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ABSTRACT 

The United States Army Tropic Test Center made measurements of 
24-houi- totals of evaporation during conduct of the Environmental Data 
Base Project in the Canal Zone from 1965 to 1969.  In this  «port 
measurements obtained with Plche evaporimeters are compared with those 
made simultaneously with the Standard Pan at the same locations. The 
Standard Pan often produced invalid data because of splash-out during 
tropical rain and, aJthough an international standard, proved less 
reliable than the Piche. 

The annual variation of the measurements is presented for open 
terrain as well as for different heights in and above a forest. 
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FOREWORD 

During the years 1965 through 1969 the United States Army Tropic Test 
Center conducted a project in the Canal Zone entitled "Environmental 
Data Base for Regional Studies in the Humid Tropics." It was sponsored 
by the Advanced Research Projects Agency and Army Research Office of the 
Office of the Chief of Research and Development. Among other parameters, 
evaporation was recorded. Analysis of these evaporation data is being 
published in two parts under the common title "Evaporimetry in the Canal 
Zone." This report is Part I. 

II 
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SECTION A.  DETAILS OF INVESTIGATION 

1. INTRODUCTION 

This report describes, scrutinizes, and condenses routine 
measurements made from 1965 through 1969 during the Environmental Data 
Base Project.  It is primarily aimed at filling gaps in world-wide 
surveys of evaporation. Both classes of such purveys, whether based 
on the Standard Pan evaporimeter or on the Piche evaporimeter, can 
profit from this information.  Researchers who are involved in relating 
these two types of evaporation measurements should find material useful 
for their work.  In addition, climatological information is offered 
that presents the vertical and seasonal variation of evaporation within 
a tropical forest. 

2. BACKGROUND 

Evaporation is the process through which water is transferred from 
the liquid state into vapor.  It is accompanied by a conversion of 
sensible heat into latent heat, which is stored in the vapor and can 
be retransformed into nensible heat when and where the vapor is 
retransformed into ice or liquid water.  This combination of two 
physical processes is of greatest importance in natural phenomena, 
including those situations in which man modifies nature. 

Evaporation is essentially the last stage in the water cycle of 
plants (where it is called transpiration).  It is Important in the 
heat regulation of man, animals, and machines.  It is one of the links 
that brings the water from the oceans and other water surfaces to 
remote areas where it leads to cloud formation and precipitation. 

Unfortunately, there seems to be no way to measure natural 
evaporation without altering it, and Berenyi (1) assumes that there 
will never be a way. Some simple and inexpensive evaporimeters have 
been developed and are in wide use.  More sophisticated Instruments, 
"lysimeters," yield more realistic results, but are expensive and 
difficult to handle. Consequently, few of them are used. The 
Instruments of the inexpensive category have in common <i continuous 
water supply (i.e., the water is replenished before it is exhausted). 
Evaporation from oceans and other open water surfaces, and to a certain 
degree from the human skin, is a natural process that matches the water 
supply principle of such evaporimeters. Other natural processes such 
as evaporation from soil deviate substantially from this principle, 
and evaporimeters show especially high values of evaporation in desert 
areas where natural evaporation is close to zero. On the other hand, 
steam rising from a hot pavement after a shower, or from a warn water 
surface, is proof that evaporation can take place even into saturated 
air where the vapor must condense and bacoaes visible. An evaporimeter 
does not indicate any evaporation in such a case. 



Many series of evaporation measurements have been accumulated during 
the last hundred years.  Two of the most preferred evaporimeter types are 
the Piche evaporimeter (called by some authors "atmometer") and the 
Standard Pan.  The latter has been recommended by the Wcrld Meteorological 
Organization and is mandatory for NOAA/Weather Bureau stations.  It is 
i.hown in the following discussion that there are situations in which 
measurements with the Pan are impossible while the Piche instrument remains 
operable.  This report does not deal with the meaning of the measurements, 
which will be published as Part II, "Comparisons of Various Types of 
Evaporimeters on an Hourly Basis," at a later date. 

3.  OBSERVATION SITES 

The evaporation measurements described and summarized in the last 
part of this report were made at the two main sites of the Environmental 
Data Base Project and at one site maintained by the Panama Canal Company 
(figure 1).  The geographical coordinates of the three sites are: 

Albrook (semievergreen forest) 
Chiva Chiva (grassland) 
Madden Dam (river slope) 

09*01*1, 79033,W, 31 meters MSL 
O^Ol'N, 79035,W, 3C meSers MSL 
09o13,N, 79037IW, 90 meters MSL 

For the first two sites the full observation protocols are available. 
For Madden Dam only the results of the computations exist.  It was 
possible to correct many errors in the records of Albrook and Chiva Chiva 
■ice? and either to eliminate euch data or to replace them with estimated 
values. 

4.  AVAILABLE DATA 

Table I lists the periods and locations for which routinely made 
7.4-hour evaporation totals are available and the type of instrument 
which was used. 

TABLE I.  LOCATIONS, TIML PERIODS, AND HEIGHTS FOR 
WHICH DAILY EVAPORATION TOTALS ARE AVAILABLE 

CHIVA CHIVA ALBROOK MADDEN DAM 
(open site) (forest site) (open site) 

Height in Meters Height in Meters Height in Meters 
0.5 0.5 13.5 28.5 46 0.5 

1965 
May-Aug Pi Pi Pi Pi Pi - 
Sep Pi Pi Pi - - - 
Oct SP    Pi -  Pi Pi Pi - - 
Nov SP    Pi SP Pi Pi - - - 
Dec SP   (Pi) SP Pi, (C) Pi - - - 



Table I (concluc ed) 

CHIVA CHIVA ALBROOK MADDEN DAM 
(open site) (forest site) (open site) 

1966 

Height in Meter 
0.5 

s 
0 .5 

Height in 
13.5 

Meters 
28.5 

i 

46 
Height 

0 
in Meters 
,5 

Jan 
Feb-Mar 
Apr 
May-Nov 
Dec 

SP 
SP 
SP 
SP 
^P 

Pi 
Pi 
Pi 
Pi 

SP 
SP 
SP 

Pi, 
Pi 
Pi 
Pi 
Pi 

C Pi 
Pi 
(Pi) 

(Pi) 

(Pi) 
Pi 
Pi 

(Pi) 
Pi 
Pi 

(SP) 
SP 
SP 

(Pi) 
Pi 
Pi 

1967 
Jan-Apr 
May-Dec 

SP 
SP 

Pi 
Pi 

— Pi 
Pi 

(Pi) 
(Pi) 

Pi 
Pi 

Pi 
Pi 

SP Pi 

1968 
Jan SP Pi *" Pi Pi Pi Pi - 

LEGEND: SP - Standar d Pan 
Pi » 
C - 

0 - 

Piche evaporimeter 
Piche evaporimeter under cover 
Incomplete data 

The Standard Pan is a flat-bottomed cylinder of zinc-coated steel 
1 foot high and 4 feet in diameter, which stands on a support of wooden 
logs. It is almost completely filled with water. Changes in the height 
of the water level are measured with a precision instrument, called a 
hook gage, and these changes are supposed to reflect evaporation and 
precipitation. Unfortunately, they also reflect contamination by 
solid matter, splash-out through weather effects, and occasionally 
animal activity. Animals and larger pieces of solid matter can be kept 
off the Pan by placing it in a cage of chicken wire. Such a cage 
reduces the effects of wind as well as radiation, but these reductions 
are considered to be negligible. 

In the observations under discussion here, the splash-out through 
weather effects proved to be frequent and of such a magnitude that many 
measurements are completely wrong.  Splash-out can be produced by high 
winds and by heavy rain.  High winds occur in the Canal Zone for brief 
periods only at the onset of thunderstorms, and no evidence for wind- 
produced splash-out could be gathered.  However, splash-out caused by 
large drops during heavy rain proved to be such an important factor that 
a substantial percentage of Pan evaporation measurements were discarded 
Whenever splash-out occurs, it appears in the measurements in the same ' 
way as does an increase in evaporation.  Thus, surveys computed from 
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unchecked Pan meafurements may yield erroneously high values of evaporation. 
Table II, together with the information that 10 to 30 percent of Pan 
measurements are invalidated by splash-out, demonstrates ".he low level 
of accuracy of published evaporation averages obtained from Standard Pan 
measurements during the rainy season.  Most averages will be exctssively 
high.  In a rainy climate another fact reduces the accuracy even further. 
The rainfall is traditionally measured with an accuracy of one-tenth of 
that of evaporation (hundredth versus thousandth of an inch).  The 
hundredths are doubtful in cases of heavy rain because the recording paper 
may warp, the recording curve may become very thick, the mechanism may 
not be able to follow the impulses in proper form, etc. The rainfall 
total measured in such an inaccurate way must be subtracted from the 
water level change in the Pan to obtain the amount of evaporation.  Six 
out of 34 measurements at the end of the 1965 rainy season were discarded 
because the computation resulted in negative evaporation which in those 
cases appeared unrealistic. 

The Piche evaporimeter is a vertical, water-f: lied glass tube of 
1.3 centimeters inner diameter.  From this tube, water evaporates through 
a circular piece of blotting paper of 3.2 centimeters in diameter 
attached to the lower end of the tube. A scale etched into the glass 
permits measurements of the changes of water level. The Piche instrument 
is less affected by rain than the Standard Pan; in some cases the 
surface tension of the water at the surface of the blotting paper changes 
during rain so that the water actually rises (against gravity) in the 
tube.  This effect may be enhanced by the rain cooling the tube, the 
water, and the vapor above the water column.  These effects can be 
computed to be small, and being partly reversible they can be disregarded. 
High winds can produce a splash-out from the PI ehe when a gust shakes the 
instruments enough to cause the blotting paper to drip. No numerical 
values of gust effects of the Piches of this study are available, but 
they are assumed to be close to zero.  This assumption has its justifi- 
cation not only in the. infrequency of gusts in the Canal Zone, but also 
in the fact that the Piche tubes were secured against swinging by means 
of a stabilizing arm holding the tube at a constant distance from its 
stand. 

Table II shows the influence of rain on evaporation measurements. 
The Piche displays, as seems to be natural, a decrease of evaporation 
with increasing rain and its standard deviation from the average stays 
constant.  This can be interpreted as a sign that real evaporation has 
been measured.  The Pan shows the expected decrease of evaporation with 
jlightly increasing rain, the standard deviation staying almost constant. 
With above half an inch of rain in 24 hours, however, the measurement 
rises instead of falling and so does the standard deviation.  Before the 
statistics were computed, it was necessary to discard 10 out of 68 days 
because the Pan showed condensation rather than evaporation.  It is 
concluded from table II that Pan measurements are erroneous on days 
with intense ("tropical") rainfall. 



TABLE II. DAILY PAN AND PICHE EVAPORATION AT CHIVA CHIVA OPEN SITE  ' 
[MLAN (x) AND STANDARD DEVIATION (o)T   '  

24-hour Rainfall (inches)    0-0.02 

Piche (milliliters) 

Pan (Inches) 

Number of days 
(Period:  7 Oct - 13 Dec 65) 

x    a 

2.38 +0.97 

0.121 +0.0u3 

19 

0.03-0.49 

x i    o 

1.70 +1.02 

0.096 +0.073 

20 

0.50 and mora 

x    o 

1.41 +1.00 

0.173 -^0.137 

19 

Attempts to use the Standard Pan in the forest were almost complataly 
unsuccessful. There are two major obstacles to a reasonable interpretation 
of Pan data in the forest. First, a great quantity of debris (leaves, 
buds, insects) falls into the Pan and raises the water level not only'by 
its own mass but also by the water it may carry after rain. Second, forest 
rainfall is extremely different at distances much shorter than the width 
of the Pan. Read (3) studied this irregularity and showed that it is not 
possible to correct the height of the water level of the Pan in the forest 
for rainfall. For a brief period an attempt vas made to overcome both 
these problems by placing a plastic roof at 1.3 meters over the Pan. 
It prevented litter and rain from falling into the Pan but, unfortunately, 
also modified radiation and air motion.     i 

The available data were checked subjectively for reliability under 
the assumption that there would be Pt least a crude covariation between 
Pan and Piche data. Many Pan recon ings were eliminated from the 
statistics because of obvious unrel.ability. 

5.  COMPARATIVE ANALYSIS 

After elimination of errors, the relationship between tke two 
evaporimeters and the differences among loca.lons v-.re studied. The 
reader must bear in mind that the checked measurements represent the 
actual evaporation from the instrument. Thus, the word "evaporation" 
is used synonymously with "measu-ement." Nothing is known about 
evaporation that took place elsewhere, and the instrument readings 
represent only the performance of tne instrument. The following analyses 
are published under the assumption that meaningful relationships between 
instrument evaporation and natural evaporation can be established. 

The comparative analyses are roughly divided into correlative studies 
of daily and monthly data and correlations between different instruments 
at the same site, like instruments at the same sifjs, and like instruments 
at different sites. It is hoped in this way that the greatest number of 
scientists in this field can profit from this work. 

■ 



I 
*  Correlation of Dally Evaporation Totals 

(1)  Like instrurae.ts, different stations.  Figures 2 and 3 present 
the correlation betwe-n the Standard Pan jieasurements and the correlation 
between the Plche measurements, respectively, at the Chlva Chlva and 
Madden Dam stations for the period Decenber 1966 through April 1967. 
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Figure 2.  Scatter Diagram of Dally Standard Pan 
Measurements at rhiva Chlva and Madden Dam 

The correlation coefficients are 0.A1 between the Pans and 0.55 between 
the Piche..  Whether or not the lower coeff.cien* of the Pan data 
reflects the general deficiencies of Pan measurements delineated above 
cannot be decided from the available data.  Whatever tho reason, Standard 
Pan results were less reproducible than Piche results. As no conventional 
meteorological data have been collected at Madden Dam, figures 2 and 3 can 
be analyzed only suptüflcially by stating that there is a moderate amount 
of covariation between these stations located 13 alles apart. The two 
Environmental Data Base statlom. were closer together and consequently 
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•how « aero nr  «•■ocUtlon. (Also, it WM poMslblc to chack Che data 
«nd elimlnatf errors.) For •x*mpi*,  th« P««r«oo product-aoamt corrtlatlon 
coefficients beCveen ch« Plche MMurvMnCs In Chlva Chive (neer th« 
surface) and the Albrook Foreat (at 46 Mtera over the foraat floor) «are 
0.61 in October 1966 and 0.98 in May 1967. The dry aaaaon coafflcianta 
ware higher than thoaa of the rainy aaaaon because the data are diaperaed 
over a wider range and proportionately larger than the obaarvational 
errora. The graataat diaparaion of 24-hour evaporatioc. totale occur« in 
the transition nonthe between the aeaaone whe* dry daye with high 
eveporetion raiea elternata with daap daya with leaser rataa. Noraally, 
April and Decoder are transition aontha. In 1967, whan aoat of theae 

taureaente were aada, the and of the dry aaaaon waa delayed until May. 

C: Like Inetruaents. aaaa atation. Table I ehowa that there ware 
alweya aev4kal evaporiaatere working on the Albrook tower at the e«M 
time. Figure 4 ehowa that eveporetion in the foreet incraaaae vary such 
with height (if it is not very close to saro). It presents the vertical 
distribution of the Piche eveporetion of typical eon'.hs, of as axtrea.e 
day, and the absolute extreae aeeeured during this project. 
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Pich« «vaporation naar the ground can ba qulta larga In a tropical 
lavergraan foraat.    Tha axtrwaa waa Manured at tha beginning of 

tha obaarvatloit parlod whan tha vagatatlon waa raducad by tha affaeta of 
tha towar conatructlon and nay or aay not occur In undlaturbad anviron- 
oanta.    Tha March valua at 0.5 aatar in tha foraat la vary cloaa ro 
tha aaan suMar valua aaaaurad with tha aaaa typa of inacrunant in «any 
placaa ir Caraany. with tha diffaranca. howavar, that tha Canun 
«aaauraanntt show a auch graatar diaparaion up to an axcaptional aaxiaua 
of 22 ■lllilitara  in 24 hour»  (8).    In tropical San Salvador. Cantral 
Aaarica,  tha Man daily Pich« avaporation oacillatad b«tv««n 2 «illilitar« 
in Sapt«^>«r and 8 Billilitara in Fabruary Maaurad at an opan axpoaura 
•ita ovar a 5-yaar parlod (9).    Thia la cloaa to tha valua« obtainad 
iaaadiataly ovar tha forMt canopy in Alb rook (aaa tabla III, paga 16). 

In apita of tha graat changa of tha MgnJtu«a of avaporation, tha 
corralation batwaan aiaultanaoua nadlnga at dlffarant laval« la 
axcallant.    In May 1967, for axaopl«.  tha corralation coafficianta wara: 

46       26.S       13.3       0.3 aatan 

46 Mtara       - .971        .930      .798 (abova tha foraat) 

28*5 " " '»32      .847 (a ahort diataaca abova 
tha traM) 

13,* " - ••77 (oatvMn tha uppar and 
tha lowar canopy) 

0,5 - - - . („^j tht forMt floor) 

ThM« values riaa «Lghtly whan tha inaccuraclM of MMuraMnt ara 
nuMrlcally «atlMC«d and than aliainatad through ai^la algabra (4). 
Tha graatMt iaprovaMnt la found in tha corralation coafflciant batwaan 
tha 46-  and 0.3-Mtar  laval« which  rlaaa fron 0.798 to 0.822,  Mauaing 
a Man obaarvatlonal artor of 0.1 ailUlitar.    Raad (3) cooeludad fron 
a tm MMuraMnta that WMthar changaa reach through tha canopy down 
to tha forMt floor,  though i jducad in eff»ct.    Tha high corralation 
coafficianta cunfIra thia .onclMion with U« auch graatar oiabar of 
MMur«ML;« Mad in thia paper.    Ala    ih« r. iuction factora darivad 
froa tha Picha MMuraMnta corrMpono «jtactly  to thMa found by Read 
(3) «ho workad with Llvingatona ataoMtara.« 

(3)    Different   InatrManta.  ««M «tation.     Thraa aerie« of data 
contain aiaultanaeua raadiaga of tha Picha avaporlMtar Md tha Standard 
Pan (tabla I).    Tha aoat astMaive «arlM WM takm at Chiva Chiva where 

• Tha LivlngatOM  la  incooveniant bacau«e each  InatruMnt  h«a a different 
calibration, and thia calibration can change with tiM throi«h obstruction 
of tha poiM by air contMinanta.    Tha LiviogatoM la tuparior to tha 
Picha only whan atrip-chart  recordingn ara required. 

10 



parallel raiding« war« taken during 26 out of 33 aonChs.    Similar 
raadinga wara cakan at Haddan Daa during an ll-«onth pariod.    Aa axplalnad 
on page 6, Maauraaants with an opan !'an In rha fjraat failad coaplatalv. 
Jnconvantional  Standard Pan aaaauraaanta waro Cakan aiaultanaoualy with 
Pich« raadlnga during a 6-aonth pariod whan tho Pan had a ptocacdva 
plaatic roof approxlaatal.   1.3 Mtara ovor cUa evaporating watar surface. 

Very rainy aontha exa not sulcabla for co^eriaona of different 
inetnaents beceuee tho eveporetlon dlalnlehee to levels that ere cloee 
In aagnitude to the obeervetlonal errors.    Therefore, only date fro« dry 
(or releclvely dry) aontha have been used to coustruct flgur* 5 whlth 
prsaantrt acattar diagrams between Plche end slmulteneoue Pan raadlnga. 
The ecatter makaa It  inpMalble to determine if the functional 
reletlonahl? at Chlva Chive la different from chat at Hadden ^am- but it 
can eefely be steced that ehe function for the formet floor la eceeper 
Chen chat for the open elce, indicating that the roofed Pea la the 
foreec reacce more elowly chan ehe Pen In ehe opan. 

IWo eaplaoacione are offered for Che baeic difference of tha functional 
ralatlona la ehe open and in Che forcect    (a) Tha l laatic cover and the 
iaevee protact the Pan in ehe forest from eolar rad.ation and corraapooding 
warming.    Tht« ie not ehe caae in open expoeure where Che water la ehe 
Pan la being beecad during e eubecancial pare of ehe eropirel day.    The 
evaporeting surfece of ehe Piche, however, has baaa ehewa elwaye to 
have a teaperecure cloee to ehe wee bulb ceaperature regardleae of the 
radieeloo condition,  (loth (5), Nukammal  (6)).    Uteretore Che foreae 
raducss Che Pea evaporaeioe aore chan ehe Piche evaporaeioo.    The effects 
of radiative warming in the Pan become obvloue when hourly mseeurameacs 
sre cakan.    Part  II of this rsport will discuss hourly variations of 
msaaured eveporetlon in detail,    (b) The Fiche ie known to reace  to wind 
mpre than ehe Pen.    Thia ia eapecially trua wich low wind epeede; chore 
may be enough wind et  ehe foreae  floor co affect  the Plche, but not 
enough to have maaaureble effect oa the Pan. 

b.    Correlacioo of Moochly Awraaea 

Monthly svsrsgas of eveporetlon were compsrad beeweea ehe followlna 
sou of dace: ^ 

(1) la figure 6, Chive Chive Plche wich Chive Chive Pan, and wich 
Ch« Albrook Plchae at 0.5, 13.5, and 2«.5 aatars above ground. 

(2) la figure 7, Albrook Plche at 21.5 aetera wich Chive Chive Plche 
aad wich ehe Albrook Pichee at 0.5,  13.5, and 46 aaearv above ground. 

Thare la aeae duplication in flguree 6 and 7 in order to ahoe ehe 
funcciooal relatloaahipe  ia differeoe coaeaxte.    lach figure ia subdivided 
ineo two perta wich dupllcacloa of ehe curvee, again co permit comperiaoa 
wlih ocher curw«.    All curvee were drawn froa vieuel  laepeceion beceuea 
of Che point acattar aad eh« lack of a Cheery thac would call  for e 
cartain type of curve.    Since Che reader aay wlah to know the actual 
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PICHT  CNIVA CHIVA   (ai11111l*ra} 

MJTIi    Hi« curvM (Utlo« th« scatter «lafraM of figura 6a ara rapaatcd 
in figur« 6b aad »ice varaa. 

Plgura 6a.  tcattat Dlafraaa of Chlva Cblva Pidia varaua Chiaa Chlva Pan (•) 
aod varaua Albrook Plch« at th» Peraac Ploor (•) 

Plfura 6b. Scattar DlatrMa of Chi»« Cblva Picba varaua Albrook rich« at 
2t.S Natara (n) *^raus Albrook Plch« at 13.5 Nitara (•) 

Plfura 6.    Corralatlou batwaan Oil-«« Chiv« Plcba vlth Pour Otbar tvaporl- 
■atara (Dally AvarafM cf  lodlvldual Nootha) 
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•caccar, eh« individual data point« hava baan plottad.    Praaantlng all data 
polnta ID ona flgura would hava randarad It illagibla:  tharafora, only tba 
data point« of two of tha four curvaa of aach aubflgura hava baan antarad. 
Tlgura 6at for axmpla, contaloa only tha acattar diagraaa fro» which 
tha aolld and tha ahort-daahad curvaa wara darlvad, »rh raaa figuca 6b 
contain« tha acattar diagraaa of tha dottad and daah-dottad curvaa; 
figuraa 6a and 6b contain tha »m-* four fitted curvaa. 

Nona of tha curvaa ara atralght llnaa through tha origin.    Slnca high 
•v.poratlon valuaa ara typical for tha dry aaaaoo and thoaa for tha rainy 
aaaaon ara aaall. It follow« that proportionality factor« baevaan diffarcnt 
Inatruaanta chaaga during tha couraa of tha yaar.    Thia i« alao traa for 
atralght parta of tha curvaa a» long aa tha axtanalon of tha atralght 
llnaa do«« not go through tha origin.    Thia qualification baa baan 
ovarlookad in aavaral publlcationa of thi«  ^ind. 

It caa ba daducad fro« flgura 6 that thara ara aontha with practically 
no avaporation at tha foraac floor and, to a laaaar aitant, it tba baaa 
of tha canopy whila tha inatruaanta with fraa axpoaura «how aaaaurabla 
<»ount« for all aontha.    Pigura 6 alao ahowa that aonthly avaporation in 
dia dry aaaaot; la graatar in tha foraat than it ia in tha opan durlna 
tha rainy aaaaoo. 

Tha incraaaa in alopa of tha curva for tha 26.5- varaua 46-aatar 
covariation ahown In flgura 7 ia probably tha conaaquanca of tha graatar 
incraaaa of wind apa«d with haight during tha dry aaaaon.    During that 
tim, tha wind apaad ovar tha canopy at 46 aatara 1« approaiaataly chraa 
tiaaa tha velocity of that at 28.5 Mtara.    In tha rainy aaaaon tha ratio 
ia cloaar to 2:1.    Slailar raaaoning may alao aaplain tha ahapa of tha 
curva for tha 28.5- varaua 13.5-Mtar lavala, whila graat diaparaloo of 
tha data fro« tha lowaat laval obvioualy allowa tha drawing of different 
curvaa. 

c.    Annual Varlatlooa 

The curve« of figure« 6 and 7 hava baan uaad to fill tha gape docu- 
mented in table I,  and frc» tha data completed in thla way tha annual 
variation« of aix inatruMnta hava baan coaputad and are Hated in table« 
Ilia «id Illb.    Table Ilia praaaata tha data in th« unite in which they 
wara recorded and table IIIf praaanta tha aaaa data in percent of the 
raapectiv« annual   total«.    Rainfall data hava baan ndded. 

Inapactioo of Table 11 lb ahowa that tha annual variationa in different 
■urrounding« ara different.    Specifically, tha table deaonatrataa that 
during the rain/ aaaaon aaaaooal changaa ic th* fra« ataoaphare do not 
ao readily penetrate to tha ground aa do day-to-day changaa  (paragraph 
5a(l)|.    Re Jalay with height can bo obaerved in the dry aaaaon.    Aa 
could ba expected froa previoua paragraph«, the Standard Pan baa an 
annual variation that differ« froa that of the Piche. 
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TABLE III.  ANNUAL VARIATIONS OF F.VAPORATION AND RAINFALL 
(MAY 1965 THROUGH DECEMBER 1967) 

a. Monthly and Annual Totals 

 J«n  Feb  Mar  Apr  May  Jun  Jui  Aug  Sep  Oct  Nov  Dec  Annual 

6.4  7.3  8.7  6,5  4.9  3.7  4.1  3.8  3.6  3.7  3.5  4.8  61.4 

b. 

200  244  311  208  130 6Q 75 64 

259 316 395 243 149 102 108 105 

169 197 243 159 105 72 79 75 

77 100 124 77 56 33 34 34 

46 67 98 61 29 16 15 15 

62 

92 

66 

25 

10 

52 

84 

59 

23 

10 

59 88 1544 

84 141 2076 

61 93 1377 

21 38 642 

10 16 393 

0.9  0.3  0.0  4.6 12.3  8.6  9.4  7.8  6.3 13.6 16.0  4.8  84.5 

1.5  0.3  0.8  5.5 10.0  8.6  7.8  5.3  9.0 13.3 15.2  5.4  82.7 

Percanta of Annual Totals 

10.4 11.9 14.2 10.6 . 8.0 6.0 6.7 6.2 5.9 6.0 6.4  7.8 

13.0 15.8 20.2 13.5 7.1 4.5 4.9 4.1 4.0 3.4 3.8  5.7 

12.5 15.2 19.0 11.7 7.2 4.9 5.2 5.0 4.4 4.0 4.0 

12.3 14.3 17.6 11.5 7.6 5.2 5.7 5,5 4.8 4.3 4.4 

12.0 15.6 19.4 12.0 8.7 5.1 5.4 IA 3.8 3.6 3.3 

11.7 17.1 25.0 15.4 7.5 4.2 3.8 3.6 2.5 2.5 2.5  4.2 

1.0 0.3 0.0 5.4 14.6 10.1 11.1 9,3 7.4 16.1 18.9  5.7 

1.8 0.4 0.9 6.6 12.1 10.4 9.4 5.4 10.9 16.1 18.4  6.5 

6.8 

6.8 

5.9 

100 

100 

100 

100 

100 

100 

100 

100 

LEGEND:  1 Evaporation (in) Standard Pan, Chiva Chiva 
2 Evaporation (ml) Piche, Chiva Chiva 
3 Evaporation (ml) Piche, 46m over forest floor, Albrook. 
4 Evaporation (ml) Piche, 28.5m over forest floor, Albrook 
5 Evaporation (ml) Piche, 13.5m over forest floor, Albrook 
6 Evaporation (ml) Piche, 0.5m over forest floor, Albrook 
7 Rainfall (in) Chiva Chiva 
8 Rainfall (in) 46m over forest floor, Albrook (approximately 

18m over treetops) 

NOTE:  Because of rounding-off, the sum of the monthly totals does not always equal 
the annual total. 
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There is little correlation between rainfall totals and evaporation 
totals. The strong double wave which can be observed in the annual 
variation of rainfall during the measuring period (this double wave is not 
observed every year) is only faintly reflected in the simultaneous 
evaporation. On the other hand, the rainfall was close to zero from 
January through March while the evaporation increased considerably. 
This low correlation with rain was found for the Pan as well as for the 
Piche. This result is not surprising because the amount of rainfall 
depends more on the vertical distribution of meteorological parameters 
than on the conditions near the ground. Furthermore, evaporation 
contributes daily to the total, but rainfall contributes only on those 
days when it rains (which may be only once or not at all during a dry 
season month). 

The correlation coefficient between global radiation (i.e., the sum 
of direct sun and indirect sky radiation) and evaporation is high; that 
between wind and evaporation is lower. Table IV shows these coefficients. 
For global radiation, the Eppley pyrheliometer measurements of the Atmos- 
pheric Sciences Laboratory, Canal Zone Meteorological Team at Gun Hill, 
were used; and for wind. Environmental Data Base recordings at the 26.5- 
met^r level at Chiva Chiva (the only level with such recordings throughout 
the entire period). 

TABLE IV.  CORRELATION COEFFICIENTS BETWEEN MONTHLY TOTALS 
(MEMS) OF EVAPORATION WITH RADIATION AND WIND SPEED 

FOR 31 MONTHS AT CHIVA CHIVA 

Radiation 
Global Corrected  Wind Corrected  Radiation 

Radiation  Wind  for Wind   for Radiation   Plus Wind 

Standard Pan     .915    .884     .689        ,515        .933 

Piche .908    .879     .658        .543        .936 

It was necessary to correct the raw coefficients (columns 1 and 2 of 
table IV) because wind and radiation have similar annual variations.  The 
corrected coefficients are given in columns 3 and 4. Column 5 presents 
the correlation coefficients between the measured monthly totals of 
evaporation and those computed from regression equations.  The regression 
equations were: 

100 SP = 0.4051(R-393) + 0.8342(W2-27.9) + 1.60 
10 Pi = 0.6661(R-393) + 1.7564(W2-27.9) + 1.41 

where  SP = monthly Pan evaporation in inches 
Pi ■ monthly Piche evaporation in milliliters 
R = mean daily global radiation in langleys 
W = mean monthly wind speed in mph 
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The ratlos between the factors are 0.83A2/0.4051 = 2.0592 for the 
Pan,  and 1.7564/0.6661 = 2.6366 for  the Piche.     tttU  indicates  that the 
Piche is more sensitive to wind than the Pan.    Tf     difference, however, 
is not so great as to justify the statement that "...the Piche is very 
sensitive to wind speed..."  (7).     Similar exaggerated statements can be 
found in many textbooks on meteorological instrumen s. 

The ratios of the factors in the regression equations Jo not change 
much when W is used instead of W^; in this case the correlation coeffi- 
cients of the last colutan of  table IV become a little smaller. 

Table IV and the regression equations refer to monthly means and 
totals,  respectively.    Daily values of  evaporation depend in a different 
way on meteorological parameters.    In the Canal Zone the daily amount 
of evaporation is almost completely determined by the global radiation. 
..his does not mean that the radiation alone produces evaporation, but 
rather that all elements that effect evaporation are highly correlated 
wit'.i the radiation.    This is not true in colder regions of the world 
where a sunny day may be very cold and a cloudy day warmer. 

Table V lists correlations between different meteorological parameters 
and evaporation on a daily basis, measured in the open field of Chiva 
Chiva or nearby Gun Hill, during February and March 1967. 

TABLE V.    CORRELATION COEFFICIENTS BETWEEN DIFFERENT PARAMETERS 
 (BASES ON DATLY VALUES OBTAINED AT THE OPEFTgTlfr  
 mmm AND MAHCH I%7) L 

WC1/3) W(l/2) W(2/3) W(S/6) W(l)           F            E            D          C          B         A       Pi 
SP .731 .727       .720 .711 .701        .739     -.830     -.553      .763      .708    .903    .949 
Pi .714 .711       .706 .698 .689        .746     -.849     -.575      .721      .604    .819 
A .663 .655       .644 .633 .619        .676     -.790     -.503      .751      .341 
B .543 .534        .524 .513 .501        .695      -.674      -.289      .686 
C .696 .682        .667 .650 .631        .843      -.817      -.388 
D -.460 -.457 -.453 -.448 -.441    (-.417)      .625 
E -.657 -.646 -.633 -.618 -.602     -.894 
F .609 .596        .581 .566 .549 
W (1) .978 .987        .995 .999 
W (5/6) .985 .994        .999 
W (2/3) .993 .998 
W (1/2) .998 

LEGEND:    SP   Standard Pan (inches/day) 
Pi   Piche evaporimetrr (milliliters/day) 
A     Total global radiation, measured with an Eppley pyranometer, 

total of all hours (langleys) 
B     Global radiation, the hour vith the highest total (langleys1 

C     Temperature maxinum (0F) 
D     Dew Point, daily mean (0F) 
F.     Minimum of relative humidity (percent) 
F     Maximum soil surface tenperature, measured with an infrared 

thermometer (0F) 
W() Msan daily wind speed, elevated to the pcwer indicated in parentheses, 

e.g., W (1/2) = square root of the mean speed (miles per hour) 
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The best-fit curves derived from the correlation matrix are - 

for the Standard Pan: 

SP - 0.00051A - 0.00139B  0.00283E + 0.00357W + 0.198 
(correlation coefficient with measured values:  .947) 

for the Plche: 

PI = 0.01710A - 0.08993B - 0.17127E + 0,15425W + 13.877 
(correlation coefficient with measured values:  .924) 

All coefficients but those In parentheses are significant at the 0.001 
level.  It Is Interesting to note that In the multiple regression the 
wind ppeed to the power one gives the best results, whereas the individual 
correlations between wind <"-.d ^ny other variable become higher with 
decreasing powers. It is of further interest that the regression equations 
are not improved by inclusion of the temperature. Obviously, the hi^jh 
correlations between temperature and radiation and relative humidity 
have the effect of eliminating temperature from the equation. This finding 
is in contrast with findings of conditions outside the tropics, but seems 
to be typical for a warm climate without considerpVle seasonal changes 
of temperature. 

6.  CONCLUSIONS 

This paper closes a gap in climatological information. Monthly mean 
evaporation data are presented for a Standard Pan at an open site and 
compared with Piche atmometers at the same site as well as in and above 
a tropical forest. Analysis of daily data is summarized as follows: 

a. During tropical rains a substantial part of the water in the 
Standard Pan may splash out so that measurements indicate much higher 
evaporation values than actually occurred. A Piche should be used along 
with each Standard Pan to detect and eliminate erroneous data. 

b. Simultaneous Piche measurements at different stations show 
closer mutual association than simultaneous Pan measurements. 

c. Piche measurements show close association in the rainy season 
at a tropical open site and excellent association in the dry season 
above a tropical forest  Although the average evaporation increases 
substantially with height withl.i the forest, the correlation coefficients 
between different levels are high, e.g., 0.822 between 0.5 and 46 meters 
over ground.  These relationships are obscured in very moist months when 
the range of actual evaporation is reduced to the magnitude of the 
observational errors. 

d. Best-fit curves I -tween Plche and Standard Pan measurements are 
not straight lines going through the origin.  This explains the local 
and seasonal changes of the ratio between the two Instruments as reported 
by numerous authore. 
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e. The use of Pan-type evaporimeters is not desirable in forests 
because of local irregularity of rain and because of debris falling into 
the Pan.  A Pan exposed in an unconventional way (in a forested area 
through utilization of a roof) yields lower evaporation rates than 
uncovered Pans in open areas at times when Piche evaporimeters yield the 
same results foi forested and open sites. 

f. The total annual Piche evaporation in the open was 1544 milli- 
liters; that of the Pan, 61.4 inches - 1560 millimeters. During a year 
the Piche evaporated 2076 milliliters 18 meters over the forest canopy 
and 393 milliliters at the forest floor. 

i 

g. Through regression techniques the monthly evaporation totals 
can be "explained" mainly '.hrough radiation and wind. The regression 
curves contain the square of the wind speed and show a higher sensitivity 
of the Piche to wind, but not as much as generally assumed.  For the 
"explanation" of daily evaporation totals, the daily minimum of relative 
humidity must be added in the regression equations. 

Part II of this publication will present the results of hourly compar- 
isons among different types of evaporiraecers and will relate these 
differences to physical characteristics of the instruments. 

i    i 
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