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Abbreviations

FET Potential evapotranspiration [mm/d]

PM Penman—-Monteith

RADEXT = Extended Radiation Method (Eq. (1))

RADSTA =~ Standardized Radiation Method

RADSIM = Simplified Radiation Method

RADORI = Original FAO Radiation Method

RADPRI Priestley-Taylor Method

SEE Standard error of estimate (Eq. (35))

TEMEXT = Extended Temperature Method

TEMSTA = Standardized Temperature Method

TEMSIM = Simplified Temperature Method

TEMHAR = Hargreaves Method
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1. Tntroduction

This research report has been written on request of the Food and Agricultural
Organization (FAO) of the United Nations. The investigations conducted are
meant as supporting material in the framework of reviewing the methods for
estimating reference evapotranspiration as described in FAO Irrigation and
Drainage Paper No. 24 (Crop Water Requirements, 1977).

This investigation was, among other studies, proposed by the 'Expert
Consultation on Procedures for Revislon of FAO Guidelines for Prediction of
Crop Water Requirements’, May, 1990. (From now on referred to as FAO Expert
“Consultation).

The results listed in this report are mainly based on the terms of reference
of contract nr. 5484. They are grounded on the conclusions of the experts
convening in the above mentioned FAO Comsultation.

The terms of reference will be given after the theory underlying these
conclusions.

The computer programs listed in the Appendices are meant for internal use
only.

1.1. The Proposed Combination Equation,

The newly developed Combination equation, which resulted from the Expert
Consultation, is based on a Penman—Monteith approach;

) 1 v 936
* (R, —G) + ¥* * U, *(ez—ey) (1)*
5+7* A 5+7* (Tmm+276)

\ /N /

Radiation term Aerodynamic term

ET, =

: Reference crop evapotranspiration [mm/d]
: Net radiation at crop surface [MJ/m?.d]
: 50il heat flux [MJ/m2.d]
=) for time periods > 10-30 days
Tave ! Average temperature [°C]
U, : Windspeed measured at 2 m [m/s]
(e,—2q) : Vapour pressure deficit [kPa]
: Slope of vapour pressure curve [kPa/°(C]
: Latent heat of wvaporization [MJ/kg]
: Adiabatic psychrometric constant [kPa/°C]
: Modified psychrometric constant * [kPa/°C]

61=EU<E3

ol 3 On

*This formula was taken from one of the preliminary reports underlying this investigation. In the
final formula the values of 936 and 276 will be replaced by 925 and 273, respectively. The modifications

are however of minor influence on the evaporation results.
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Net radiation is composed of two parts: net shortwave and net longwave

radiation: R, = Ry — Ry;.
Net shortwave radiation can be described by

Rys = (1-a) * R, (2)
with
R.s : Net shortwave radiation [MJ/m?.d]
o : Canopy reflection coefficient
= 0.23 overall average for grass
R, : Incoming solar radiation [MJ/m?.d]

‘The incoming solar radiation is not measured but given by

n
Ry = (ag, + by, —=)*R, (3)
N
R, : Incoming solar radiation [MJ/m?.d]
agy, : Fraction of radiation on overcast days
= 0.25 for average climate
ben : Fraction of additional radiation on clear days
= 0.50 for average climate.
n/N : Relative sunshine fraction
n : Bright sunshine hours per day [hr]
N : total daylength [hr]
R, : Extra terrestial radiation [MJ/m2?.d]

Whereas net longwave radiation is presented by Eq.(4).

n

Ry = (0.9 ——0.1)*(0.34-0.13% e3)*a*0. 5% (Tpar *+Tpin*) (4)
N

R : Net longwave radiation [MJ/m?.d]

€y : Dew point vapour pressure [kPa]

Tpax : Maximum temperature [K]

Toin ! Minimum temperature [K]

o : Stefan Boltzman constant [MJ/m2?.K*.d)

= 4,903%1079

If a temperature dependent emissivity correlation should be applied, the term
(0.34-0.13%/ey) has to be replaced by the so-called Idso Jackson Equation:

€ = =0.02 + 0,261 exp(—7.77%107* * T,.2) (5)
Tavs : Average dally temperature [°C]
The extraterrestial radiation, R,, can be calculated from the following
formulas as given in Smith, 1991.

R, = 37.586*D *((J*SIN(P)*SIN(§)+COS(P)*COS(S)*SIN(Q)) (6)
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‘Where;

(6/360)*2%3 1416 (7)
30.42%M0~15.23 (8)
1 + 0.033 * COS(((2x)/365)%J) (9)
0.4093%SIN( ((27)*(284+J))/365) (10)
ARGCOS (COS (=TAN (D) *TAN(§)) (11)

to - T~
)
i

In which;

: Relative distance from earth to sun [rad]

: Sunset hour angle [rad]

: Latitude in radians [rad]

: Latitude in degrees [deg]

: Solar declination [rad]

: Day of Year {DOY), integer wvalue which represents
the center of each month

MO ; Month number

CoeeDo

The wvapour pressure deficit in the aerodynamic term is
e,—ey , where

e, : Saturation vapour pressure [kPa]
ey ! Actual vapour pressure, being the saturation
vapour pressure at dewpoint [kPa]

The quantity e, at average temperature is defined as the average of formula
12 calculated for both T,;, and T,,,.

17.27*T
ea(Tmin’Tmax) = (0.6108 * exp{ ————— 3 (12)

ea(Tavs) = (ea(Tmin)"'ea(Tmax))/z

Where dewpolnt data are available;
17.27%T,,.,

ey = 0.6108 * exp( —————— )
T +237.3

Otherwise ey is obtained as:

€4 = €, * (RHavg /100) (13)
Where
Tove ¢ Average temperature, (T ..—Tmin)}/2 [°C]
RH, . : Averape daily relative humidity [%]
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Sometimes measurements or estimations of relative humidity are not available.
The fact, however, that minimum temperature often approaches dewpoint
temperature provides us with an expression derived from Eq. (12):

17.27%T,
eq = Cp * exp( ———— ) (14)
Tpint237.3

The coefficient C; is determined by the climate type in which the
meteorological station is situated. For humid, temperate climates the value
of 0.6108 is adequate, in more arid regions C; will be usually lower. More
information on the wvalue of C; will be given in Sections 2.4, 2.4.2, 2.4.4,
2.4.5, and 3.3.

The weighting terms §/6+y" and ¢/6+y" in front of the radiation and
aerodynamic terms of Eq. (1) consist of vy, v* and §. These variables are
defined in the following way.

The adiabatic psychrometric constant, v:

P

vy = 1.63%107% * (15)

by

P : Atmospheric pressure [kPa]
A : Latent heat [MJ/kg]
- 2.45

The modified psychrometric constant, 4":

o= (1 + 0.347 * U,) (16)

The slope of the vapour pressure curve, §:

4098 * e,(Toyg)
5 = (17)
(Tavgt237.3)2

1.2. Description of New Radiation Method and Other Selected Radiation
Equations.

Equation (1) has to be considered as the pivot on which the Revision hinges.
This newly developed combination equation, based on the Penman-Monteith
approach, provides the basis for revision of the FAO Radiation and Temperature
Methods which will replace the original Radiation and Temperature Methods as
given in Dcorenbos and Pruitt (1977).

The reviewed Radiation and Temperature Method will not be a radiation and

temperature method In the true sense of the word. This is caused by the fact

that in both methods none of the 8 variables of Eq. (1) is neglected, and thus
they should be adressed to as combination methods.
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The fact however that certain compoments of Eq. (1) are standardized or
empirically related to easily-available parameters, which makes that formula
(1) needs either global radiation or maximum and minimum temperatures as
maximum required measured input, has led to the appellation In terms of
Radiation and Temperature Method.

The Original FAC Radiation and Temperature Methods (I&D-paper No. 24) have the
same characteristic: although they are denominated as Radiatlion and
Temperature Method, they need additional estimates of humidity, wind and
relative sunshine fraction.

In the line of the terms of reference to be given in Section 1.4., the new FAQ
Radiation Method is considered in the following three ways.

1. The extended version (= PM—combination method, formula 1)
2. The standardized version
3. The simplified version

Ad.1l. The extended version refers to equation (1), which considers measured
values of global radiation, relative sunshine fraction (to calculate longwave
radiation), average temperature (additionally needed to calculate e,),
windspeed, and actual vapour pressure,

Ad.2. The standardized version is related to Section 2.2 , which summarizes
windspeed and mean relative humidity in several classes,

So besides knowledge of R, n/N, Ty, and T,,, this time only estimates of U,
and e4 (by Eq. (13)) are asked for.

Ad.3. Finally, the simplified version makes use of measured T,,, and T, R,
and n/N values. Windspeed is divided into 4 classes. Vapour pressure is
estimated from a measured parameter.

For the purpose of comparison, two other radiation equations were selected;
the original FAO Radiation method, and the Priestley-Taylor equation,
respectively. They will be summarized below.

The original FAO Radiation Method:

The relationship between ET, and several meteorological parameters is given
by;

ET, = (c*(W*Rs)}/2.45 (18)

Where:

ET, : Reference crop evapotranspiration for the period
considered [MJ/m?.d]

R, : Solar radiation [MJ/m2.d]

W : Weighting factor depending on temperature and
altitude

c ! Adjustment factor which depends on mean humidity
and daytime wind conditions,

2.45 : Latent heat of vaporization [MJ/kgl

15



Calculation of ET, will be done according to the relationships given in
Section 1.1 which is based on Annex 1 of Pereira and Smith (1990).

'Priestley-Taylor equation:

The Priestley-Taylor relationship is given by

)
ET, = (¢ — (R, — G))/2.45 (19)
S+y
R, : Net radiation [MJ/m2?.d]
G : Soil heat flux [MJ/m?.d]

where a = 1.26 when the general surrounding areas are wet or under humid
conditions.

1.3. Description of New Temperature Method and Other

'gRadiationl—Temperature Equations.

The derivation of Temperature Methods from the Combination Equation 1 is based
on standardization of the Radiation term.

In analogy with the reviewed Radiation method, the reviewed Temperature method
was also calculated in various ways.

1. The extended version (Eq. (1) with estimated values of R,)
2. The standardized version
3. The simplified version

Ad.1. The extended Temperature version equals Eq. (1), but it uses a
standardized radiation term (3 classes of relative sunshine fraction, see
Section 2.5)

Ad.2. The standardized version applies both the standardized radiation term
as well as the standardized aerodynamic term.
(See ad.2 of Radiation Method).

Ad.3. In the simplified version actual wvapour pressure and global incoming
radiation are estimated.

In item B.6 of the Terms of Reference as they are listed in Section 1.4 it is
recommended to test the validity of the revised Temperature method against the
original FAO Temperature Method, the Hargreaves equation and the revised
Radiation method.
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The original FAO Temperature method is based on the Blaney-Criddle equation.
The relationship is expressed as;

ET, = (c [p(0.46T,, + 8)])/2.45 (20)

where:

ET, : Reference crop evapotranspiration for the month
considered [MJ/m?.d]

P : Mean daily percentage of total annual daytime
hours for a given month and latitude.

c : Adjustment factor depending on minimum relative
humidity, sunshine hours and daytime wind
estimates.

A mathematical descriptlon for parameter p can be found in Jensen et al
(1990). This method was not included in the 'computer-aided’ comparison.

In fact, the Hargreaves equation is not a Temperature Method. It can be
classed with the so—called Radiation—temperature methods, 1like the
Jensen~Haise method or the Turc method, which uses incoming global radiation
or calculated extra-terrestial radiation (in this case) as extra input.

It is defined by the following equation:

ET, = (0.0023 R, * (Tpax— mnﬂ* *(Tewg + 17.8))/2.45 (21)
Where:

R, : The extraterrestial radiation [MJ/m2?.d]

1.4, Terms of Reference According to FAO,

A. Review of FAO Radiation Formula

1. Assuming the general validity of the Combination Method
(Penman—-Monteith), improve the radiation term by
introducing longwave radiation.

2. For estimation of longwave radiation, use a temperature
dependent emissivity correlation.

3. Simplify the aerodynamic term of the Combination Method for
various climatic conditions by standardizing wvalues for
wind and vapour pressure deficit,

4. Elaborate with a set of climatic data on a possible
correlation between vapour pressure deficit and Tp.—Twin
values as a possible parameter to improve aerodynamic term
estimates.

5. Propose practical correction factors for various climatic
conditions with an indication of validity range.



Chapter 2 will describe the standardization and simplification activities in

. Evaluate validity of revised Radiation versus original FAOQ

Radiation Method and selected other radiation equations,

. Prepare a short report on the results.

Review FAQ Temperature Nethod.

. Assuming the general validity of the Combination Method

(Penman~Monteith), try to simplify the radiation term by
standardized values for sunshine duration.

. Elaborate with a set of climatic data on a possible

correlation between sunshine duration and Ty —Tpin,
as a possible parameter to improve radiation term
estimates.

Similarly, simplify the aerodynamic term for various
climatic conditions by standardizing values for wind and
vapour pressure deficit (see A.)

. Elaborate with a set of climatic data on a possible

correlation between vapour pressure deficit and T,,.~Tnin
values as a possible parameter to improve aerodynamic term
estimates (see A.)

. Propose a generalized form for the Temperature Method,

using Tmax and Tmin data to estimate evapotranspiration,
introducing a possible correction factor for wvarious
climatic conditions.

Test the wvalidity of the revised Temperature Method versus
original FAO Temperature Method, the Hargreaves equation

and the revised Radiation method.

Prepare a short report on the results.

the same order the Terms of Reference are given in.

1.5, Data Sets.

The data on which this investigation is based were mainly extracted from the
agrometecrological data base of the FAO, which was provided by the

Agrometeorology Group.

The data covered large parts of Europe,

South—America,

The FAQ data were stored in 8 files,

PARO4, PAROS5, PARO7, PAR(G8, and PAROY.
They contained the following parameters.

PARO1 : Average monthly precipitation total [mm].
PARO2 : Mean monthly temperature [°C].

PARO3 : Mean monthly maximum temperature [°C].
PARO4 : Mean monthly minimum temperature [°C].

18
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"PARO5 : Mean monthly actual vapour pressure [mb].

‘'PARO7 : Average monthly wind speed at 2 m above the surface

' [m/s].

PARO8 : Relative sunshine fraction [%], being the ratio
of actual hours of bright sunshine (n) and
daylength (N), which depends on date and latitude.

PARQ9 : Global incoming radiation [cal/cm?.d]. These data
were calculated from the extraterrestial radiation R,,
the relatiwve sunshine fraction (n/N) and Angstrém’'s
coefficients a,, and b,, (see Eq. 3)
The parameters a,, and b,, are dependent on the
prevailing climatic conditions. The following values
were considered:

Climate A4, ben
Arid, semi-arid 0.25 0.45
Tropical humid 0.29 0.42
Other 0.18 0.55

Reference: FAOQ

All data files had a similar structure, They contained 18 columns, separated
by comma’s.

Column 1 : WMO station number.

Column 2 : Weather element number.

Column 3 : Last three digits of first year of record.

Column 4 Length of record used to compute the average
value.

Column 5-16 : 12 monthly parameter values.

Column 17 : Undefined variable, sometimes the average value
or the sum of the paramer values. In certain
files the significance of this column was
unclear.

Column 18 : A quoted string containing comments on the data.

Despite the impressive amount of data stored in these files, they had some
disadvantages. For example, the format they were written in, the so-called
‘comma—separated string’ was rather inconvenient. In the first place, this
format cannot be read by programs in Fortran. Secondly the data could not be
scanned easily, as each row (representing a station number) had a different
length. '

Furthermore, the data per file were not stored in the same order of station
number, which made reading of the files a very time-consuming affair.
Sometimes station numbers and their respective data were missing in certain
files.

To overcome these problems all data files were reorganized.

Superfluous information like weather element, first year of record, lemgth of
record, ‘column 17’ and the text-string were removed.

Furthermore all stations were arranged in the same order. Station numbers
which were not covering all data files were deleted.
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Data per file were put into the same format (integer or real), with a fixed
‘blank between each monthly value, in order to facilitate survey of the files.

To run the programs developed for this investigation, the data of the
recrganized files were applied. Mean monthly temperatures were calculated from
mean minimum and mean maximum temperatures.
Global radiation in cal/cm?.d was transformed in MJ/m?.d by multiplication
with 0.041868. Actual vapour pressure in mbar was changed to actual wvapour
pressure in kPa trough a division by 10.0.

‘This conversion finally resulted in 7 files; PARC1.DAT, PARO3.DAT, PARO4.DAT,
PAROS.DAT, PARO7.DAT, PARO8.DAT and PARO9.DAT, with the numbers referring to
the same weather elements as in the original files.

Besides information from the FAO data files, additional climatic data were
taken from the CABO/TPE Weather System,

These data resulted from a joint effort of the Centre for Agrobiological
Research and the Department of Theoretical Production Ecology of the
Mageningen Agricultural University.

The CABO/TPE datasets contained daily wvalues of relevant meteorological
variables, in contrast with the FAQO datasets which only supplied monthly
wvalues,

20



2. Review of the Radiation and Temperature Methods According tc Terms of
Reference.

i2.1. Incorporation of Longwave Radiation and Temperature Dependent Emissivity
Equation in the Radiation Term of Equation (1),

Eq. (1) with accessory formulas was built into a Fortran program. This program
also contained the equations for the <calculations of potential
evapotranspiration with the other Radiation and Temperature methods.

The advantages of using a code—program instead of a worksheet are several.
‘Fortran code can be used both on a personal computer as well as on a
VAX-mainframe. Furthermore a Fortran program provides a clear survey of the
equations used, with additional explanation. Changes by users can be easily
made and interactive information exchange is possible,

By creating this program, point 1 and 2 of the ‘Review of the Radiation
formula’ were automatically taken care of.
Listing of the source code is given in Appendix 1. The program has been made
suitable for reading of the new data files.

2.2. Standardization of the Aerodynamic Term of Equation (1).

Standardization of the aerodynamic term of Eq. (1) to yield the standardized
new Radiation Method can be done in a way similar to the one used in Section
1.2 of Doorenbos and Pruitt (1977).

The same four humidity classes (low, low-medium, medium—-high, and high) can
be applied.

To provide the user with the aerodynamic term, 4 auxiliary graphs can be
depicted. An example of such a graph is givem in Fig. 2.1. It gives the
aerodynamic term without the weighting factor v/(é+y") as a function of
temperature only, provided it is known to which humidity and wind class the
period under consideration belongs.

Additional tables can supply the weighting factors Wl and W2 (§/(&+y") and
v/(§+y"), respectively) as a function of temperature, wind and height (See
Table 2.1 as an example).

The programs calculating the uncorrected part of the aerodynamic term

(AERO.FOR) and the weighting factors §/(§+y*) and ~v/(§+y") (DELGAM.FOR) with
accessory Inputfiles are given in Appendices 2 and 3, respectively.
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Windclass 1 : 5.0%7!1 Peas

Windclass 2 : 3.5 m/»
Windclasz 3 : 8.3 m/s
Windclgss 4 : 10.0 m/s y

2

Aerodynamic Term (mm/day)
3 8

10 v
Air Termperature  ( °C)

Fig. 2.1. The aerodynamic term without the weighting factor y/(6+y") as a
function of the average air temperature (T,,), for relative humidity class 1
and 4 windspeed options.
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Table 2,1, Weighting factor Wl=5/(6+y") as a function of the average air
temperature (T,,,} and altitude of the meteorological station. Windspeed is
3.5 m/s.

Air Temperature (°C)

2,3, Simplification of the Aerodynamic Term of Equation (1).
2.3.1. Climatological Division.

Elaboration of points 4—6 of the Terms of Reference as given for the review
of the Radiation method asks for a climatological classification. Sixteen
classes were proposed by FAQ, based on the following rainfall and temperature
classes,

Rainfall Mean daily temperature
Humid : > 150 mm/month Hot : > 25 °C
Subhumid : 70~150 mm/month Warm : 20-25 °C
Semi—arid : 20- 70 mm/month Cool : 10-20 °C
Arid : 0- 20 mm/month Cold : < 10 °C

In this report the FAQO recommended rainfall classes were applied.

However, shifting of the data into several climatological classes was not
based on the average temperature classes as given above. This was decided
mainly because average air temperature was not considered to be wvery suitable
as distinctive parameter {(e.g. both a monsoon and a desert climate can be
characterized by temperatures > 25 °C, although they are of a completely
different nature).

Besides, this kind of classification leads to curves covering a small data
range, as most meteorological parameters (like for example E,) are dependent
on temperature.

23



‘Finally, basing a classification on a certain parameter (in this case T,y,)
leads to the consequence that this parameter should not be used anymore as

independent variable (x—value).

Furthermore, after careful examination of the meteorological dataset provided
by FAQ, it became clear that the variable T ,.T.;, is poorly correlated with
.other meteorological parameters. This is caused by the fact that in many
wlimates T ~Tan, Stays more or less constant troughout the year., This

wtatement is illustrated by Fig. 2.2.
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‘ ig. 2.2. Variation of maximum (T,,,) and minimum (T,,,) temperature and of the
ifference (T ,,~Tp,) With daynumber for meteorological stations in Kenya and

olombia, respectively.

These graphs were obtained by presenting graphically several data of the
CABO/TPE Weather System. In contrast to the FAOQ Climatological dataset these
peasurements were taken on a daily basis. The figures, representing various
climatic conditions, indicate that the T, —-T,;, value is changing very little
gduring the year.

i
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There are however also climates showing a clear seasonal oscillation of
Tpax—Toin values. Climates with about the same average temperature (see Fig.
2.3, Israel versus Italy) will be put into the same climatological class,
whereas they have substantially different T, .,~T., values, and thus will not
‘have identical relationships between this temperature difference and other
meteorological parameters.

"
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Fig. 2.3, Variation of maximum (T_,.) and minimum (T,;,) temperature, and the

difference (Tp,,—Tpin)} With daynumber for meteorological stations in Israel and
Ttaly, respectively.

]

figs. 2.4-2.9 are yet another argument to abandon the idea of creating
climatological classes based on average temperatures (and amounts of
precipitation) and trying to relate T, T, to parameters like vapour
pressure deficit or relative sunshine fraction as suggested in the Terms of
Reference,
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Fig. 2.4. Vapour pressure deficit (e,-e4q) and relative humidity (RH) as a
function of (T,,.~T,,) for the arid-hot climate.
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Fig.2.5. Relative sunshine fraction (n/N) and incoming global radiation (R,)

as a function of (T —Tpin) for the arid-hot climate.
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Fig. 2.7. Relative sunshine fraction (n/N) and incoming global radiation (R,)
8s a function of (Tga~Tui,) for the humid-hot climate.
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Alternative classification

‘Despite the experiences summarized in Figs. 2.4-~2.9 it was decided to divide
the data into groups based on the value of (Tp.—Tnin) -

This might seem contradictory, after the exposition given above. However,
Figs. 2.4-2.9 are not included to deny the fact that values of (Tpu—Tgin)
provide certain information about a climate. They are merely meant to indicate
‘that it is not justified to correlate this parameter, divided into small
intervals, with for example relative sunshine fraction.

Temperature difference (T,,,~T,i,) has to be considered as a sort of rough
‘humidity indicator, like in the Hargreaves method.

This dependence of relative humidity on (T,.~Tun) can in fact be found in
Figs. 2.4 and 2.6. However, this dependency is not unique enough to serve as
.a reliable estimate of vapour pressure deficit in Eq. (1). (Especially in the
case of an arid climate).

Three classes were distinguished, based on monthly temperature difference.
This was done as the FAO dataset only contained monthly wvalues. Values of
(Tpax—Tpin) Were less than 15 ° C, between 15 and 20 °C and higher than 20 °C,
‘respectively.

These three classes were each divided into the four recommended precipitation
classes; arid, semi-arid, subhumid, and humid, respectively.

Table 2.2 gives a summary of the climates originating from this division,
where A stands for arid, SA for semi—arid, SH for subhumid and H for humid.

Table 2.2. Climatological division applied in this report.

Monthly precipitation class:

Alr Temp. Arid Semi-arid Subhumid Humid
Diff.[°C]

(Tpax—Tnin) < 20 mm 20-70 mm 70-150 mm =z 150 mm
< 15 AlS5 SAl15 SH15 H15
15-20 Al520 SAl1520 SH1520 H1520
> 20 A2040 542040 SH2040 H2040

On the basis of this divison the FAO-data, obtaimned all over the globe, were
subdivided. This procedure led to the fact that for a certaln meteorological
station, for example, June belonged to class Al5, wheras January was placed
in SA1520. All months were joined, so no distinction was made between seasons
(summer,winter).
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‘2.4, Simplified Expressions for Actual Vapour Pressure

According to the Terms of Reference, the aerodynamic term of Eq. (1) had to
'‘be simplified and calibrated for various climatic conditions.

Because in many cases very few meteorological data are actually measured, a
simple relationship between a moisture parameter and an easily available
parameter had to be searched for. Two variables that are very often recorded
are minimum and maximum air temperature.

It appeared that a clear relationship exists between minimum temperature and
‘actual wvapour pressure (both on monthly basis) for the wvarious climatie
groups, This fact was already acknowledged by numerous other authers. It is
based on the knowledge that the dewpoint temperature (which determines the
-actual vapour pressure) in many climates lies very close to the minimum
temperature.

This effort however is probably the first time that a relationship was
searched for in extended climatological classes, and not for single locations
only.

.For arid and semi-arid regions, actual vapour pressure derived from minimum
‘temperature (Eq. (l4)) is diverging considerably from measured actual vapour
pressure or from vapour pressure calculated from dewpoint temperature (Eq.
(12) with Ty, used in stead of T,,).

This phenomenon was recorded indeed for the (S)Al5, (35)Al1520, and (S)A2040
climates.

Fig. 2.10 is given as a graphical illustration of the abovementioned
relationship between minimum temperature and actual vapour pressure., It
appears that scatter is increasing considerably as climate becomes drier.

Conclusion: Eq. (14) works satisfactorily in describing actual vapour pressure
for humid climates with small temperature differences (H15). For drier
climates and climates with a (T,.~Tpn) value of > 15°, however, application
of this formula may cause larger deviations.

In these cases, individual equations derived for each Climate Class may be
necessary.

In order to be able to relate all meteorological statioms to one single
formula however, it is recommendable to describe the 12 Climate Classes at the
first place by Eq. (14).

It looks as if this approach will lead teo the necessity of providing tables
with coefficients (Cg) for each individual country or region.

This may be the price which has to be paid for the fact that only measurements
of minimum temperature are needed to obtain humidity values.

This is due to the fact that it is definitely not possible to generalize
specific areas, like coastal zones, deserts, or mountainous regions.

This because each region on earth is influenced by different ocean currents,
prevailing winds, and climatic conditioms.

A coastal area boarding the Atlantic Ocean will show properties differing
completely from a coast which is sited in the Pacific.

For these reasons, even within a small continent like Europe, coefficients
will already vary considerably.
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Fig. 2.10. The relationship between minimum air temperature (T, ) and actual
vapour pressure (ey) for a humid and an arid climate, respectively.
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‘Determination of coefficient, G;

In order to find the coefficients needed to derive a proper value of actual
vapour pressure from minimum temperature only, a simple program was developed.
For every Climate Class it reads minimum temperature and measured actual
vapour pressure from PARO4.DAT and PARO5.DAT, respectively.

Assuning that the relationship between minimum temperature and actual vapour
‘pressure can be described by the exponental function given in Eq. (14), it
provides for every station (and accessory month) falling into this climate
class the coefficient with which this formula has to be multiplied.

For the humid and subhumid areas this factor will be close to 0.61, for the
‘arid areas it can be as low as 0.10 for individual stations.

Calculating these coefficients for all countries described by the stations
.supplied by the FAO data set is a tremendous job and certainly falls beyond
sthe scope of this investigation.

The coefficients were thus only calculated for a few Climate Classes, to serve
as an illustration of possible wariability.

This was done because the data sets (especially the arid ones) are very
extensive.

Finding proper coefficients was hampered by the fact that the stations were
described by their longitude and latitude only, Location of the stations by
an ordinary atlas was therefore rather inconvenient, as most of them were not
indicated on the maps.

Collection of the coefficients in a FAO-publication might be one of the
options, It will be, however, a very tedious job and it might suggest an
exactness which will be very tricky, as even within the different coefficients
for one country or region a considerable variation still exists.

Relations between C, and meteorological parameters

Because it appears that determination of the coefficients is very
time—consuming, it was figured out if a relationship existed between these
coefficients and certain meteorclogical parameters.

Between the minimum temperature and the overall coefficient a very rough
relationship appeared to exist. However, for the more humid climates this
relationship was considered mnot to be unique enough to describe the
coefficients properly.

For this reason this relationship was only applied in case of the arid
climates (Al5, Al520, and A2040). See Fig. 2.11 as an example.

Furthermore, an attempt was made to relate the slope of the actual vapour
pressure curve (§) to, for example, minimum temperature, Tmax-Tmin, rainfall
amount etc. This because knowledge of § leads immediately to the actual vapour
pressure, as & is the derivative of the vapour pressure curve. ( y = ake®
gives y’= ab*eP and thus y/v'=b, See Fig. 2.12).

No proper relationships occurred,
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Fig. 2.11. Overall coefficient (C;) for the actual vapour pressure (ey) as a
function of minimum temperature (T,.).
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"Fig. 2.12. The relationship between actual vapour pressure (eg) and it's
derivative, 1.e. the slope of the vapour pressure curve, §.
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This leaves us again with the problem of determination of the coefficients.

Because determination of the numerous amount of coefficients seems unfeasible,
only four coefficients were used in the evaluation of the various selected
methods. Their wvalues are:

Humid Ce = 0,61
Subhumid Cs = 0.61
‘Semi—arid Ceg = 0.53
Arid Ce = £(Tyn)

Furthermore, because actual vapour pressure is only one of the various
parameters determining potential evapotranpiration, it might well be that the
accuracy of actual wvapour pressure we are aiming at might be somewhat
overdone. For this reason, the use of constant coefficients per climate class
(based on rainfall only !) to be used in the comparative analysis of the
several evaporation methods, seems justified.

Alternative equations

To give extra information, empirical exponential relationships between minimum
temperature and actual vapour pressure were derived for each individual
climate.

Whereas for the humid climates one equation combined with a few coefficients
will be sufficient to describe all data points, the more arid climates needed
many coefficients, mainly based on the location of the stations (coastal zone,
desert area, island, high elevations, etec.).

Even with these subdivisions, scatter of the data around the derived curves
remained large and showed that arid areas have a non-unique physical behaviour
which makes it very difficult to cover these areas by simple relationships.

In the Sections 2.4.1-2.4.12 the various Climate Classes will be summarized
by their relationship between minimum temperature and actual vapour pressure
(by equations particularly referring to the individual Climate Classes).
Possible practical coefficients for deviating conditions will be given for
some Climate Classes,

Additionally, some salient features for each climate are listed. They are
given as the maximum possible data range for several important parameters of

Eq. (1).
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2.4.1. Humid, Tpuu=Tpn: < 15 ° C

This class shows a considerably uniform behaviour. The individual relationship
between minimum temperature and actual vapour pressure can be described by the
following equation,

eq = 0.673 * exp (0.0626%*T,,;,) (22)
Where;
eq : Average monthly actual vapour pressure [kPa].
Twin : Average monthly minimum temperature [°C].

A summary of this climate by possible parameter ranges is given below in
‘Table 2.3.

Table 2.3. Parameter ranges of the H15 climate.

Tmax Tmin RH Rs n/ N

°C °C % Mj/m2.d %
Min. Value —4 -13 50 2 10
Max. Value 38 28 100 25 75

Fig. 2.10 shows the graphical representation of the relation between minimum
temperature and actual vapour pressure. Because this climate is humid, not
many datapoints are deviating. As already said, this is caused by the fact
that minimum temperature in these cases is lies close to dewpoint temperature.

Because of this low degree of scatter and because of the fact that this
climate contains many data points, no coefficients are given in this section.

2.4.2. Humid, Tpey-Tain: 15-20 °C

This class contains rather few cases, The individual relationship between
minimum temperature and actual wvapour pressure is given in equation (23).
Explanation of the parameters is the same as for equation (22).

eq = 0.892 * exp (0.056%T,,,) (23)

Common features of the stations belonging to this class are given in Table
2.4,
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Table 2.4. Parameter ranges of the H1520 climate.

Tpax Toin RH R, n/N

°C °C % Mj/m2.d %
Min. Value 17 2 50 13 20
Max. Value 37 20 95 24 80

A scrutiny of the data belonging to this class, revealed that this class only
contains African and South-American stations.

The following table (Table 2.5) gives some coefficients, by which 0.892 and
C; have to be replaced in equation (23) and (14), respectively.

Table 2.5. Individual (in stead of 0.892) and overall coefficients in the
Tpin—eq relationship for the H1520 climate.

Country Height Site Coefficient

individual overall (C;)

Sudan all 0.93 0.76
Ethiopia
For this country no consistent relationship
between coefficient and certain proper-
ties related to the situation of the station
was found

Uganda all 0.94 0.81
Liberia all 0.75 0.61
‘Angola all 1.00 0.83
Mozambique all 0.88 0.72
Mexico all 0.98 0.80
Haiti all 0.97 0.79
Honduras Coast 1.12 0.92
Interior 1.00 0.85

Venezuela all 1.12 0.90
Brasil 0450 1.04 0.85
>450 0.89 0.75

Peru >3000 0.66 0.65
Paraguay 126 1.01 0.87
0.74 0.61

Argentina 81
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‘Sometimes it is very difficult to find general coefficients for a country.
Ethiopia, for example, is such a country. Because no descriptions of the areas
(swamp, Irrigated area, dry zone) are available and fixing of a station by
means of the atlas is difficult, it is hard to relate the coefficients to a

certain area.

Ethiopia.

To illustrate this,

elonging to the H1520-class.

Table 2.6 gives the coefficients for

¥Eable 2.6. Overall and individual coefficients for the Ethiopian stations

1.

‘Station

63.02900
63. 02900
63, 31400
63.31700
635.31700
£3.32000
&3.32300
63.32400
63, 32400
€3. 33500
6%, 33500
63. 33800
63, 34600
6£3. 35100
63.35900
63. 3602002
6£35.43500
63.43700
£3.43700
63.44300
635.44500
63.44500
63, 44500
63.45700
63, 45700
6£3.46109
63.46100
63.48000
63.48100
63.48100
6£3.48800
63.49800
62.49800
63.49800
635, 49800
63.49800
63, 50500

}
',
'
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Country

ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH
ETH

Lat.

14.53
14.53
12.57
12.20
12.2@
11.83
11.17
11.13
11.13
12.31
12.31
19.54
12.01
P.32
3. 00
8.58
&.10
&.08
8.08
7.51
7.48
7.48
V.48
7.16
7.16
7.05
7.5
7.13
&. 58
&.58
6.45
6. 35
6. 35
&.35
6.35
&, 35
6,25

Long.

38.49
38.49
36, B4
37.14
37.14
38.02
36.55
40.903
40.03
39.41
32.41
39,50
39.59
37.23
36, 06
34.35
34.15
33.35
29,35
36,38
34. 24
3424
4. 24
36.11
36.11
35.15
35.15
36.17
39.11
39.11
38.23
38.25
38,25
38.25
38.25
38.25
38.18

Height Mo

2022
z2ez2

823
2158
2150
24109
218@
1660
le6
2200
2200
1600
1302
2320
1200
2040

558
2600
2600
1560
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530

532
13950
1950
i200
1200
1725
25409
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1860
1860
1670
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Ok ooOnm

1.

13.
15.
13.
16.

13.
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16.

13.
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16.
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11.
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.79
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.20
.08
.70
.8
.50
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7
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8@

.50

@2
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.50
.10

7@
0
20
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50
5@
ae

.70
.10
.18

1@

.28
.90
.18
YA
.30
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1.39
1.40
2.54
1.51
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1.39
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1.46
1.41
1.41
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1.69
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1.88
2.26
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1.7
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1.61
1.60
1.54
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.93
.88
.67
.84
.83
.74
.73
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.72
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.74
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.27
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.21
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2.4.3. Humid, Tpey-Tan: 20-40 °C.

Only three (!) stations could be detected with a month yielding more than 150
me of rain , having a temperature difference of more than 20 °C at the same
itime.

'These stations were related to high maximum temperatures (> 35 °C). Because
a relationship based on three points is not really justified and the
-probability of any irrigation site falling in this class is wvery small, no
individual relationship is provided here.

Salient features are given below.

Table 2.7. Parameter ranges of the H2040 climate.

Tax Tmin RH Rs n/ N

°C °C % Mj/m?.d %
Min, Value 35.4 14.8 48 16 36
Max. Value 37.4 17.3 62 19 53

This class comprised 2 stations in Ethiopia (1300 and 530 m
height, and 1 station at Liberia (height: 300 m)

2.4.4, Subhumid, T ~Tyn: < 15 °C

This class contained many cases. It was therefore not possible to enumerate
all coefficients. For this reason, only the data of Europe were analyzed. As
one can see in Table 2.9, overall coefficients are varying already
considerably.

It appeared that most of the times coastal regions and islands had a lower
coefficient., This is probably caused by the fact that minimum temperatures are
fairly higher for those places compared to stations sited in the interiors of
a country,

No general coefficients for Europe could be given. The coastal regions in
Portugal and Greece appear to have higher coefficients than the ones of
Yugoslavia, Italy and Spain, for example. Still, the variation is rather small
and generalization (by averaging) of, for example, the Mediterranean countries
seems possible.

The individual relationship between T ;, and ey is as follows.

eq = 0.624 * exp (0.0632%T,;.) (24)

Possible parameter ranges for this climate are listed in Table 2.8.
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Table 2.8. Parameter ranges of the SH15 climate.

Tmu Tmin RH Rs n/ N

°C °C % Mj/m?.d %
Min. Value -5 -14 48 2 10
Max. Value 42 31 62 26 80

[

Table 2.9. Overall coefficients for European stations of the SHl5-climate.

Lountry Specifics Goefficient C¢

Belgium Height > 500 0.68
Coastal area, 0.65
Plains

Luxembourg 0.76

France Coast Channel 0.60
Coast Mediterranean 0.57
River area 0.57
Les Landes/Gascogne 0.70
Massif Central .62
Dauphine 0.67
Corsica 0.65
Others 0.65

Spain Coastal town North 0.58
Coastal region North 0.61
Coastal town West 0.53
Coastal region West 0.59
Coastal town East 0.54
Gulf of Valencia,
Mallorca 0.60
Menorca 0.56
Ibiza 0.48
Interior 0.62

Portugal Coastal area West 0.73
Interior > 500 m 0.77

Capeverdian 0.54

Islands

Yugoslavia  Coastal town 0.49
Coastal area 0.56
Coastal area > 500 0.69
River area 0.53
Interior 0.64
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‘Italy Coastal town 0.52
Gulf of Genua 0.56
Coastal area 0.60
Interior 0.61
Karmish Alps .66
Sardinia 0.65
iGreece Northern Coast 0.63
Southern Coast 0.62
Western Coast 0.59
Eastern Coast 0.60
Interior 0.61
Islands 0.53

2.4.5. Subhumid, Tpex=Tpin: 15-20 °C

‘Actual vapour pPressure as a function of minimum temperature can be described
by the following relationship.

eq = 0.805 * exp (0.051%T,,,) (25)

Ranges of relevant parameters are given in Table 2.10.

Table 2.10. Parameter ranges of the SH1520 climate.

Tmax Tmin RH Ra n/ N

*C °C % Mj/m?.d %
Min. Value 12 -5 30 10 30
Max. Value 38 25 100 26 90
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