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Abstract:

Seven temperature-based equations, each representing a typical form, were evaluated and compared for determining
evaporation at two climatological stations (Rawson Lake and Atikokan) in north-western Ontario, Canada. The
comparison was first made using the original constant values involved in each equation, and then using the recalibrated
constant values. The results show that when the original constant values were used, larger biases existed for most
of the equations for both stations. When recalibrated constant values were substituted for the original constant
values, six of the seven equations improved for both stations. Using locally calibrated parameter values, all seven
equations worked well for determining mean seasonal evaporation values. For monthly evaporation values, the modified
Blaney–Criddle method produced least error for all months for both stations, followed by the Hargreaves and
Thornthwaite methods. The Linacre, Kharrufa and Hamon methods showed a significant bias in September for both
stations. With properly determined constant values, the modified Blaney–Criddle, the Hargreaves and Thornthwaite
methods can be recommended for estimating evaporation in the study region, as far as temperature-based methods are
concerned. Copyright 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

A knowledge of the magnitude and variation of evaporative losses is required in water resources planning
and management, design of reservoirs, assessment of irrigation efficiency of existing projects, evaluation
of future drainage requirements, quantification of deep percolation losses under existing water management
practices, water supply requirements of proposed irrigation projects, and preparation of river forecasts, to
name but a few. Potential evapotranspiration, together with precipitation, are the inputs to most hydrological
models. There exist a multitude of methods, for measurement and estimation of evaporation, which can be
classified into five groups: (i) water budget (e.g. Guitjens, 1982), (ii) mass-transfer (e.g. Harbeck, 1962),
(iii) combination (e.g. Penman, 1948), (iv) radiation (e.g. Priestley and Taylor, 1972), and (v) temperature-
based (e.g. Thornthwaite, 1948; Blaney and Criddle, 1950). Overviews of many of these methods are found
in review papers or books (e.g., Brutsaert, 1982; Singh, 1989; Jensenet al., 1990; Morton, 1990, 1994). The
availability of many equations for determining evaporation, the wide range of data types needed, and the
wide range of expertise needed to use the various equations correctly, make it difficult to select the most
appropriate evaporation method even from a chosen group of methods for a given study.

There is, therefore, a need to analyse and compare the various forms of existing popular evaporation
models belonging to each group, and to develop a generalized model form based on these models. Since
1996, a research programme has been underway with the main objective of evaluation and generalization
of existing evaporation models. In an earlier study Singh and Xu (1997a) evaluated and compared 13
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evaporation equations that belonged to the category of mass-transfer method, and a generalized model form
for that category was developed. Singh and Xu (1997b) further examined the sensitivity of mass-transfer-based
evaporation equations to errors in daily and monthly input data. Xu and Singh (1998) analysed the dependence
of evaporation on various meteorological variables at different time scales. More recently, radiation-based
evaporation methods were evaluated and generalised in the study of Xu and Singh (2000). This paper reports
some of the results of the ongoing research, i.e., to analyse, compare and generalize the various popular
evaporation equations that belong to the category of temperature-based methods. This study is justified by the
fact that temperature-based evaporation calculation methods, although widely criticized, are still widely used
and have often been misused because of their simple nature. It is the authors’ belief that if we cannot avoid
using such methods, the best thing we can do is to analyse and compare them using the standard meteorological
data and procedure, so as to provide the best equation forms to the users who have only temperature data
available. Included in the study is a discussion of existing methods, generalization of model forms, evaluation
and comparison of the different equation forms with the original values of the constants involved in each
equation, and with the locally calibrated values of the constants. Finally, the overall applicability of the
selected methods is examined and arranged in the order of their predictive ability for the study region.

TEMPERATURE-BASED METHODS FOR ESTIMATION OF EVAPORATION

Discussion of existing methods

Those evaporation (ET) estimation methods that require only temperature as input variable are considered
as temperature-based methods in this study. The temperature methods are some of the earliest methods for
estimatingET. The relation ofET to air temperature dates back to the 1920s (see Jensenet al., 1990). Most
temperature-based equations take the form

ET D cTa .1/

or
ET D c1dlT.c2 � c3h/ .2/

in which ET is evaporation or potential evapotranspiration,T is air temperature,h is a humidity term,c, a,
c1, c2, c3 are constants,dl is day length. Owing to the wide ranging inconsistency in meteorological data
collection procedures and standards, many different evaporation equations, which have more or less the same
model form, have been used by different authors. It is generally accepted that empirical formulae may be
reliable in the areas and over the periods for which they were developed, but large errors can be expected
when they are extrapolated to other climatic areas without recalibrating the constants involved in the formulae
(Hounam, 1971). In order to alleviate these difficulties, this comparative study focuses on evaluating different
equation forms instead of all existing equations. This consideration has, at least, two advantages:

(1) For a specific site of interest, it is the form of a given model that is more important (useful) than the
predetermined values of the constants using the meteorological data measured at a previously reported
site;

(2) it allows a comparison of all the model forms using the standard meteorological data measured at consistent
heights and for the same periods.

This consideration results in the following seven temperature-based equations each representing a typical
form, namely: Thornthwaite (1948), Linacre (1977), Blaney and Criddle (1950), Hargreaves (1975), Kharrufa
(1985), Hamon (1961), and Romanenko (1961) methods. For the sake of completeness, these equations are
briefly summarized in what follows. For a more complete discussion, the reader is referred to the references
cited.

Copyright 2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 305–319 (2001)
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Thornthwaite method.A widely used method for estimating potential evapotranspiration was derived by
Thornthwaite (1948) who correlated mean monthly temperature with evapotranspiration as determined from
water balance for valleys where sufficient moisture water was available to maintain active transpiration. In
order to clarify the existing method, the computational steps of Thornthwaite equation are discussed.

1. The annual value of the heat indexI is calculated by summing monthly indices over a 12-month period.
The monthly indices are obtained from the equations

i D
(
Ta

5

)1Ð51

.3a/

and

I D
12∑
jD1

ij .3b/

in which I is the annual heat index,i is the monthly heat index for the monthj (which is zero when
the mean monthly temperature is 0°C or less),Ta is the mean monthly air temperature (°C) andj is the
number of months (1–12).

2. The Thornthwaite general equation, Equation (4a) calculates unadjusted monthly values of potential
evapotranspiration,ET0 (in mm), based on a standard month of 30 days, 12 h of sunlight/day

ET0 D C
(

10Ta

I

)a
.4a/

in which C D 16 (a constant) anda D 67Ð5ð 10�8I3� 77Ð1ð 10�6I2 C 0Ð0179IC 0Ð492.
The value of the exponenta in the preceding equation varies from zero to 4Ð25 (e.g. Jain and Sinai,

1985), the annual heat index varies from zero to 160, andET0 is zero for temperature below 0°C.
3. The unadjusted monthly evapotranspiration valuesET0 are adjusted depending on the number of daysN

in a month (16 N 6 31) and the duration of average monthly or daily daylightd (in hours), which is a
function of season and latitude.

ET D ET0
(
d

12

)(
N

30

)
.4b/

in whichET is the adjusted monthly potential evapotranspiration (mm),d is the duration of average monthly
daylight (hr); andN is the number of days in a given month, 1–31 (days).

Thornthwaite’s equation has been widely criticized for its empirical nature but is widely used. Because
Thornthwaite’s method of estimatingET can be computed using only temperature, it has been one of the
most misused empirical equations in arid and semi-arid irrigated areas where the requirement has not been
maintained (Thornthwaite and Mather, 1955).

Linacre method. For the case of well-watered vegetation with an albedo of about 0Ð25, Linacre (1977)
simplified the Penman formula to give the following expression for the evaporate rate

ET D 500Tm/.100� A/C 15.Ta� Td/

.80� Ta/
.5/

whereET is the Linacre potential evapotranspiration (in mm/day),Tm D TC 0Ð006h, h is the elevation (m),
A is the latitude (degrees) andTd is the mean dew-point.Ta, Tm andTd are in°C. This formula requires only
geographical data (A andh), the mean and the dew-point temperature.
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Blaney–Criddle method.The Blaney and Criddle (1959) procedure for estimatingET is well known
in the western USA and has been used extensively elsewhere also (Singh, 1989). The usual form of the
Blaney–Criddle equation converted to metric units is written as

ET D kp.0Ð46TaC 8Ð13/ .6/

whereET is evapotranspiration from the reference crop (in mm) for the period in whichp is expressed,Ta

is mean temperature in°C, p is percentage of total daytime hours for the period used (daily or monthly) out
of total daytime hours of the year (365ð 12), andk is a monthly consumptive use coefficient, depending on
vegetation type, location and season. According to Blaney and Criddle (1959) for the growing season (May
to October)k varies from 0Ð5 for orange tree to 1Ð2 for dense natural vegetation. In this study, an average
value of 0Ð85 will be used for the preliminary comparison, and locally calibrated value will be used for the
final evaluation.

Kharrufa method.Kharrufa (1985) derived an equation through correlation ofET/p andT in the form of

ET D 0Ð34pT1Ð3
a .7/

whereET is the Kharrufa potential evapotranspiration (in mm/month) andTa andp have the same definitions
as given earlier.

Hargreaves method. Hargreaves and Samani (1982, 1985) proposed several improvements for the
Hargreaves (1975) equation for estimating grass-related referenceET. Because solar radiation data frequently
are not available, Hargreaves and Samani (1982, 1985) recommended estimatingRs from extraterrestrial
radiation,RA, and the difference between mean monthly maximum and minimum temperatures,TD (in °C).
The resulting form of the equation is

ET D 0Ð0023RATD
1/2.TaC 17Ð8/ .8/

The extraterrestrial radiation,RA, is expressed in equivalent evaporation units. For a given latitude and day
RA is obtained from tables or may be calculated using a set of equations (see Jensenet al., 1990, p. 179).
The only variable for a given location and time period is air temperature. Therefore, the Hargreaves method
has become a temperature-based method.

Hamon method. Hamon (1961) derived a potential evapotranspiration method based on the mean air
temperature and is expressed as

ET D 0Ð55D2Pt .9/

whereET is potential evapotranspiration (in inch/day),D is the hours of daylight for a given day (in units of
12 h) andPt is a saturated water vapour density term calculated by

Pt D 4Ð95 e.0Ð062Ta/

100
.10/

whereTa is daily mean air temperature (in°C).

Romanenko method.Romanenko (1961) derived an evaporation equation based on the relationship using
mean temperature and relative humidity

ET D 0Ð0018.25C Ta/
2.100� Rh/ .11/

Copyright 2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 305–319 (2001)
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whereTa is the mean air temperature (in°C), Rh is the mean monthly relative humidity, which is calculated
by:

Rh D e°.Td/

e°.Ta/
.12/

Figure 1. Geographical location of selected climatological stations in north-western Ontario

Copyright 2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 305–319 (2001)
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in which e°.T/ is the saturated vapour pressure calculated by (see Bosen, 1960)

e°.T/ D 33Ð8679[.0Ð00738TC 0Ð8072/8 � 0Ð000019j1Ð8TC 48j C 0Ð001316] .13/

STUDY REGION AND DATA

Two climatological stations were used for comparatively evaluating the aforementioned evaporation equation
forms. These stations are located in north-western Ontario, Canada. The region is geographically defined
by the borders of Manitoba, USA, Hudson Bay, James Bay and the easterly border as shown in Figure 1.
The physiography of the area is typified by the occurrence of numerous lakes. It would be better to select
lakes from different climatic settings, but this was not done owing to lack of data. According to Panu and
Nguyen (1994), the mean annual precipitation for the region varies from a maximum of over 800 mm to
less than 550 mm with an average value of 650 mm. Mean annual temperature ranges from�4 °C to more
than 3°C. The pertinent information on these stations is provided in Table I. Evaporation in this region is
most significant during the summer season (June to September) and relatively insignificant during October
through to May because temperature fluctuates near the freezing point during these months. Therefore, the
mean monthly evaporation rates were computed and compared only for the months of June, July, August and
September during each year.

RESULTS AND DISCUSSIONS

In the first stage of the comparative study, evaporation calculated by all seven methods with their original
constant values was evaluated against the pan evaporation records for the two stations.

Mean monthly and seasonal values

The mean monthly and seasonal values of evaporation were computed using the various methods
and the values calculated are shown in Table II together with the observed pan evaporation. In addi-
tion, this table also provides the percentage error of the estimate. The percentage error is also plot-
ted for each station (Figure 2). It can be seen that the mean total differences (sum of June, July,
August and September) between the pan evaporation and the seven estimation methods ranges from
0Ð3 to �30Ð9% for station Rawson Lake and from 0 to 36Ð0% for station Atikokan, respectively.
As far as the original constant values are used, the evaporation estimates by the Hamon method are
considerably underestimated and entail the highest percentage error for both stations. The Thornth-
waite method yields the second largest percentage error for both stations. When the mean total dif-
ferences are considered, the Blaney–Criddle and Romanenko methods provide the least error at both
stations. The Hargreaves and Kharrufa methods also provide good estimates for the Rawson Lake
station.

It is also apparent that when the mean monthly values are concerned, the Blaney–Criddle method yields
a big range of error in different months for both stations. The reason is that the same value (0Ð85) was used

Table I. General information on two climatological stations in north-western Ontairo

Station Mean monthly values (June–September) Period

Air temperature Dew point Wind velocity Class A pan
(°C) temperature (°C) (km/h) evaporation (mm)

Atikokan 14Ð53 9Ð92 7Ð63 126Ð88 1968–1982
Rawson Lake 15Ð98 9Ð25 9Ð61 130Ð49 1971–1982

Copyright 2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 305–319 (2001)
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Figure 2. Percentage error in evaporation estimates at two selected stations using original parameter values. (Line with plus for Thornthwaite,
line with diamond for Linacre, line with square for Blaney–Criddle, line with circle for Hargreaves, line with triangle for Kharrufa, line

with cross for Hamon, line with star for Romanenko)

Table III. Regression relationships between pan evaporation and estimated evaporation using
selected methods with original constant values

Methods Atikokan Station Rawson Lake Station

Slope Intercept R2 Slope Intercept R2

Thornthwaite 1Ð26 3Ð69 0Ð81 1Ð31 �6Ð82 0Ð83
Linacre 1Ð40 �26Ð73 0Ð82 1Ð22 �33Ð00 0Ð87
Hargreaves 1Ð10 12Ð40 0Ð89 0Ð94 7Ð93 0Ð90
Kharrufa 0Ð86 29Ð68 0Ð80 0Ð87 18Ð06 0Ð82
Hamon 1Ð31 20Ð78 0Ð85 1Ð26 17Ð12 0Ð85
Romanenko 1Ð26 �19Ð55 0Ð86 1Ð03 �5Ð01 0Ð77
Blaney–Criddle 1Ð48 �59Ð80 0Ð85 1Ð54 �74Ð18 0Ð83

for parameterk, the monthly consumption use coefficient. In the next stage of the study different values will
be determined for each month.
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Figure 3. Comparison of panET with estimatedET for ThrD Thornthwaite method; LinD Linacre method; B–CD Blaney–Criddle
method; HarD Hargreaves method; KhaD Kharrufa method, HamD Hamon method and RomD Romanenko method The original constant

values were used in the calculation
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Correlation of monthly estimates between methods

The monthly evaporation values computed using the different methods were analysed to correlate with pan
evaporation using a linear regression equation

Y D mXC c .14/

whereY representsEPan andX is theET estimated from the above-mentioned seven methods, andm andc
are constants representing the slope and intercept, respectively. The results of regression analysis are shown
in Table III. The cross-correlation (R2) between pan evaporation and the evaporation computed using other
methods is also presented the Table III. For illustrative purposes, the estimatedET from the above-mentioned
seven methods are plotted against pan evaporation for the station Atikokan (Figure 3).

It is seen from Figure 3 and Table III that:

(1) as far as theR2 values are concerned, allET estimates correlated well with pan evaporation withR2 values
varying from 0Ð77 to 0Ð90. The Hargreaves method has the highestR2 value (0Ð90 and 0Ð89 for stations
Rawson Lake and Atikokan, respectively), followed by the Hamon method (0Ð85 for both stations). The
Romanenko method gives the second highestR2 value for station Atikokan (0Ð86) and lowest value for
station Rawson Lake (0Ð77).

(2) When slope and intercept are compared, large biases exist for most the cases, i.e., either the slopes (m)
are significantly different from 1 or the intercepts (c) are significantly different from 0 or both, except
the Hargreaves and Romanenko methods for station Rawson Lake and the Hargreaves method for station
Atikokan. This particular case study shows that using the original constant values of empirical formulae
for other climatic areas leads to large biases in estimating monthly evaporation.

Modifications to equations

The previous discussion shows that empirical formulae, as used in this study, may be reliable in the areas
and over the periods for which they were developed, but large errors, i.e., higher values of intercepts and
larger biases of regression slopes, can be expected when they are extrapolated to other climatic areas without
recalibrating the constants involved in the formulae. Accordingly, modifications were made to the original
equations used here to improve results. The constant values of 16, 500, 0Ð34, 0Ð0023, 0Ð55 and 0Ð0018 used in
Equations (4a), (5), (7), (8), (9), and (11), respectively, are recalibrated. As for the Blaney–Criddle equation,
different values of parameterk were determined for each month. There are two reasons for this consideration.
First, the previous results show that using the same value ofk D 0Ð85 for each month resulted in the highest

Table IV. Comparison of parameter values before and after calibration

Method Equation Parameter Values
number Original Recalibrated

Rawson Lake Atikokan

Thornthwaite 4a 16 20 20Ð5
Linacre 5 500 488 615
Hargreaves 8 0Ð0023 0Ð0023 0Ð0028
Kharrufa 7 0Ð34 0Ð34 0Ð37
Hamon 9 0Ð55 0Ð79 0Ð85
Romanenko 11 0Ð0018 0Ð0018 0Ð0020
Blaney–Criddle 6 0Ð85 0Ð88 (June) 0Ð86 (June)

0Ð93 (July) 0Ð94 (July)
0Ð86 (August) 0Ð79 (August)
0Ð71 (September) 0Ð69 (September)

Copyright 2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 305–319 (2001)
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intercept value and most biased slope values among all the methods (see Table III). Second, parameterk in the
Blaney–Criddle equation is the monthly consumptive use coefficient and varies with season. A comparison
of the original model parameter values with recalibrated values is shown in Table IV.

The mean monthly and seasonal (June–September) values calculated by these equations with the calibrated
constant values are shown in Table V. The mean monthly percent errors as shown in Table V are also plotted
in Figure 4. The same regression analysis was carried out for the monthly values of evaporation and the
results are shown in Table VI. For illustrative purposes, the estimatedET from the above-mentioned seven
methods are plotted against pan evaporation for the station Atikokan (Figure 5).

A comparison of Tables V and II, and Figures 4 and 2 shows a significant improvement in six of the
seven models for station Rawson Lake, and in all the cases for station Atikokan. Using the calibrated
constant values in the equations, all seven methods are able to simulate the mean seasonal evapo-
ration values (sum of values for months June, July, August and September) perfectly, with a max-
imum error of 2% in the case of the Kharrufa method for station Atikokan. The calculated mean
monthly evaporation values are also improved significantly for most of the methods in both stations
(see Table V and Figure 4). The best results are given by the Blaney–Criddle method for both stations,
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Figure 4. Percentage error in evaporation estimates at two selected stations using calibrated parameter values. Line with plus sign for
Thornthwaite, line with diamond for Linacre, line with square for Blaney–Criddle, line with circle for Hargreaves, line with triangle for

Kharrufa, line with cross for Hamon, line with star for Romanenko
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Table VI. Regression relationships between pan evaporation and estimated evaporation using
selected methods with locally calibrated constant values

Methods Atikokan Station Rawson Lake Station

Slope Intercept R2 Slope Intercept R2

Thornthwaite 1Ð00 0Ð42 0Ð82 1Ð05 �6Ð82 0Ð83
Linacre 1Ð16 �21Ð21 0Ð79 1Ð24 �33Ð14 0Ð87
Hargreaves 0Ð90 13Ð20 0Ð89 0Ð94 7Ð93 0Ð90
Kharrufa 0Ð79 28Ð20 0Ð80 0Ð87 18Ð01 0Ð82
Hamon 0Ð84 20Ð73 0Ð85 0Ð88 17Ð12 0Ð85
Romanenko 1Ð12 �15Ð96 0Ð86 1Ð03 �5Ð01 0Ð77
Blaney–Criddle 1Ð01 �1Ð65 0Ð85 1Ð02 �3Ð09 0Ð84

followed by the Hargreaves and Thornthwaite methods. The percentage errors of estimate for Septem-
ber are relatively high for most of the methods for both stations. The largest mean monthly percent-
age errors are 16Ð4% and 15Ð9% for stations Rawson Lake and Atikokan, respectively, with the Linacre
method.

A comparison of Tables VI and III, and Figures 5 and 3 shows that: (i) there is no significant change
concerning theR2 values using the calibrated constant values in the equations; and (ii) the slope (m) and
intercept (c) of the regression equations improved or significantly improved in five of the seven cases for
station Atikokan, and in three of the seven cases for Rawson Lake. Other cases have no significant changes.
The seasonal bias (i.e. higher intercepts and non-unit values of slopes) is still a problem for the Linacre,
Kharrufa and Hamon methods. It can be observed from the above discussion that all seven methods can
calculate well the mean seasonal evaporation with locally determined parameter values. As far as monthly
evaporation estimates are concerned, it is evidently clear that the modified Blaney–Criddle method produces
least percent error of all the months at both stations, followed by the Hargreaves and Thornthwaite methods.
The Linacre, Kharrufa and Hamon methods are not recommended for evaporation estimation in the study
region.

SUMMARY AND CONCLUSIONS

In this study, seven temperature-based equations, each with a typical form, were evaluated using meteorological
data from two climatological stations in north-western Ontario, Canada, for calculating evaporation. The
evaluation and comparison were made based on both the original constant values involved in each equation
and the recalibrated constant values. In case of using original constant values of the seven original equations
evaluated, the Blaney–Criddle equation resulted in mean seasonal evaporation values that agreed most closely
with pan evaporation values. Large errors resulted for the Thornthwaite and Hamon methods. Underestimation
was the common problem. By substituting recalibrated constant values for the original constant values, six
of the seven equations improved for both stations, and all seven equations worked well for determining the
mean seasonal evaporation values. As far as the monthly values were concerned, the modified Blaney–Criddle
method produces least percentage error of all the months at both stations, followed by the Hargreaves
and Thornthwaite methods. With properly determined constant values, the Blaney–Criddle, Hargreaves and
Thornthwaite methods can be used for calculating evaporation in the study region as far as temperature-based
methods are concerned.
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Figure 5. Comparison of panET with estimatedET for ThrD Thornthwaite method; LinD Linacre method; B–CD Blaney–Criddle
method; HarD Hargreaves method; KhaD Kharrufa method, HamD Hamon method and RomD Romanenko method. The recalibrated

constant values were used in the calculation
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