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Development and application of a new lake evaporation
estimation approach based on energy balance
M. Majidi, A. Alizadeh, A. Farid and M. Vazifedoust

ABSTRACT
An attempt has been made to estimate evaporation from a water body by developing a new
approach based on the energy balance model. For this purpose, a new energy balance method for
two surfaces was established: water (evaporating surface) and dry bare soil (non-evaporating surface
as reference). An identical aerodynamic resistance ratio was assumed for both surfaces due to their
similar conditions. With this assumption, a new form of energy balance was obtained which only
depends on net radiation and temperature. The derived reference and water surface energy balance
(RWEB) method was applied to estimate evaporation from Doosti dam reservoir in Iran. In order to
evaluate the performance of the RWEB, comparison was performed with Bowen ratio energy balance
(BREB) method as well as some conventional methods. According to the evaluations, the evaporation
results of RWEB from 2011 to 2012 were satisfactory with RMSD value of 1.026 mm month1 and
2

R ¼ 0.937. Furthermore, the RWEB sensitivity analysis showed the highest sensitivity to air
temperature and the lower sensitivity to net radiation. Thus, evaporation from a water body can be
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estimated accurately by precise measurements of air temperature and relatively reasonable
estimations of other parameters (reference, water temperature and net radiation).
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INTRODUCTION
Estimation of lake evaporation is complicated; therefore, it

latent heat and sensible heat can be determined from temp-

is common to measure evaporation from a small water

erature gradients and humidity. Years later, Penman ()

pan which is located close to the lake. In this way, the

introduced his broadly used theory for estimating evapor-

lake evaporation is considered to be the pan evaporation

ation from open water, bare soil and grass by mixing the

times a so-called ‘pan coefﬁcient’ (Sabziparvar et al. ;

energy balance concept with aerodynamic aspects of

Kim et al. ). Nevertheless, due to difference in the

evaporation.

environment between the pan and the lake, in many cases,

Thereafter, a wide variety of methods was developed for

a simple linear relationship cannot be physically justiﬁed.

evaporation estimation. These methods either are empirical

Therefore, the pan method may cause signiﬁcant errors.

ﬁndings or are mainly based on energy balance equation and

Due to the complications of formulating the lake evapor-

mass transfer model of Dalton () (Rosenberry et al. ;

ation rate, it has been a major challenge for many years

Finch & Calver ; Gallego-Elvira et al. ).

(Finch & Calver ; McMahon et al. ).
The pioneering work of Bowen () has undoubtedly

Depending on accuracy and simplicity of application,
each of these methods has pros and cons. Several of

been helpful in understanding the physics of evaporation

these

by showing how available energy partitioning between

adopted by Xu & Singh (, , ), Lenters et al.
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(), Binyamin et al. (), Xu et al. (), Rosen-

where P is atmospheric pressure (kPa), cB is the speciﬁc heat

berry et al. (), McJannet et al. (), Ngongondo

of air at constant pressure (0.61  C1), Ta is air temperature,

et al. (), Majidi et al. (a, b), Koedyk & King-

e0 is saturation vapor pressure at water surface temperature

ston (), and Almorox & Grieser (). In this

(Pa) and ea is atmospheric vapor pressure (Pa).

paper, we developed and applied a new approach for esti-

The BREB method has been widely evaluated and indi-

mating lake evaporation from Doosti dam reservoir,

cated to be very accurate in most cases, and is often

located in an arid region of Iran. Our main goal,

considered as a standard method particularly where other

adding this method to the long list of existing methods,

methods have been validated or calibrated (Assouline &

is to develop a simple and at the same time reasonably

Mahrer ; Winter et al. ; Lenters et al. ; Rosen-

accurate method with readily measurable inputs (temp-

berry et al. ; Finch & Calver ). To improve the

erature and net radiation).

accuracy of the BREB method, the surface and proﬁle
water temperatures are required over the water body
(Anderson ; Sturrock et al. ; Assouline & Mahrer

METHODS

; Finch & Calver ).

Bowen ratio energy balance (BREB) method

New approach

Energy balance is a basic method commonly adopted for

Our new method introduced here is similarly based on the

determining evaporation in which the latent heat ﬂux (evap-

energy balance equation. We call this method ‘Reference

oration term) is obtained when all other terms such as net

and Water Energy Balance’ (RWEB). The term ‘Reference’

radiation and sensible heat ﬂuxes are known.

stands for assuming dry bare soil beside a lake under the

The sensible heat ﬂux cannot be easily determined, thus,

same meteorological conditions which provides a non-evapor-

Bowen () eliminated this term from the energy balance

ating reference surface to solve the sensible heat ﬂux term in

equation using the so-called Bowen ratio, β, deﬁned as the

the energy balance equation. The dry bare soil reference in

ratio between the sensible and latent heat ﬂuxes (Finch &

this research was made with a 34 × 22.5 × 15.5 cm3 box ﬁlled

Calver ). Bowen’s solution to the energy balance

with a sandy loam soils. The box’s walls were isolated to

equation commonly known as the Bowen Ratio Energy Bal-

minimize the lateral heat exchange and its surface was covered

ance (BREB) is considered as a standard method (Winter

by plastic to prevent wetting. It is worth mentioning here that,

et al. ; Lenters et al. ; Rosenberry et al. ). The

as discussed later, the soil reference may be replaced with a

evaporation rate in this method is given by dos Reis &

hypothetical surface with the same characteristics, leading to

Dias ():

simpliﬁed future application of this method.
The energy balance equation for a water body (lake or

E¼

Rn  N
ρðλð1 þ β Þ þ cTw Þ

(1)

reservoir) can be expressed as:
Rnw ¼ Gw þ Hw þ λE þ N

(3)

1

where E is the evaporation rate (mm d ), Rn is the net radiation (W m2), N is the change of energy storage in water
2

where Rnw is the receiving net radiation at water surface, Hw

(W m ), λ is the latent heat of vaporization, c is the speciﬁc

is the sensible heat ﬂux, Gw is the heat conduction occurring

heat of water (J kg1), Tw is the water temperature ( C). The

between the water and its substrate. Other parameters are as

Bowen ratio (β) is the ratio of sensible to latent heat and is

described above.
In Equation (3), the net radiation term can be estimated

calculated as:

by the incoming and outgoing solar radiations, Gw is
β ¼ cB P

Tw  Ta
e0  ea
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(3), (7), (6) and (8), evaporation can be obtained as follows:
E ¼ λ1 ½Rnw  τ ðRns  Gs Þ  N 
(4)

where ρ is density of air, cp is the air speciﬁc heat at constant
pressure, ra is aerodynamic resistance (s m1), Tw and Ta are
temperatures of water surface and air at a reference height,
respectively ( C). The change in the energy storage can be
calculated as:


ρ :c pw X
ΔTw
N¼ w
Az Δz
Aw
Δt
z

|

(9)

where τ represents (Tw – Ta)/(Ts – Ta).
Equation (9) formulates the lake evaporation as a function of readily obtainable variables of net radiation and
temperature. The net radiation (for lake and soil surface)
can be measured directly or calculated from short wave
and long wave radiation components. The temperatures of
air, water body and soil surface can be measured readily.
Note that for the daily calculations; Gs is neglected as dis-

(5)

cussed earlier, thus, removed from Equation (9).
In fact, this method can be considered as a solution to

where Aw and Az are lake area at depth 0 and z, respectively,
ΔTw is the change in spatially averaged temperature of the
water body in time step Δt at depth z, and Δz is layer thickness. The coefﬁcient λ depends on water temperature and

the energy balance equation in a different manner from
the Bowen method since it adopts a dimensionless temperature of τ instead of the dimensionless Bowen ratio, β, to solve
the sensible heat term.

can be calculated by:
Conventional methods
λ ¼ 2:5  0:0024Tw

(6)
In order to evaluate the accuracy of the proposed method,

The energy balance for a dry non-evaporating bare soil

we compared its results with those of BREB (as the reference method). Some conventional methods for estimating

can be written as:

the open water evaporation, brieﬂy described in this part,
Rns ¼ Gs þ Hs

(7)

were also analyzed.
Penman (, ) combined the mass transfer and

where Rns is the net radiation of the dry bare soil, Gs is the

energy budget approaches and eliminated the requirement

heat ﬂux to the soil, Hs is the sensible heat ﬂux from dry bare

of surface temperature in order to obtain his expression

soil to air. The heat ﬂux to the soil (Gs) is negligible (Allen

for the evaporation from open water as follows:

et al. ). The sensible heat ﬂux is calculated as:
ρcp
ðTs  Ta Þ
Rns  Gs ¼ Hs ¼
ra

E¼
(8)

ΔRn
γf(u)(ea  e)
þ
Δþγ
λðΔ þ γ Þ

(10)

where Δ is the slope of the saturated vapor pressure–temperature curve, γ is the psychometric coefﬁcient, e*a is the

Considering that the aerodynamic resistance is mainly

saturated vapor pressure at air temperature, e is the vapor

affected by wind speed rather than surface properties (e.g.

pressure and relative humidity of the air and f(u) is the

Liu et al. ), and that the wind speed is almost the

wind speed function as the following empirical linear

same over the lake and the adjacent bare soil, it can be

approximation (Penman ):

assumed that the aerodynamic resistance is nearly the
same for the two surfaces. Note that a similar assumption

f ðuÞ ¼ 0:0026ð1 þ 0:54uÞ

(11)

is commonly made for modeling evaporation from a
drying soil surface based on the reference dry soil properties

in which, u is the wind speed at 2 m elevation. The success

(for example, Ben-Asher et al.  and Qiu et al. ).

of Penman’s equation when applied in many different

Based on this assumption and by combination of Equations

locations is attributed to its physical basis (Linacre ).
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month i; Xsi is the simulated average daily output over
month i, and n is total number of months in the simulation
(Nash & Sutcliffe ).

E ¼ 0:03523Rs ð0:014Ta  0:37Þ

(12)

where Rs is the incoming solar radiation (W m2).

STUDY AREA AND DATA

The equation of Papadakis () does not count the
heat ﬂux that occurs in the lake body to determine evapor-

Our study site was the Doosti dam reservoir located between

ation (Winter et al. ). Instead, the equation depends

Iran and Turkmenistan borders (35 560 55″ N 61 090 48″ E)

on the difference in the saturated vapor pressure above the

which was constructed by the Ministry of Water and Land

water body at maximum and minimum air temperatures,

Reclamation of the Republic of Turkmenistan, and the Khor-

and evaporation is deﬁned by the following equation:

asan Razavi Regional Water Board of Islamic Republic of

h

i
E ¼ 0:5625 ea, max × 102  ea, min × 102  2

Iran. Doosti dam is one of the most important freshwater
(13)

storage facilities. Since the selected dam is located in an
arid region of Iran, the evaporation losses are a major chal-

where e*a,max and e*a,min are the saturated vapor pressures at
daily maximum and minimum air temperatures.

lenge of this dam. The Doosti dam has a height of 78 m
above the foundation, reservoir capacity of 1,250 million
cubic meters, reservoir area of about 35 km2, and normal
water level of 473.8 m above mean sea level. The reservoir

Evaluations

of the Doosti dam is a clear and relatively deep lake, with a
maximum and mean depth of 35 m and 15 m, respectively.

We evaluated the methods introduced above for estimating

This dam supplies both countries’ irrigation and municipal

evaporation from the Doosti dam reservoir in comparison

water demands. Climate of this region is arid with average

with the BREB method. The methods can be speciﬁcally

annual mean temperature of 17.9  C, annual mean precipi-

listed as the new proposed method and the methods of

tation of 187.37 mm, and annual mean relative humidity of

pan, Penman, Jensen-Haise, and Papadakis.

47.7%.

We adopted the root mean square difference (RMSD)

Daily meteorological data including maximum and

and Nash Sutcliffe Efﬁciency (NS) for evaluating these

minimum air temperature, relative humidity, wind speed,

methods. The RMSD is calculated as follows:

dew temperature, sunshine data, atmospheric pressure, pre-

"

M 
2
1X
RMSD ¼
EBREB,i  Eeq,i
M i¼1

#0:5

cipitation, and evaporation from class A pan were acquired
(14)

where EBREB and Eeq are the estimated evaporation value
using BREB method and any of the studied methods,
respectively, and M is the total number of observations.
The NS is deﬁned as:
n
P

from Sarakhs (with pan coefﬁcient about 0.7), Pol-Khatoon
and Doosti dam weather stations (Figure 1). Lake area was
estimated from hypsometric curve in relation with lake
level data.
Temperature measurements in the lake were performed
at various depths in 16-day periods from September 2011 to
September 2012. Temperature proﬁle of the lake required
for lake evaporation estimation (through term N) was

ðXoi  Xsi Þ2

NS ¼ 1  i¼1
n 
P


 2
Xoi  X

i¼1

measured at different points of the reservoir using a portable
multimeter. As mentioned earlier, a dry bare soil in a box
was considered as a reference surface. Hence, the bare soil
box was kept always dry during the measurement period

where X̅ is the average measured value during the simu-

and its temperature was measured regularly by an infrared

lation period; Xoi is the observed average daily output over

thermometer.
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Map of Doosti dam reservoir showing approximate locations of the meteorological station and biweekly temperature proﬁles.

RESULTS AND DISCUSSION

and October and a decreasing proﬁle in June and August.
During the early spring, the lake exhibits a nearly uniform

Temperature of the water body and dry bare soil

temperature distribution with depth. As the year progresses
and the weather warms up, the water body receives heat at

Average of the measured temperature proﬁles for February,

an increasingly rapid rate. As the rate of heating continues

June, August and October (2011–2012) is presented in

to increase, it begins to exceed the rate of heat transfer to

Figure 2 indicating a nearly uniform proﬁle in February

deeper layers with the result that the temperature of the surface layers increases faster than those of the deeper layers.
All of our temperature data for air, soil, and lake water
surface are shown in Figure 3. The water temperatures are
lower than air temperatures during the summer and vice
versa during the winter. Thus, the evaporation rate of a
lake depends not only on meteorological conditions but
also on the size, depth and thermal regime of the lake. So
we cannot expect a standard pattern rate of evaporation
(Mironov et al. ). In addition as this ﬁgure indicates,
all measured temperatures have relatively similar variations,
thus it seemed that they can be correlated for estimating
missing temperature data.
The data, presented in Figure 4, show that dry bare soil
surface and mean air temperatures were highly correlated

Figure 2

|

Average measured thermal proﬁle data on February, June, August and
October, 2011–2012.
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Measured water, air and dry bare soil temperatures, during 2011–2012.

Figure 4
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Relationship between dry bare soil surface temperature and air temperature
data.
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Figure 5

|

Variation of dimensionless temperature parameter τ ¼ (Tw – Ta)/(Ts – Ta) during
2011–2012.

Figure 6

|

Variation of net radiation for dry bare soil and water surface, during 2011–
2012.

produce relatively acceptable results. These results indicate

relationship between τ and easily measurable parameters

that in the absence of a real reference surface, this procedure

such the air temperature. This achievement can be an advan-

can be used for applying the proposed method. The possibility

tage of the proposed method.

of considering a hypothetical reference surface instead of a
real one is an advantage of the method, because it could

Evaporation estimations

ensure wide applicability of this method. Since the reference
surface (dry bare soil) does not evaporate its temperature

The net radiations of lake and bare soil required for estimat-

must be higher than evaporating surfaces.

ing evaporation by the proposed approach, Equation (9),

Using the air, water and soil surface temperatures, the

were calculated by conventional algorithms based on

dimensionless parameter of τ was obtained. This parameter,

short-wave and long-wave radiation data and with the

as shown in Figure 5, has values ranging from 1 to 2.7 and

assumption of albedo about 35% and 7% for dry bare soil

as discussed later, plays a major role in estimating evapor-

and water surface, respectively (Cogley ). The obtained

ation by Equation (9). It can be worthwhile ﬁnding a

net radiations are presented in Figure 6. In the proposed
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method, Equation (9), rate of the net radiation of lake to the
soil (ρ ¼ Rnw/Rnsoil) also can be considered as a parameter
by slight variation. Figure 7 shows that ρ can range from
1.4 to 7.3 (dimensionless). Apparently, it is possible to
obtain simpler forms of the new method, Equation (9),
using these two dimensionless parameters, τ and ρ.
The behavior of the new proposed method in relation to
its dimensionless parameters is shown in Figure 8. As this
ﬁgure indicates, the new proposed method is more dependent on dimensionless temperature (τ) than ratio of net
radiation (ρ). It illustrates the importance of availability of
temperature data and suggests that ρ could be replaced by
a constant value, perhaps for the entire year.
Obviously, based on Equation (9), an inverse relationship

between

evaporation

rate

and

Figure 8

|

Variation of evaporation rate, τ and ρ during 2011–2012.

dimensionless

temperature (τ) was expected, but in fact it can be concluded

The result of monthly evaporation values based on

that the evaporation rate depends on negative or positive

measured parameters by proposed new method (RWEB)

values of τ. In this case, the maximum of evaporation rate

in comparison with BREB method are shown in Figure 9.

occurred when τ reached its minimum value in summer

As shown in this ﬁgure, the new method is almost consist-

and minimum of evaporation rate occurred at maximum

ent with BREB method. However, overestimated and

value of τ in winter. Based on these results, considering con-

underestimated evaporation values resulting from the

ditions of this study, where the reference temperature (Ts) is

new method compared with the BREB method are notice-

almost always higher than the air temperature (Ta) (see

able slightly in cold and warm seasons, respectively.

Figure 3), the water surface temperature (Tw) can be con-

Nevertheless, it can be concluded that the new method

sidered as a key factor determining τ and thus the

provides reliable results especially compared with the

evaporation rate in Equation (9). Of course, the important

pan method.

role of heat storage is not negligible, and is also affected
by temperature of water surface and depth.

Figure 7

|

Variation of dimensionless net radiation parameter ρ ¼ Rnw/Rnsoil during 2011–
2012.
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compared with other methods based on BREB is discussed

Figure 9

|

1

Monthly evaporation rate (mm day

) from Doosti dam reservoir determined

by new approach, pan and BREB methods, during 2011–2012.
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here. As a result, Papadakis and pan methods had the high-

Jensen-Haise method are the most important advantage of

est

respectively

applying it in this region. The results of the Papadakis

(Figure 10). It seems that Penman method has achieved

method showed somehow a different behavior. Probably,

good results, however, some underestimations were evident

these changes can be interpreted by changing the maximum

during the cold months and overestimations during the

and minimum temperatures. However, despite these ﬂuctu-

warm months. Underestimations in evaporation rate

ations, this method afforded relatively good results.

overestimation

and

underestimation,

obtained by Jensen-Haise method can be seen in most

The estimated annual evaporation from Doosti dam

months. The major difference in evaporation results for

reservoir is given in Table 1. As shown, annual estimated

this method is considered regarding to the coefﬁcients

evaporation by all of applied methods in this study, ranged

used in this method that emphasizes to various extents the

from 62 to 77 mcm year1. Most of the alternate methods

impact of air temperature and solar radiation (Rosenberry

for determining evaporation compared well, and as good

et al. ). Simplicity and reasonable accuracy of

as the new method with the BREB.

Figure 10

|

Comparison of evaporation rate obtained by different methods with BREB-determined evaporation rate, during 2011–2012.
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) estimated from Doosti dam reservoir, during

2011–2012
1

Evaporation methods

Annual evaporation (mcm year

Pan

71.46

BREB

69.87

New proposed method (RWEB)

67.57

Penman

62.76

Jensen-Haise

62.92

Papadakis

77.13

)

Sensitivity analysis
The consistency of the evaporation estimation methods can
be discussed through sensitivity analysis to their input vari-

Figure 11

|

Sensitivity of proposed method to simultaneous air, water and reference
surface temperature changes, during 2011–2012.

ables. Here, we analyze the impact of individual input
variables on evaporation estimates of the RWEB method,

water and soil surface temperatures. Based on the results,

by varying their value by ±10%.

when all of the temperature variables used in the RWEB

The results of the RWEB analysis showed that the

method are adjusted by ±10% at the same time, then

method has the highest sensitivity to air temperatures and

errors in evaporation are quite small (errors of ±10% will

the least sensitivity to soil surface temperature and soil net

result changes ±0.35% in the evaporation rate).

radiation values (Table 2). According to the sensitivity analy-

Errors of ±10% in the lake net radiation will result in

sis results, errors of ±10% in the water surface temperatures

changes of ±9.8% in evaporation. Finally the lowest sensi-

will result in changes of ±19% in the evaporation rate.

tivity of the model is subjected to the data of soil net

Meanwhile, errors of ±10% in the air temperature will

radiation, where errors of ±10% will result in changes of

result in changes from 16% to þ37% in evaporation rate

about ±1.2% in evaporation rate estimation.

and errors of ±10% in the reference surface temperature

A promising result about the proposed method is that

will result in changes from 1.39% to þ5% in evaporation

the soil and lake parameters (soil and water temperatures

rate.

and net radiations) errors had the lowest effect compared

As shown in Figure 11, the proposed method shows a

to the air temperature, on accuracy of evaporation esti-

strong error resistance to simultaneous changes in the air,

mation. This result promises wide applicability of this
method because it encourages the possibility of considering

Table 2

|

a hypothetical reference surface instead of a real one.

Result of sensitivity analysis of RWEB method to input data

Change in variables (%)

Ranking of different methods

Radiation

Temperature

Water

Soil

Ta

Tw

Ts

error

9.83

1.24

31.06

20.51

4.63

67.27

Cumulated

Changes in
evaporation
rate (%) in
proposed
method
(RWEB)

Ta ¼ air temperature; Tw ¼ water surface temperature; Ts ¼ dry bare soil surface
temperature.
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proposed method and their performance was evaluated
based on BREB evaporation estimates. Then the evaporation estimation methods were ranked based on RMSD
criteria (Table 3).
According to the results, the new method (RWEB) for
estimating evaporation looks promising. It is noteworthy
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The results showed that the proposed method is reason-

Ranking evaporation estimation methods based on BREB evaporation values
using RMSD criteria, during 2011–2012

|

ably accurate. The physical basis of the RWEB method and
1

its good agreement with the BREB method promises that the

Rsqr

NS

Rank

1.0267

0.937

0.78

1

proposed method may be considered as a reference method

Jensen-Haise

1.2104

0.882

0.75

2

for lake or reservoir evaporation estimation.

Penman

1.6523

0.855

0.74

3

The sensitivity analyses showed that RWEB has the

Papadakis

1.7584

0.569

0.43

4

highest sensitivity to the air temperature values and less sen-

Pan

2.7094

0.783

0.65

5

sitivity to the bare soil (reference surface) net radiation. This

Evaporation methods

RMSD (mm month

New method (RWEB)

)

result ensures wide applicability of this method due to the
that principle similarity between the BREB and new proposed energy balance methods and using BREB as the base
method for ranking may be one of the reasons for the superiority of the new proposed method compared to other
methods, though the new method resulted in reasonable
evaporation estimations even with limited measured data.
However, further studies are needed regarding reduction of
the input parameters, the possibility of eliminating the heat
storage term by introducing another surface and application
of this new method for remote sensing study and applications.
Jensen-Haise and Penman methods also had a relatively
reasonable performance. Jensen-Haise method used incoming solar radiation to replace the net radiation and heat
storage. In this way the uncertainty of these parameters

possibility of considering a hypothetical reference surface
instead of a real one.
The greatest advantages of RWEB method when compared with BREB method could be recognized as: (i) less
complicated and fewer input data requirements; (ii) less sensitivity to input data; and (iii) ease of estimation of input
data speciﬁcally by remote sensing data.
However, future studies are needed regarding reduction
of input data, reduction of sensitivity of RWEB method to
the input data, and the possibility of eliminating the heat storage term. Since all of the inputs in RWEB method are
estimable by satellites or other remote sensors, future studies
on this method are recommended for remote sensing
applications.

was reduced and therefore this method could provide
reliable results. Considering its simplicity, values from
Jensen-Haise method that require measurement only of air
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SUMMARY AND CONCLUSIONS
The aims of this study were to: (a) estimate evaporation from
Doosti dam reservoir; (b) develop a new method based on
energy balance concept; and (c) compare and evaluate the
proposed method. Introducing the concept of reference sur-
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face (here dry bare soil), an attempt has been made to
provide a simple solution to the energy balance equation
called Reference and Water Surface Energy Balance
(RWEB) method. This led to an equation to estimate evaporation from water bodies of which the input data are only
temperature (air, water and reference surface) and net
radiation.
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