 0 . 8  

20 .3  

2 1 . 1  

20.7 

1 9 . 5  

19.0 

19.0 
2 0 . 3  

22.1 

-- 
2 % 

3 

5 

2 

2 

0 

4 

2 

4 

6 

6 

0 

9 

20.3 

0 .96  2 .64  

Ju ly1  

2 2 . 8  

2 4 . 2  

2 4 . 6  

24.4 

2 4 . 3  

2 4 . 4  

24 .7  

2 5 . 2  

2 4 . 9  

24 .8  

2 3 . 1  

24 .8  

%2 

7 

1 

1 

0 

0 

0 

1 

3 

2 

2 

5 

2 

2 4 . 4  

3 . 7 1  2.13 

1 A u g u s t  

21 .3  

2 2 . 9  

22 .7  

22.1 

2 1 . 9  

2 2 . 0  

2 1 . 5  

2 2 . 7  

2 4 . 2  

2 4 . 5  

2 2 . 9  

2 0 . 5  

% 2  

5 

2 

I 
1 

2 

2 

4 

1 
8 

9 

2 

8 

2 2 . 4  

1.15 3.02 

Se?tember 

1 5 . 3  

1 6 . 9  

1 4 . 8  

14.7 

1 4 . 7  

1 5 . 4  

1 4 . 7  

1 6 . 1  

1 5 . 3  

1 5 . 7  

1G.5 

1 5 . 2  

1 

10 

4 

5 
r 

1 

0 

5 

5 

1 
2 

7 

1 

1 5 . 4  

0 . 7 3  2.95 

7 7   lacs l i s t e d  u n d e r  m o n t h s  a r e  p e r c e n t  o f  t o t a l  ?fay t h r o u g h  S e p t e m b e r  evaporation w h i c h  
occarred in tha t  n o n t h  o v e r  t h e  p e r i o d  of  record a t  a g i v e n  s t a t i c n .  

x'br12r;ige v a l u e  f s r  t h a t  month i o r  a11 stations. 

3 - i ' : i iues  l i s c e d  i n  % columns a r e  t h e  p e r c e n t  t h a t  a g i v e n  m o n t h l y  value differs f rom t h e  
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TABLE XI 

COPIPARISOli OF ANNCrhL EVAPORIZTIOPJ D ISTRIIJIJTIC)?IS 

X O f  Annltal Evaporation 
U.S. B u r e a u  

of Reclamation 
Month ( L a h o t i ,  1968) Brown (1970) P a t h f i n d e r  Darn 

,January 2.7 4 . 8  2 . 7  

February 3 .4  3 . 1  2 .5  

March 6.3 2.6 3.9 

April 9.3 7.5 8.0  

May 12.0 13.0 11.5 

June 1 4 . 3  13.0 13.1 
i 

J u l y  15.5 14.7 17.1 

August 13.5 1 3 . 9  15 .6  

September 10.4 10.5 11.5 

October 6.7 9 . 2  7 . 6  

November 3 . 4  3.9 3.9 

December 2.5 3 . 2  2.6 
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T h e  P a t h E i n d e r  D a m  a n n u a l  e v a p o r a t i o n  d i s t r i b u t i o n  was developed  

by a n a l y z i n g  a n n u a l  e v a p o r a t i o n  v a l u e s  c o l l e c t e d  a t  t h e  P a t h f i r - d e r  D a m  

e v a p o r a t i o n  s t a t i o n  f o r  t h e  p e r i o d  1962  t o  1969. An average vallie f o r  

e a c h  month o v e r  t h e  p e r i o d  of r e c o r d  was found.  The d i s t r i b u t i o n  was 

t h e n  o b t a i n e d  by d e t e r m i n i n g  the p e r c e n t a g e  each m o n t h l y  v a l u e  com- 

p r i s e d  of t h e  sum of t h e  mon th ly  a v e r a g e s .  The May t h r o u g h  September  

d i s t r i b u t i o n  w a s  d e v e l o p e d  u s i n g  1 2  IJyoming e v a p o r a t i o n  s t a t i o n s .  An 

a v e r a g e  v a l u e  f o r  e a c h  of t h e  f i v e  months (May t h r o u g h  September)  

was found.  The v a l u e s  i n  t h e  month ly  d i s t r i b u t i o n  shown i n  Tab le  TV 

are  t h e  p e r c e n t a g e  each month ly  a v e r a g e  compr i sed  o f  t h e  s u m  of  t h e  

month ly  a v e r a g e s  o v e r  t h e  p e r i o d  of record.  T h i s  d i s t r i b u t i o n  pre-  

d i c t e d  11ay t h r o u g h  September  e v a p o r a t i o n  w i t h i n  10  p e r c e n t  o f  t h e  nve r -  

age v a l u e  over t h e  p e r i o d  of  r e c o r d  at any s t a t i o n  i n  any month .  



CILIPTER V 

DISCUSSION AND CONCLUSIONS 

E v a p o r a t i o n  v a r i e s  much less  on a y e a r l y  b a s i s  t h a n  e i t h e r  s t r c r i m -  

f l o w  o r  p r e c i p i t a t i o n .  Extreme v a r i a t i o n s  i n  a n n u a l  t o t a l  e v a p o r a t i o n  

are w i t h i n  25 p e r c e n t  of t h e  mean a n n u a l  v a l u e .  Pan e v a p o r a t i o n  v a l u e s  

also f a l l  w i t h i n  t h i s  r a n g e  ( L i n s l e y  and  F r a n z i n i ,  1 9 7 2 ) .  T h e r e f o r e ,  

one  can u s e  v a l u e s  from the m a p s  deve loped  i n  t h i s  s t u d y  w i t h  c o n f i -  

dence  that t h e y  w i l l  n o t  d i f f e r  d r a s t i c a l l y  f rom t h e  a v e r a g e  v a l u e s  

used  as d a t a  f o r  this s t u d y .  E v a p o r a t i o n  maps similar t o  t h e  one 

deve loped  i n  t h i s  s t u d y  a re  g e n e r a l l y  a c c e p t e d  a s  one  of t h e  b e s t  

methods c u r r e n t l y  a v a i l a b l e  f o r  e s t i m a t i n g  e v a p o r a t i o n ,  "These annual 

e v a p o r a t i o n  maps p r o v i d e  t h e  most a c c u r a t e  g e n e r a l i z e d  e s t i m a t e s  of 

evaporation a v a i l a b l e "  (Peck ,  1967). 

The a n n u a l  l a k e  e v a p o r a t i o n  map deve loped  from t h i s  s t u d y  i s  

s imilar  t o  o n e s  deve loped  ea r l i e r  by Meyer (1942)  and Viessman e t  a l .  

(1977) .  This map w a s  based on a larger d a t a  b a s e  t h a n  p r e v i o u s  

s t u d i e s ,  and on  a n  i n t e n s i v e  i n v e s t i g z t i o n  of p r i m a r i l y  1Jyoming 

e v a p o r a t i o n  d a t a .  S i n c e  r e s u l t s  of this s t u d y  a r e  s i m i l a r  t o  those 

of ea r l i e r  s t u d i e s  i t  is  i n d i c a t e d  t h a t  no  s e r i o u s  e r r o r s  were made. 

It is f e l t  t h a t  t h e  deve lopment  o f  a more a c c u r a t e  map i s  n o t  p o s s i b l e  

a t  t h i s  t i m e .  A more a c c u r a t e  map would i n v o l v e  u s i n g  e s t i m a t e d  

e v a p o r a t i o n  v a l u e s  a t  l o c a t i o n s  o t h e r  t h a n  e v a p o r a t i o n  s t a t i o n s ,  Use 

of c l i m a t o l o g i c a l  f a c t o r s  f o r  e s t i m a t i o n  p u r p o s e s  would n o t  be  accept- 

a b l e  s i n c e  a c o r r e l a t i o n  of o n l y  .75  was o b t a i n e d  from s t a t i s t i c a l  
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a n a l y s i s  be tween e v a p o r a t i o n  and se lec ted  c l i m a t o l o g i c a l  f ac to r s .  

Therefore, u n t i l  more d a t a  become a v a i l a b l e  o r  a more accu ra t e  means  

of e s t i m a t i n g  e v a p o r a t i o n  i s  deve loped  t h e  maps  deve loped  i n  t h i s  

s t u d y  are as a c c u r a t e  a s  any  a v a i l a b l e .  

Use of Results 

The maps deve loped  i n  t h i s  s t u d y ,  F i g u r e s  11, 1 2 ,  and 13, c a n  b e  

u t i l i z e d  i n  a v a r i e t y  of  ways, and might  p r o v e  t o  be q u i t e  u s e f u l  t o  

the engineer .  E v a p o r a t i o n  and e v a p o t r a n s p i r a t i o n  v a l u e s  are  necessary 

w h e n e v e r  o n e  w i s h e s  t o  d e r i v e  a water b a l a n c e .  Some of t h e  i n s t a n c e s  

i n  which t h e s e  v a l u e s  migh t  b e  used  i n c l u d e :  (1) c o n d u c t i n g  reser- 

voi r  o p e r a t i o n s ;  ( 2 )  e s t a b l i s h i n g  n h y d r o l o g i c  monitoring systcm; 

( 3 )  d e t e r m i n i n g  t h e  h y d r o l o g i c a l  b a l a n c e  f o r  a d r a i n a g e  b a s i n ;  ( 4 )  

d e t e r m i n i n g  water r i g h t s ,  and water r i g h t  t r a n s f e r s  i n c l u d i n g  compIitrr- 

t i o n s  of consumpt ive  u s e  f o r  s u c h  t r a n s f e r s ;  and ( 5 )  water r e s o u r c e  

p l a n n i n g  of a l l  k i n d s  a t  a l l  l e v e l s - - f e d e r a l ,  s t a t e ,  and  l o c a l .  

The e v a p o r a t i o n  v a l u e s  shown s h o u l d  be  used  o n l y  a s  a n n u a l  values 

as  t h e y  are e x p r e s s e d  i n  terms o€ t h e  a v e r a g e  number of i n c h e s  f o r  a 

f u l l  y e a r .  

by m u l t i p l y i n g  t h e  v a l u e  of a n n u a l  e v a p o r a t i o n  shown o n  the maps  

( F i g u r e s  11 and  1 2 )  by t h e  a p p r o p r i a t e  p e r c e n t a g e  o b t a i n e d  from t h e  

P a t h f i n d e r  Dam a n n u a l  e v a p o r a t i o n  d i s t r i h u t i o n  (TLtblc \!III). >lore 

a c c u r a t e  results c a n  be o b t a i n e d  f o r  the p t3 r iod  ; , I c ~ v  t h r o u g h  September  

using the d i s t r i b u t i o n  shown i n  Tables  IS and  X ,  i n  combina t ion  w i t h  

t h e  P a t h f i n d e r  Dam d i s t r i b u t i o n ,  T a b l e  V T I I .  

PIonthly o r  seasonal v a l u e s  of  e v a p o r a t i o n  can be. o b t a i n e d  

O n e  may a l s o  u s e  t h e  May t h r o u g h  Sc>ptcwI?er  pnri t v n p o r a t i o n  map 

( F i g u r e  13)  f o r  e s t i m a t i n g  s c a s o n a l  e v a p o t r n n s p i r n t i o n  f o r  i r r i g a t e d  
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grass, h a y ,  and p a s t u r e .  T o  do t h i s  one  m u l t i p l i e s  v a l u e s  o b t a i n e d  

from F i g u r e  13  by 0.47 .  F i g u r e  1 3  i s  a map showing pan e v a p o r a t i o n  

v a l u e s  f o r  t h e  p e r i o d  May t h r o u g h  Sep tember ,  which c o r r e s p o n d s  r o u g h l y  

t o  the  p e r i o d  d u r i n g  w h i c h  s e a s o n a l  c v n p o t r a n s p i r a t i o n  o c c u r s .  One 

s h o u l d  keep  i n  mind t h a t  t h e  e v a p o t r a n s p i r a t i o n  f a c t o r  of  0.47 rIrc?s 

deve loped  u s i n g  i r r i g a t e d  g r a s s ,  hay ,  and  pasture as the  v e g e t a t i o n  

b e i n g  c o n s i d e r e d .  ~ v n p o t r r i i i s i , . i r ; ~ t i o n  vn l i i cs  oI>tainc:d ,arc not- p r c c i s e  

v a l u e s  and s h o u l d  be u s e d  f o r  p l a n n i n g  p u r p o s e s  o n l y .  

An example s h o u l d  serve t o  i l l u s t r a t e  how one  would  u s e  t hese  

r e s u l t s ,  A s s u m e  one w a s  conce rned  w i t h  a p o i n t  d e s i g n a t e d  a s  L a t i t u d e  

4 2 ,  L o n g i t u d e  109. The f o l l o w i n g  p r o c e d u r e  would p r o v i d e  the  in fo rma-  

t i o n  d e s i r e d .  Using F i g u r e  1 2 ,  one f i n d s  t h a t  t h e  average a n n u a l  

l a k e  evaporation f o r  t h i s  p o i n t  i s  45 i n c h e s ,  T o  f i n d  a v a l u e  f o r  

e v a p o r a t i o n  i n  A p r i l ,  one  m u l t i p l i e s  45 by 0.08,  w i t h  0.08 b e i n g  

o b t a i n e d  from T a b l e  V I I I  and  r e p r e s e n t i n g  t h e  p e r c e n t a g e  of a n n u a l  

e v a p o r a t i o n  t h a t  n o r m a l l y  occurs i n  A p r i l .  T h i s  calculation shows  t h a t  

one c a n  e x p e c t  3 - 6 0  i n c h e s  of  e v a p o r a t i o n  i n  A p r i l .  Assuming a reser -  

v o i r  s u r f a c e  area of 1000 acres,  t h i s  means t h a t  o n e  c o u l d  e x p e c t  

e v a p o r a t i o n  t o  amount t o  a b o u t  300 acre-feet  f o r  t h e  m o n t h  of A p r i l .  

Use of T a b l e  I X  i s  preferable  t o  Table V I I I  i f  a monthly  e v a p o r a t i o n  

v a l u e  is  d e s i r e d  f o r  t h e  period PIay t h r o u g h  September  a s  more a c c u r a t e  

r e s u l t s  s h o u l d  b e  o b t a i n e d .  Use of T a b l e  IS i s  p r e f e r r e d  s i n c e  the 

Nay t h r o u g h  September  d i s t r i b u t i o n  c o n t a i n e d  t h e r e i n  was d e v e l o p e d  

u s i n g  d a t a  f rom 1 2  Wyoming e v a p o r a t i o n  s t a t i o n s  while t h e  d i s t r i b i i -  

t i o n  c o n t a i n e d  i n  T a b l e  VIII was based  on d a t a  from o n l y  o n e  s t a t i o n .  

I f  May r a t h e r  t h a n  A p r i l  e v a p o r a t i o n  w a s  needed ,  one  w o u l d  o b t a i n  the 

t 
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p e r c e n t a g e  17.5 from T a b l e  I X ,  T h i s  means t h a t  17.5 p e r c e n t  of t h e  

e v a p o r a t i o n  o c c u r r i n g  d u r i n g  t h e  p e r i o d  Nay through September will 

o c c u r  i n  May. Summing v a l u e s  f rom T a b l e  VIII, i t  i s  s e e n  t h a t  68.8 

p e r c e n t  of t h e  a n n u a l  e v a p o r a t i o n  w i l l  o c c u r  d u r i n g  t h i s  f i v e  month 

e r i o d .  To f i n d  May e v a p o r a t i o n ,  t h e n ,  one m u l t i p l i e s  -688  by  .175, and  

this v a l u e  by 45 i n c h e s .  May e v a p o r a t i o n  i s  t h e r e f o r e  e q u a l  t o  5 . 4 2  

i n c h e s .  

I f  a s e a s o n a l  value f o r  evapotranspiration i s  r e q u i r e d ,  one  b e g i n s  

by m u l t i p l y i n g  t h e  v a l u e  o b t a i n e d  from F i g u r e  1 2 ,  45 i n c h e s ,  by 0.688 

and d i v i d i n g  by 0.70 t o  c o n v e r t  a n n u a l  l a k e  e v a p o r a t i o n  t o  Play t h rough  

September pan e v a p o r a t i o n .  An a l t e r n a t e  p rocedure  would be t o  u s e  

F i g u r e  13 t o  o b t a i n  a v a l u e  f o r  May th rough  September e v a p o r a t i o n .  

Once a v a l u e  of May th rough  September e v a p o r a t i o n  has been  f o u n d ,  4 4 . 2 3  

f o r  t h i s  example, a v a l u e  f o r  s e a s o n a l  e v a p o t r a n s p i r a t i o n  is o b t a i n e d  

by m u l t i p l y i n g  t h i s  v a l u e  by t h e  e v a p o t . r a n s p i r a t i o n  c o e f f i c i e n t  o f  

0.47. Thus for the p o i n t  b e i n g  c o n s i d e r e d  i n  t h i s  example,  one  would 

e x p e c t  s e a s o n a l  e v a p o t r a n s p i r a t i o n  t o  be  approx ima te ly  20.8 i n c h e s -  

L i m i t a t i o n s  of Results 

The r e s u l t s  p r e s e n t e d  i n  t h i s  s t u d y  are  b e l i e v e d  t o  be s u f f i c i e n t -  

l y  a c c u r a t e  f o r  u se  by t h e  e n g i n e e r  f o r  d e t e r m i n i n g  average a n n u a l  

e v a p o r a t i o n  and a v e r a g e  s e a s o n a l  e v a p o t r a n s p i r a t i o n  f o r  Wyoming. It 

is b e l i e v e d  t h a t  t h e  r e s u l t s  o b t a i n e d  are as acc .u ra t e  as an)’ p r e v i o u s -  

l y  deve loped ,  and may b e  as a c c u r a t e  a s  any which can be developed 

w i t h  t h e  avai lable  d a t a .  T h e r e  are  l i m i t a t i o n s  t o  the u s e  of t h e s e  
f 

r e s u l t s  of which the e n g i n e e r  s h o u l d  be made aware. 
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These  r e s u l t s  s h o u l d  n o t  b e  a p p l i e d  t o  areas  which  are  n o t  r c p r e -  

s e n c a t i v e  of t h e  s u r r o u n d i n g  c o u n t r y s i d e .  T h i s  would a f f e c t  t h e  u s e  

of t h e s e  r e s u l t s  o v e r  sma l l  areas o n l y ,  however. S i n c e  t h e  e n g i n e e r  

w i l l  u s u a l l y  b e  conce rned  w i t h  a n  e n t i r e  d r a i n a g e  a rea ,  t h i s  l i m i t a -  

t i o n  i s  of  minor  impor t ance .  

U s e  of t h e s e  r e s u l t s  f o r  mounta inous  areas  w i l l  i n t r o d u c e  some 

amount of e r r o r  as mounta inous  area e f f e c t s  were n o t  inc l -uded  when 

d rawing  t h e  f i n a l  e v a p o r a t i o n  maps. I f  va lues  are  needed  i n  a forested 

area of high  e l e v a t i o n ,  one c o u l d  d e c r e a s e  t h e  v a l u e s  found i n  t h i p  

s t u d y  by  1 4  p e r c e n t  t o  a c c o u n t  f o r  t ree  s h e l t e r b e l t  e f f e c t s ,  and 

o b t a i n  v a l u e s  more a p p l i c a b l e  t o  f o r e s t e d  areas. 

One s h o u l d  a l s o  b e  reminded t h a t  v a l u e s  o b t a i n e d  from t h e  evapo- 

r a t i o n  m a p s  deve loped  f rom t h i s  s t u d y  are  a v e r a g e  v a l u e s ,  and  t h e r c -  

f o r e  w i l l  n o t  g i v e  e x a c t  r e s u l t s .  Annual  e v a p o r a t i o n  v a l u e s  o b t a i n e d  

may v a r y  by as much as 25 p e r c e n t  from t h e  a c t u a l  e v a p o r a t i o n  i n  any 

o n e  y e a r ,  and  s e a s o n a l  e v a p o r a t i o n  v a l u e s  may v a r y  e v e n  more.  T h e r e -  

f o r e ,  t h e  g r e a t e s t  a c c u r a c y  s h o u l d  b e  e x p e c t e d  when r e s u l t s  a re  t o  

b e  used f o r  d e t e r m i n a t i o n  of a long term water b a l a n c e .  

C o n c l u s i o n s  and Recommendations 

Several c o n c l u s i o n s  c a n  b e  drawn b a s e d  on thc a n a l y s i s  conduc ted  

and  t h e  r e s u l t s  o b t a i n e d  from t h i s  s t u d y .  T h e s e  c o n c l u s i o n s  arc:  

1. R e s u l t s  p r e s e n t e d  are  b e l i e v e d  t o  be  A S  a ccu ra t e  a s  any  

p r e v i o u s l - y  deve loped .  The' engineer s h o u  I tl be suf f i . c i c n t l y  

c o n f i d e n t  t o  u s e  t h e s e  r e s u l t s  €o r  w a t e r  resource p l a n n i n g  

p u r p o s e s .  
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2.  T h e  a v e r a g e  a n n u a l  l a k e  e v a p o r a t i o n  map dc..ve'loped i n  ttiis 

s t u d y  is s i m i l a r  t o  e a r l i e r  work done by t h e  U.S. 9eTartment 

of  A g r i c u l t u r e  (Viessman e t  a l . ,  1 9 7 7 )  and EIeyer ( 1 9 4 2 ) ,  b u t  

d i f f e r s  c o n s i d e r a b l y  from results o b t a i n e d  by Kohlcr,  IJordenson,  

and  Fox (Eleyers, 1 9 6 2 ) ,  t h e  N a t i o n a l  Ideather  S e r v i c e  ( L i n s l e y  

3 .  

4 .  

5 .  

and Franzini, 1 9 7 2 ) ,  and Hor ton  ( 1 9 4 3 ) .  

An e f f o r t  s h o u l d  b e  made t o  r e l o c a t e  many of t h e  e v a p o r a t i o n  

p a n s  s o  t h e y  will be  more r e p r e s e n t a t i v e  of t h e  s u r r o u n d i n g  

c o u n t r y s i d e .  R e l o c a t e d  si tes s h o u l d  be  e s t a b l i s h e d  as f a r  

as p o s s i b l e  from t r ee  s h e l t e r b e l t s  and o t h e r  s t r u c t u r e s ,  

e i t h e r  n a t u r a l  o r  manmade. 

A d d i t i o n a l  r e s e a r c h  is i n d i c a t e d  f o r  s e a s o n a l  pan - to - l ake  

c o e f f i c i e n t s  s o  t h a t  more a c c u r a t e  mon th ly  o r  s e a s o n a l  v a l u e s  

c a n  be o b t a i n e d .  

A d d i t i o n a l  research is  i n d i c a t e d  f o r  e v a p o r a t i o n  i n  mountain-  

ous areas. 

t 
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