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Abstract. This guide to estimating daily and monthly ac- mates in commercial weather stations, (ii) evaporation esti-
tual, potential, reference crop and pan evaporation coversnates without wind data, (iii) at-site meteorological data, (iv)
topics that are of interest to researchers, consulting hydroldealing with evaporation in a climate change environment,
ogists and practicing engineers. Topics include estimatingVv) 24 h versus day-light hour estimation of meteorological
actual evaporation from deep lakes and from farm damsvariables, and (vi) uncertainty in evaporation estimates.

and for catchment water balance studies, estimating poten- This paper is supported by a Supplement that includes 21
tial evaporation as input to rainfall-runoff models, and refer- sections enhancing the material in the text, worked examples
ence crop evapotranspiration for small irrigation areas, andf many procedures discussed in the paper, a program list-
for irrigation within large irrigation districts. Inspiration for ing (Fortran 90) of Morton's WREVAP evaporation models
this guide arose in response to the authors’ experiences ialong with tables of monthly Class-A pan coefficients for 68
reviewing research papers and consulting reports where edecations across Australia and other information.

timation of the actual evaporation component in catchment
and water balance studies was often inadequately handled.

Practical guides using consistent terminology that cover both

theory and practice are not readily available. Here we pro-1 Introduction

vide such a guide, which is divided into three parts. The first

part provides background theory and an outline of the conActual evaporation is a major component in the water bal-
ceptual models of potential evaporation of Penman, Penmanance of a catchment, reservoir or lake, irrigation region, and
Monteith and Priestley—Taylor, as well as discussions of ref-some groundwater systems. For example, across all conti-
erence crop evapotranspiration and Class-A pan e\/apordlents evapotranspiration is 70 % of precipitation, and varies
tion. The last two sub-sections in this first part include tech-from over 90 % in Australia to approximately 60 % in Europe
niques to estimate actual evaporation from (i) open-surfacéBaumgarter and Reichel, 1975, Table 12). For major reser-
water and (i) landscapes and catchments (Morton and th&oirs in Australia, actual evaporation losses represent 20 %
advection-aridity models). The second part addresses topicgf reservoir yield (Hoy and Stephens, 1979, p. 1). Compared
confronting a practicing hydrologist, e.g. estimating actualWith precipitation and streamflow, the magnitude of actual
evaporation for deep |akes] shallow lakes and farm damslevaporation over the |Ong term is more difficult to estimate
lakes covered with vegetation, catchments, irrigation areaghan either precipitation or streamflow.

and bare soil. The third part addresses six related issues: This paper deals with estimating actual, potential, refer-

(i) automatic (hard wired) calculation of evaporation esti- €nce crop and pan evaporation at a daily and a monthly time
step using standard meteorological data. A major discussion

Published by Copernicus Publications on behalf of the European Geosciences Union.



1332 T. A. McMahon et al.: Estimating evaporation

of the use of remotely sensed data to estimate actual evapderred methods to estimate evaporation. Section 4 deals with
ration is outside the scope of this paper but readers interesteseveral outstanding issues of interest to practitioners and, in
in the topic are referred to Kalma et al. (2008) and Glenn etthe final section (Sect. 5), a concluding summary is provided.

al. (2010) for relevant material. Readers should note that there are 21 sections in the Supple-
ment where more model details and worked examples are
1.1 Background provided (sections, tables and figures in the Supplement are

indicated by an S before the caption number).
The inspiration for the paper, which is a considered sum-
mary of techniques rather than a review, arose because ovdr.2 Definitions, time step, units and input data
recent years the authors have reviewed many research pa-
pers and consulting reports in which the estimation of theThe definitions, time steps, units and input data associated
actual evaporation component in catchment and water balwith estimating evaporation and used throughout the lit-
ance studies was inadequately handled. Our examination aérature vary and, in some cases, can introduce difficulties
the literature yielded few documents covering both theoryfor practitioners who wish to compare various approaches.
and practice that are readily available to a researcher, confhroughout this paper, consistent definitions, time steps and
sulting hydrologist or practicing engineer. ChaptelEVap-  units are adopted.
otranspirationin Physical Hydrologyby Dingman (1992), Evaporation is a collective term covering all processes in
Chapter 4Evaporation(Shuttleworth, 1992) in thédand-  which liquid water is transferred as water vapour to the at-
book of HydrologyMaidment, 1992) and, for irrigated areas, mosphere. The term includes evaporation of water from lakes
FAO 56 Crop evapotranspiration: Guidelines for computing and reservoirs, from soil surfaces, as well as from water in-
crop water requirementfAllen et al., 1998) are helpful ref- tercepted by vegetative surfaces. Transpiration is the evapo-
erences. We refer heavily to these texts in this paper whichration from within the leaves of a plant via water vapour flux
is aimed at improving the practice of estimating actual andthrough leaf stomata (Dingman, 1992, Sect. 7.5.1). Evapo-
potential evaporation, reference crop evapotranspiration anttanspiration is defined as the sum of transpiration and evap-
pan evaporation using standard daily or monthly meteoro-oration from the soil surface (Allen et al., 1998, p. 1). Al-
logical data. This paper is not intended to be an introductionthough the term “evapotranspiration” is used rather loosely
to evaporation processes. Dingman (1992) provides such aim the literature, we have retained the term where we refer to
introduction. Readers, who wish to develop a strong theoditerature in which it is used, for example, when discussing
retical background of evaporation processes, are referred toeference crop evapotranspiration. This paper does not deal
Evaporation into the Atmospheby Brutsaert (1982), and to  with sublimation from snow or ice.
Shuttleworth (2007) for a historical perspective. Two processes are involved in the exchange of water

There are many practical situations where daily or monthlymolecules between a water surface and air. Condensation
actual or potential evaporation estimates are required. For exis the process of capturing molecules that move from the
ample, for deep lakes or post-mining voids, shallow lakes orair towards the surface and vaporisation is the movement of
farm dams, catchment water balance studies (in which acmolecules away from the surface. The difference between the
tual evaporation may be land-cover specific or lumped de-vaporisation rate, which is a function of temperature, and the
pending on the style of analysis or modelling), rainfall-runoff condensation rate, which is a function of vapour pressure, is
modelling, or small irrigation areas or for irrigated crops the evaporation rate (Shuttleworth, 1992, p. 4.3). The rate of
within a large irrigation district. Each of these situations il- evaporation from any wet surface is determined by three fac-
lustrates most of the practical issues that arise in estimattors: (i) the physical state of the surrounding air, (ii) the net
ing daily or monthly evaporation from meteorological data available heat, and (iii) the wetness of the evaporating sur-
or from Class-A evaporation pan measurements. These casésce. The state of the surrounding air is determined by its
are used throughout the paper as a basis to highlight commotemperature, its vapour pressure and its velocity (Monteith,
issues facing practitioners. 1991, p. 12).

Following this introduction, Sect. 2 describes the back- The amount of available heat energy for evaporation
ground theory and models under five headings: (i) potentiakequals the net incoming radiation plus net input of water
evaporation, (ii) reference crop evapotranspiration, (iii) panadvected energy associated with inflows and outflows to a
evaporation, (iv) open-surface water evaporation and (v) acwater body minus net output via conduction to the ground
tual evaporation from landscapes and catchments. Practiminus net output of sensible heat exchange with the atmo-
cal issues in estimating actual evaporation from deep lakessphere and minus the change in heat storage in the water
reservoirs and voids, from shallow lakes and farm damspody (Dingman, 1992, Eq. 7.14). The net incoming radiation
for catchment water balance studies, in rainfall-runoff mod-equals the incoming shortwave solar radiation less the out-
elling, from irrigation areas, from lakes covered by vegeta-going shortwave, which is a function of surface albedo, plus
tion, bare soil, and groundwater are considered in Sect. 3the incoming longwave less the outgoing longwave. In addi-
This section concludes with a guideline summary of pre-tion to the net incoming radiation, heat for plant evaporation
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T. A. McMahon et al.: Estimating evaporation 1333

can be supplied by turbulent transfer from the air, or by con-
duction from the soil (Dingman, 1992, Sect. 7.3.4). For evap-
oration from vegetation using the combination equations of
Penman and Penman—Monteith (see later Sect. 2), water ad
vection and heat storage can be neglected, and the equatior
are so arranged as to eliminate the need to estimate sens

Mean vapour concentration
of the overpassing air

- e = - - - - -

ble heat exchange explicitly, leaving net incoming radiation / ]

. / Evaporation rate
as the major energy term to be assessed. Loss of heat to th !
ground via conduction is often neglected. @~ =0 == =====---- q

For evaporation to occur, in addition to energy needed for
latent heat of vaporisation, there must be a process to remove  Dryland
the water vapour from the evaporating surface. Here, the at-
mospheric boundary layer is continually responding to large-Fig. 1. Conceptual representation of the effect of advected air pass-
scale weather movements, which maintain a humidity deficiting from dryland over an irrigated area.
even over the oceans (Brutsaert and Strickler, 1979, p. 444),
and provide a sink for the water vapour.

The two processes, radiant energy and turbulent transfer ofvater surface to prevent water consumption by animals and
water vapour, are utilised by several evaporation equationdirds (Jovanovic et al., 2008, Sect. 2).
which will be described later. According to Penman (1948, In this paper, the term “lake” includes lakes, reservoirs and
p. 122) the main resistance to evaporation flux is a thin nonvoids (as a result of surface mining) and is defined, following
turbulent layer of air (about 1 to 3mm thick) next to the Morton (1983b, p. 84), as a body of water so wide that the ad-
surface. This resistance is known as aerodynamic or atmavection of air with low water vapour concentration from the
spheric resistance. Once through this impediment the escamdjacent terrestrial environment has negligible effect on the
ing water molecules are entrained into the turbulent airflowevaporation rate beyond the immediate shoreline or transi-
passing over the surface. For leaves, another resistance to thien zone. Furthermore, Morton distinguishes between shal-
evaporation process, known as surface resistance, depenttsv and deep lakes, the former being one in which seasonal
on the degree of stomatal opening in the leaves, and in turmeat storage changes are insignificant. Deep lakes may also
regulates transpiration (Monteith, 1991, p. 12). be considered shallow if one is interested only in annual or

According to Monteith (1965, p. 230), when air moves mean annual evaporation because at those time steps sea-
across a landscape, water vapour is transported at a ratonal heat storage changes are considered unimportant (Mor-
equal to the product of the water vapour content and theton, 1983b, Sect. 3). However, for other procedures there is
wind speed. This transport is known as an advective flow andho clear distinction between shallow and deep lakes (see Ta-
is present throughout the atmosphere. As shown in Fig. 1ble S5) and, therefore, we have identified them as shallow or
when air moves from a dry region to a wetter area, the con-deep in terms of the description in the relevant reference.
centration of water vapour increases at the transition to a Because of the scope of evaporation topics across analy-
higher value downwind. On the other hand, at the transi-ses and measurements, we deliberately restrict the content of
tion the evaporation rate immediately increases to a muctihe paper to techniques that can be applied at a daily and/or
higher value compared to that over the dryland, and then demonthly time step. Under each method we set out the time
creases slowly to a value representative of the wetter areatep that is appropriate. Dealing with shorter time steps, say
The low evaporation over the dryland means the overpassene hour, is mainly a research issue and is beyond the scope
ing air will be hotter and drier, thus increasing the available of this paper.
heat energy to increase evaporation in the downwind wetter In the literature, there is little consistency in the units for
area (Morton, 1983a, p. 3). In this context, it should be notedthe input data, constants and variables. Here, except for sev-
that because a lake is defined as one so wide that the effecegal special cases, we use a consistent set of units and have
of an upwind transition (as in Fig. 1) are negligible, overall adjusted the empirical constants accordingly. The adopted
lake evaporation is independent of the wetness of the upwindinits are: evaporation in mm per unit time, pressure in kPa,
environment (Morton, 1983a, p. 17). wind speed in ms! averaged over the unit time, and ra-

Throughout the paper, unless otherwise stated, pan evagiation in MJnT?2 per unit time. Furthermore, we distin-
oration means a Class-A evaporation pan with a standarduish between measurements that are cumulated or averaged
screen. A Class-A evaporation pan, which was developedver 24 h, denoted as “daily” values, and those that are cu-
in the United States and is used widely throughout themulated or measured during day-light hours, designated as
world, is a circular pan (1.2m in diameter and 0.25m “day-time” values (Van Niel et al., 2011).
deep) constructed of galvanised iron and is supported on a Evaporation can be expressed as depth per unit time,
wooden frame 30 to 50 mm above the ground (WMO, 2006,e.g. mmday?, or expressed as energy during a day and, not-
Sect. 10.3.1). In Australia, a standard wire screen covers thing that the latent heat of water is 2.45 MJkgat 20°C) it

Irrigated land
]
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1334 T. A. McMahon et al.: Estimating evaporation

follows that 1 mm day? of evaporation equals 2.45 MJth (FAO-56 reference crop evapotranspiration) where estimat-

day 1. Furthermore, many evaporation equations describedng evapotranspiration for reference crop conditions is con-

herein express evaporation in units of mm dayather than  sidered. Section 2.3 (Pan evaporation) deals with the mea-

the correct unit of kgm? day L. In these cases, the unit surement and modelling of evaporation by a Class-A evapo-

conversion is 1000 mmm/(p, =~ 1000 kg nT3), which ration pan. Section 2.4 (Open-surface water evaporation) dis-

equals one and, therefore, the conversion factor fromkg§m cusses actual evaporation from open-surface water of shal-

to mm is not included in the equation. We remind readers oflow lakes, deep lakes (reservoirs) and large voids. Finally,

this equivalence where the equations are defined in the textin Sect. 2.5 (Actual evaporation (from catchments)) actual
The evaporation models discussed in this paper, includingevaporation from landscapes and catchments is discussed.

Penman, Penman—Monteith, Priestley—Taylor, reference crop

evapotranspiration, PenPan, Morton and advection-aridity2-1 Potential evaporation

models, require a range of meteorological and other data as . . .

input. The data required are highlighted in Table 1 along with N 1948, Thornthwaite (1948, p. 56) coined the term “poten-

the time step for analysis and the sections in the paper wherli@! evapotranspiration”, the same year that Penman (1948)

the models are discussed. Availability of input data is dis-PuPlished his approach for modelling evaporation for a short

cussed in Sect. S1. Sections S2 and S3 list the equation%reen crop completely sh_ading the_gr(_)und. Penman (1956,
for calculating the meteorological variables like saturationP: 20) called this “potential transpiration” and since then
vapour pressure, and net radiation. Values of specific conth€re have been many definitions and redefinitions of the
stants like the latent heat of vaporization, aerodynamic and®'™ Potential evaporation or evapotranspiration.

surface resistances, and albedo values are listed in Tables S1,!n @ detailed review, Granger (1989a, Table 1) (see also
S2, and S3, respectively. Granger, 1989b) examined the concept of potential evapora-

tion and identified five definitions, but considered only three
to be useful, which he labelled EP2, EP3 and EP5. They are
2 Background theory and models generally related as

The evaporation process over a vegetated landscape is linkdeP5> EP3> EP2> Exct , ()

by two fundamental equa_uons—awater balance equation an\(/jvhere Eact is the actual evaporation rate. EP2, which is
an energy balance equation as follows.

Water balance: kpown as the “wet environment"_ or “equilibrium evapora-
’ tion” rate (see Sect. 2.1.4), is defined as the evaporation rate
P =Fact+0+AS, (1a) that would occur from a saturated surface with a constant en-
ergy supply to the surface. This represents the lower limit of
actual evaporation from a wet surface, noting that for a drier
surfaceEact < EP2. EP2 is effectively the energy flux term
in the Penman equation (Eq. 4). EP3 is defined as the evap-
oration rate that would occur from a saturated surface with
R=H+AEai+G 2) constant energy supply to, and constant atmospheric condi-
tions over, the surface. This is equivalent to the Penman evap-
where, during a specified time period, e.g. one month, andration from a free-water surface and is dependent on avail-
over a given areaP is the mean rainfall (mm day), E act, able energy and atmospheric conditions. Granger (1989a, Ta-
Esoil, ETrans and Ejnter are respectively the mean actual ble 1) denotes EP5 as “potential evaporation” that represents
evaporation (mm day'), the mean evaporation from the soil an upper limit of evaporation. It is defined as the evaporation
(mm day 1), the mean transpiration (mm da}) and mean rate that would occur from a saturated surface with constant
evaporation of intercepted precipitation (mm d&y, O is atmospheric conditions and constantfacetemperature.
the mean runoff (mm day}), AS is the change in soil mois- In this paper we have adopted Dingman’s (1992,
ture storage (mm day) and deep seepage is assumed neg-Sect. 7.7.1) definition of potential evapotranspiration,
ligible, R is the mean net radiation received at the soil/plantnamely that it “...is the rate at which evapotranspiration
surfaces (MJ m? day 1), H is the mean sensible heat flux would occur from a large area completely and uniformly cov-
(MJ m=2 day 1), AEact is the outgoing energy (MJ ¢ ered with growing vegetation which has access to an unlim-
day 1) as mean actual evaporatiaf,is the mean heat con- ited supply of soil water, and without advection or heating
duction into the soil (MJ m2 day 1), anda is the latent heat  effects.” The assumptions of no advection and no heating ef-
of vaporisation (MJ m?). Models used to estimate evapora- fects refer to water-advected energy (for example, by inflow
tion are based on these two fundamental equations. to a lake) and to heat storage effects, which will be valid
This section covers five types of models. Section 2.1 (Pofor water bodies but may not be so for vegetation surfaces
tential evaporation) discusses the conceptual basis for estiDingman, 1992, p. 299). Two other terms need to be defined
mating potential evaporation, which is followed by Sect. 2.2 — reference crop evapotranspiration and actual evaporation.

P= (ESoiI + Erans+ Flnter) + 0+ AS. (1b)

Energy balance:
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Table 1. Data required to compute evaporation using key models described in the paper.

Penman- Priestley- FAO 56 Morton Morton  Morton  Advection-
Models Penman  Monteith Taylor Ref.crop PenPan CRAE CRWE CRLE Aridity
Sub-section discussed 21.1 2.1.2 2.1.3 2.2 2.3.2 25.2 252 252 253
Time step (D= daily, M=Monthly) DorM D DorM D M M (or D) M (or D) M D
Sunshine hours or solar radiation yes yes yes yes yes yes yes yes yes
Maximum air temperature yes yes yes yes yes yes yes yes yes
Minimum air temperature yes yes yes yes yes yes yes yes yes
Relative humidity yes yes no yes yes yes yes yes yes
Wind speed yes yes no yes yes no no no yes
Latitude no no no no no yes yes yes no
Elevation yes* yes* yes* yes* yes* yes yes yes yes*
Mean annual rainfall no no no no no yes yes yes no
Salinity of lake no no no no no no no yes no
Average depth of lake no no no no no no no yes no

* To estimate the psychrometric constant.

Reference crop evapotranspiration is the evapotranspiratioman equation and is discussed in Sect. 2.4.1 and in more de-
from a crop with specific characteristics and which is nottail in Sect. S4. The Penman equation assumes no heat ex-
short of water (Allen et al, 1998, p. 7). Details are given in change with the ground, no change in heat storage, and no
Sect. 2.2. The second term is actual evaporation, which isvater-advected energy (as inflow in the case of a lake) (Ding-

defined as the quantity of water that is transferred as waman, 1992, Sect. 7.3.5). Penman (1956, p. 18) and Monteith
ter vapour to the atmosphere from an evaporating surfac€1981, p. 4 and 5) provide helpful discussions of the depen-

(Wiesner, 1970, p. 5). Readers are referred to an interestingence of latent heat flux on surface temperature. Application

discussion by Katerji and Rana (2011), who discuss furtherof the Penman equation is discussed in Sect. 2.4.1 with fur-

the definitions of potential evaporation, reference crop evapiher details provided in Sect. S4.

otranspiration and evaporative demand. The Penman approach has spawned many other proce-
dures (e.g. Priestley and Taylor, 1972; see Sect. 2.1.3) in-
2.1.1 Penman cluding the incorporation of resistance factors that extend the

general method to vegetated surfaces. The Penman—Monteith
In 1948, Penman was the first to combine an aerodynamigormulation described in the following section is an example
approach for estimating potential evaporation with an energyyf the latter.
equation based on net incoming radiation. These components
of the evaporative process are discussed in Sect. 1.2. Thisap-1.2 Penman—Monteith
proach eliminates the surface temperature variable, which is
not a standard meteorological measurement, resulting in th&he Penman—Monteith model, defined as Eq. (5), is usually
following equation, known as the Penman or Penman com-adopted to estimate potential evaporation from a vegetated
bination equation, to estimate potential evaporation (Pensurface. The fundamental Penman—Monteith formulation de-
man, 1948, Eqg. 16; see also Shuttleworth, 1992, Sect. 4.2.69ends on the unknown temperature of the evaporating sur-
Dingman, 1992, Sect. 7.3.5): face (Raupach, 2001, p. 1154). Raupach provides a detailed
discussion of the approaches to eliminate the surface temper-
Epen= A Rn + 4 E.. (4) ature from the surface energy balance equations. The sim-
A+y A A+y plest solution results in the following well known Penman—
Monteith equation (Allen et al., 1998, Eq. 3):

where Epenis the daily potential evaporation (mm day=

kg m~2 day 1) from a saturated surfac&, is net daily ra- 1 AR — G) + paca izt
diation to the evaporating surface (MJfnday 1) where = ETpy = : a__, (5)
Ry is dependent on the surface albedo (Sect. E3)(mm A4ty (1+ :—Z)

day 1) is a function of the average daily wind speed (s

saturation vapour pressure (kPa) and average vapour pregthere Eby is the Penman—Monteith potential evaporation
sure (kPa),A is the slope of the vapour pressure curve (mm day ! = kgm=2 day 1), Ry is the net daily radiation
(kPa°C~1) at air temperaturey is the psychrometric con- at the vegetated surface (MJfday 1), G is the soil heat
stant (kP&C™1), and A is the latent heat of vaporization flux (MJ m=2 day 1), pa is the mean air density at con-
(MJ kg 1). Eq is the aerodynamic component in the Pen- stant pressure (kg n%), ca is the specific heat of the air
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(MJ kg~1°C™1), ra is an “aerodynamic or atmospheric re- 2.1.4 Equilibrium evaporation

sistance” to water vapour transport (st for neutral con-

ditions of stability (Allen et al., 1998, p. 20)s is a “sur-  Slatyer and Mcllroy (1961) developed the concept of equilib-
face resistance” term (sTh), (vi —va) is the vapour pres- rium evaporation Eeg) in which air passing over a saturated
sure deficit (kPa)a is the latent heat of vaporization (MJ surface will gradually become saturated until an equilibrium
kg™1), A is the slope of the saturation vapour pressure curvgate of evaporation is attained. Edinger et al. (1968) defined
(kPa°C~1) at air temperature, ang is the psychromet- equilibrium temperature as the surface temperature of the
ric constant (kPaC—1). Values ofr, andrs are discussed evaporating surface at which the net rate of heat exchange (by
in Sect. S5. The major difference between the Penman-shortwave and longwave radiation, conduction and evapora-
Monteith and the Penman equations is the incorporation otion) is zero. But because of the daily cycles in the meteoro-
the two resistance (atmospheric and surface, as describddgical conditions, equilibrium temperature is never achieved
in Sect. 1.2) terms in Penman—Monteith rather than using dSweers, 1976, p. 377).

wind function. Although the original Penman equation (Pen- Stewart and Rouse (1976, Eq. 4) interpreted the Slatyer
man, 1948, Eq. 16) does not include a soil heat flux term,and Mcllroy (1961) concept in terms of the Priestley and
Penman noted that for his test chamber the heat conductefaylor (1972) equation as

through the walls of the container was negligible.

1
Eeg=—2~EpT, 7
2.1.3 Priestley—Taylor EQ apT PT ")

The Priestley-Taylor equation (Priestley and Taylor, 1972,whereEpt andapr are defined in the previous section. Mc-
Eq. 14) allows potential evaporation to be computed inNaughton (1976) proposed a similar argument. However,
terms of energy fluxes without an aerodynamic componenased on lysimeter data Eichinger et al. (1996) question

as follows this concept of equilibrium evaporation and suggest that the
Priestley—Taylor equation wittapt = 1.26 is more represen-
Epr= aPT|: A ﬁ _ E} (6) tative of equilibrium evaporation under wet surface condi-
Aty A & tions. In 2001, Raupach (2001) carried out a historical review

and theoretical analysis of the concept of equilibrium evapo-
ration. He concluded that for any closed evaporating system
(thatis, a system in which there is no mass exchange with the
external environment theoretically approximated by a large
area with an inversion, provided entrainment is small) with
steady energy supply, the system moves towards a quasi-
steady state in which the Bowen ratig8)(takes the equi-
librium value of Ve, wheree is the ratio of latent to sen-
sible heat contents of saturated air in a closed system. Rau-
ach (2001) also concluded that open systems cannot reach
quilibrium.

where Bpt is the Priestley—Taylor potential evaporation (mm
day ! = kgm2 day 1), R, is the net daily radiation at the
evaporating surface (MJ ™ day 1), G is the soil flux into
the ground (MJ m? day 1), A is the slope of the vapour
pressure curve (kPL£~1) at air temperaturey is the psy-
chrometric constant (kP£ 1), andx is the latent heat of
vaporization (MJ kg?). apt is the Priestley—Taylor constant.
Based on non-water-limited field data, Priestley and Tay-
lor (1972, Sect. 6) adoptagbt = 1.26 for “advection-free”
saturated surfaces. Eichinger et al. (1996, p. 163) develope@
an analytical expression fap and found that 1.26 was an
appropriate value for an irrigated bare soil. Lhomme (1997)5 1 5 Other methods for estimating potential
developed a theoretical basis for the Priestley—Taylor coef- evaporation
ficient of 1.26 for non-advective conditions. Based on field

data in northern Spain, Castellvi et al. (2001) found that  There are many other potential evaporation equations pro-

exhibited large seasonal (up to 27 %) and spatigt & 1.35  posed and evaluated during the past 100 or so years that could
to 1.67) variations. Improved performance was achieved byhave been included in this paper. Some of these, e.g. Thornth-
including adjustments for vapour pressure deficit and avail-waite (Thornthwaite, 1948) and Makkink models (Keijman,

able energy. Pereira (2004), noting the analysis by Mon-1981, p. 22; de Bruin, 1987, footnote p. 19), are discussed in
teith (1965, p. 220) and Perrier (1975), considered the hygect. S9.

pothesisypt = Q1 whereS is a decoupling coefficient and

is a function of the aerodynamic and surface resistanmges, 2.2 FAO-56 reference crop evapotranspiration

plying apt is not a constantThe decoupling coefficient is

discussed in Sect. S5. ValuesaT for a range of surfaces Adopting the characteristics of a hypothetical reference crop

are listed in Table S8 and it is noted thatr values are de-  (height= 0.12m, surface resistanee70snT?, and albedo

pendent on the observation period, daily (24 h) or day-time.= 0.23 (ASCE (American Society of Civil Engineers) Stan-

Priestley and Taylor (1972, Sect. 1) adopted a daily time steglardization of Reference Evapotranspiration Task Commit-

for their analysis. tee, 2000; Allen et al., 1998, p. 15)), the Penman—Monteith
equation (Eg. 5) becomes Eg. (8), which is known as the
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(Food and Agriculture Organization) FAO-56 reference cropserved Class-A pan value (mm/unit time). Usually, pan co-
or the standardized reference evapotranspiration equatiorgfficients are estimated by comparing observed pan evapo-
short (ASCE, 2005, Table 1), and is defined as follows rations with estimated or measured open-surface water esti-
900 i} mates, although Kohler et al. (1955) and Allen et al. (1998,
0.408A(Rn — G) + ¥ o7au2(vy — va) ®) p. 86) proposed empirically derived relationships. These are
A +y(1+0.34u0) ’ described in Sect. S16. Published pan coefficients are avail-
able for a range of regions and countries. Some of these are
where Ekc is the daily reference crop evapotranspiration reported also in Sect. S16 and associated tables. In addition,
(mm day* = kgm~2 day 1), T, is the mean daily air tem- monthly Class-A pan coefficients are provided for 68 loca-
perature {C) at 2m, and:; is the average daily wind speed tjons across Australia (Sect. S16 and Table S6). In China,
(ms!) at 2m. Other symbols are as defined previously. micro-pans (200 mm diameter, 100 mm high that are filled to
Allen et al. (1998) provide a detailed explanation of the de-20 or 30 mm) are used to measure pan evaporation. Based on
velopment of Eq. (8) from Eq. (5) including an explanation of an analytical analysis of the pan energetics (McVicar et al.,
the units of 0.408 (kg MJ"), 900 (kg3 s day ) and 0.34  2007b, p. 209), the pan coefficients for a Chinese micro-pan
(sm1). A detailed explanation of the theory of reference are lower than Class-A pan coefficients but with a seasonal
crop evapotranspiration is presented by McVicar et al. (2005range being similar to those of a Class-A pan.
Sect. 2). It should be noted that a second reference Crop evap- Masoner et al. (2008) compared the evaporation rate from
otranspiration equation has been developed for a 0.5m taly floating evaporation pan (which estimated open-surface
crop (ASCE, 2005, Table 1) Further details are included inwater evaporation —see Keijman and Koopmans, 1973; Ham
Sect. S5. and DeSutter, 1999) with the rate from a land-based Class-

The time step recommended by Allen et al. (1998, Chap-A pan. They concluded that the floating pan to land pan
ter 4) for analysis using Eq. (8) is one day (24 h). Equationsratios were similar to Class-A pan coefficients used in the
for other time steps may be found in the same reference.  United States.

A detailed discussion of the variables is given in Sect. S5. The disaggregation of an annual actual or potentia| evapo-
G is a function of successive daily temperatures and, thereration estimate into monthly or especially daily values is not
fore, ETom and E'rc are sensitive t@ when there is alarge  straightforward, assuming there is no concurrent at-site cli-
difference between successive daily temperatures. An algomate data which could be used to gain insight into how the
rithm for estimatingG is presented in Sect. S5. It should be annual value should be partitioned. One approach is to use
noted that the Penman—Monteith equation assumes that thﬂontmy pan coefficients if avai|ab|e, as noted above. An-
actual evaporation does not affect the overpassing air (Wangther approach, that is available to Australian analysts, is to
etal., 2001). adopt average monthly values of point potential evapotran-

There are other equations for estimating reference crogpiration for the given location (maps for each month are pro-
evapotranspiration, e.g. FAO-24 Blaney and Criddle (Allen yided in Wang et al., 2001) and pro rata the values to sum to
and Pruitt, 1986), Turc (1961), Hargreaves—Samani (Hargthe annual values dfs,. This suggestion is based on the re-
reaves and Samani, 1985), and the modified Hargreaves agent analysis by Kirono et al. (2009, Fig. 3) who found that,
proach (Droogers and Allen, 2002). These are included infor 28 locations around Australia, Morton’s potential evap-
Sect. S9. otranspiration Epyt (see Sect. 2.5.2) correlated satisfacto-
rily (R?=0.81) with monthly Class-A pan evaporation val-
ues, although the Morton values overestimated the pan val-
ues by approximately 11 %. Further discussion is provided in
Sect. 3.1.3.

ETrc =

2.3 Pan evaporation
2.3.1 Class-A evaporation pan

Evaporation data from a Class-A pan, when combined with
an appropriate pan coefficient or with an adjustment for thes 3 5 The PenPan model
energy exchange through the sides and bottom of the tank,

can be considered to be open-water evaporation (Dingman o )
sEﬁ_here have been several variations of the Penman equation

1992, p. 289). Pan data can be used to estimate actual eva i ’
oration for situations that require free-water evaporation adEd- 4) to model the evaporation from a Class-A evaporation
follows pan. Linacre (1994) developed a physical model which he
called the Penpan formula or equation. Rotstayn et al. (2006)
Etw,.j = KjEpanj, (9) coupled the radiative component of Linacre (1994) and the
aerodynamic component of Thom et al. (1981) to develop
where Eyy, ; is an estimate of monthly (or daily) open- the PenPan model (note the two capital Ps to differentiate
surface water evaporation (mm/unit timg)js the specific it from Linacre’s (1994) contribution). Based on the Pen-
month (or day) K ; is the average monthly (or daily) Class- Pan model, Roderick et al. (2007, Fig. 1) and Johnson and
A pan coefficient, anEpay; is the monthly (or daily) ob-  Sharma (2010, Fig. 1) demonstrate separately that the model
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can successfully estimate monthly and annual Class-A paiis known as the aerodynamic equation (Kohler and Parmele,

evaporation at sites across Australia. 1967, p. 998) and represents the evaporative component due
Following Rotstayn et al. (2006, Eq. 2) the PenPan equato turbulent transport of water vapour by an eddy diffusion
tion is defined as process (Penman, 1948, Eq. 1) and is defined as

A RNpPan apy
A+apy A A+ap

Epenpar= ” fPar(M)(V;;k —va) (10) Ea= f(”)(V; —Va) , (13)
where Epenpanis the modelled Class-A (unscreened) panWheref (u) is a wind function typically of the forny (u) =
evaporation (mm dayl = kg m—2 day’l), Rnpanis the net a—+bu, and(vg — va) is the vapour pressure deficit (kPa)
daily radiation at the pan (MJ ¢ day 1), A is the slope of There have been many studies dealing with Penman’s
the vapour pressure curve (k‘Ra_l) at air temperaturey is wind function inClUding Penman’s (1948, 1956) analyses
psychrometric constant (kP&€~1), andx is the latent heat (see Penman (1956, Eq. 8a and b) for a comparison of the
of vaporization (MJkg?), ap is a constant adopted as 2.4 two equations), Stigter (1980, p. 322, 323), Fleming et al.
(Rotstayn et al., 20086, p. 2) — v, is vapour pressure deficit (1989, Sect. 8.4), Linacre (1993, Appendix 1), Cohen et al.

(kPa), andfpan(x) is defined as (Thom et al., 1981, Eq. 34) (2002, Sect. 4) and Valiantzas (2006). Based on Valiantzas’
(2006, page 695) summary of these studies, we recommend

Sfran(u) = 1.202+ 1.621u> , (12) that the Penman (1956, Eq. 8b) wind function be adopted as
the standard for evaporation from open water with 1.313
where uz is the average daily wind speed at 2m height andb = 1.381 (wind speed is a daily average value inThs
(ms™1). Details to estimat®npanand results of the applica- and the vapour deficit in kPa). Typically, the wind function
tion of the model to 68 Australian sites are given in Sect. S6.assumes wind speed is measured at 2m above the ground
surface but if not it should be adjusted using Eq. (S4.4).
2.4 Open-surface water evaporation More details about alternative wind functions are provided

in Sect. S4. It is noted here that because the wind function

Inthis paper the terms open-water evaporation and free-wat€l, o icients were empirically derived, the Penman equation
evaporation are used interchangeably and assume that W5 4 specific application is an empirical one

ter available for evaporation is unlimited. We discuss two According to Dingman (1992, p. 286)
approaches to estimate open-water evaporation: Penman";q ’ i
combination equation and an aerodynamic approach.

in the Penman

uation it is assumed there is no change in heat storage,
no heat exchange with the ground, and no advected energy.
Data required to use the equation include solar radiation,
sunshine hours or cloudiness, wind speed, air temperature,

The Penman equation (Penman, 1948, Eq. 16) is widely an@nd relative humidity (or dew_point tempgrature). Although
successfully used for estimating open-water evaporation as Pénman (1948) carried out his computations of evaporation
based on 6-day and monthly time steps, most analysts have
A Rnw 14

adopted a monthly time step (e.g. Weeks, 1982; Fleming et
Epenow= ===~ + 13, Fa (12) a1, 1989, Sect. 8.4; Chiew et al., 1995; Cohen et al., 2002;
Harmsen et al., 2003) and several have used a daily or shorter
where Epenow is the daily open-surface water evaporation time step (e.g. Chiew et al., 1995; Sumner and Jacobs, 2005).
(mm day ! = kgm~2 day 1), Rnw is the net daily radiation van Bavel (1966) amended the original Penman (1948)
at the water surface (MJ ™ day 1), and other terms have equation to take into account boundary layer resistance. The
been previously defined. In estimating the net radiation atmodified equation is considered in Sect. S4.
the water surface, the albedo value for water should be used Linacre (1993, p. 239) discusses potential errors in the
(Table S3). Details of the Penman calculations are presenteBenman equation and the accuracy of the estimates, and re-
in Sect. S4. Section S3 lists the equations required to comports that lake evaporation estimates are much more sensitive
pute net radiation with or without incoming solar radiation to errors in net radiation and humidity than to errors in air
measurements. We note that of the 20 methods reviewed byemperature and wind.
Irmak et al. (2011) the method described in Sect. S3 (based
on Allen et al. (1998, p. 41 to 55)) to estimaRay was one  2.4.2 Aerodynamic formula
of the better performing procedures.

The first term in Eq. (12) is the radiative component and The aerodynamic method is based on the Dalton-type ap-
the second term is the aerodynamic component. To estimatproach (Dingman, 1992, Sect. 7.3.2), in which evaporation
Rnw, the incoming solar radiationRg), measured at auto- is the product of a wind function and the vapour pres-
matic weather stations or estimated from extraterrestrial radisure deficit between the evaporating surface and the over-
ation, is reduced by estimates of shortwave reflection, usindying atmosphere. Following a review of 19 studies, McJan-
the albedo for water, and net outgoing longwave radiatign. net et al. (2012, Eqg. 11) proposed the following empirical

2.4.1 Penman equation
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relationship to estimate open surface water evaporation.  Morton (1983a) models (known as Complementary Re-
005 lationship Areal Evapotranspiration (CRAE), Complemen-
Elarea= (2.36+ 1.67u2) A~ P (vE — v), (14)  tary Relationship Wet-surface Evaporation (CRWE) and

) ) Complementary Relationship Lake Evaporation (CRLE))
where E| area iS an estimate of open-surface water evapora-zng by the Advection-Aridity (AA) model of Brutsaert

tion (mm day 1) as a function of evaporating are&, (?),  and Strickler (1979) with modifications by Hobbins et
u is the wind speed (n7s) over land at 2m heighty, is . (2001a, b).

the saturated vapour pressure (kPa) awviaeer surfaceand In his 1983a paper, Morton argues that the CR cannot be
vais the vapour pressure (kPa) at air temperature. verified directly, but based on a water balance study of four
rivers in Malawi and another in Puerto Rico, he argued that
the concept is plausible (Morton, 1983a, Figs. 7-9). Based
on independent evidence of regional &fand on pan evap-
oration data from 192 observations in 25 catchments in the

In 1963, Bouchet hypothesised that, for large homogeneou¥’S: Hobbins and Rairez (2004) and Rairez et al. (2005)
areas where there is little advective heat and moisture (dis2rgue that the complementary relationship is beyond con-
cussed in Sect. 1.2), potential and actual evapotranspird€cture. The shape of the CR relationship for the observed
tion depend on each other in a complementary way viaPan data, assuming a pan represents an infinitesimal point
feedbacks between the land and the atmosphere. This leg® required in the CR relationship, is similar to the shape in
Bouchet (1963) to propose the complementary relationshid:'g- 2a. Using a mesoscale model over an irrigation area in

2.5 Actual evaporation (from catchments)

2.5.1 The complementary relationship

(CR) illustrated in Fig. 2 and defined as south-eastern Turkey, Ozdogan et al. (2006) concluded that
their results lend credibility to the CR hypothesis. However,
ETact = 2ETwet — ETpot. (15)  research is underway into understanding whether the con-

stant of proportionality (“2” in Eq. 15) varies and, if so, what
ETact is the actual areal or regional evapotranspiration (mmis the nature of the asymmetry in the relationship (Ram
per unit time) from an area large enough that the heat anct al., 2005; Szilagyi, 2007; Szilagyi and Jozsa, 2008). Some
vapour fluxes are controlled by the evaporating power ofother references of relevance include Hobbins et al. (2001a);
the lower atmosphere and unaffected by upwind transitionsrang et al. (2006); Kahler and Brutsaert (2006); Lhomme
(In the context of the complementary relationship, and tech-and Guilioni (2006); Yu et al. (2009) and Han et al. (2011).
niques using the relationship, k& includes transpiration
and evaporation from water bodies, soil and interception stor2.5.2 Morton’s models
age). ETyet is the potential (or wet-environment) evapotran- ,
spiration (mm per unit time) that would occur under steadyF |- Morton was at the forefront of evaporation analyses
state meteorological conditions in which the soil/plant sur-TomM about 1965 culminating in the mid-80s with the publi-

faces are saturated and there is an abundant water supply. Agation of the program WREVAP (Morton et al., 1985). WRE-
cording to Morton (1983a, p. 16), Bk is equivalent to the VAP, which is summarised in Table 2, combines three mod-

conventional definition of potential evapotranspirationpgT €IS namely CRAE (Morton, 1983a), CRWE (Morton, 1983b)
is the (point) potential evapotranspiration (mm per unit time) @nd CRLE (Morton, 1986), typically at a monthly time step.
for an area so small that the heat and water vapour fluxes havEn® CRAE model computes actual evapotranspiration for
no effect on the overpassing air, in other words, evaporatiofand environments, the CRWE model computes evaporation
that would occur under the prevailing atmospheric conditions!©" shallow lakes and the CRLE model computes evaporation
if only the available energy were the limiting factor. for deep lakes. Details of the models are discussed briefly in

Consider an infinitesimal point in an arid landscape with this section, in Sects. 3.1.2 and 3.2, and in detail !n Sect. S_7.
no soil moisture (origin of Fig. 2a). We observe from the Nash (1989, Abstract) concluded that Morton's analysis
CR (Eq. 15) that actual areal evapotranspirationgE 0 based mainly on the complementary relationship provides a
and, therefore, Edo;= 2ETwer. For the same location and valuable extension to Penman in that it allows one to esti-
the same evaporative energy, when the soil becomes wet ap_watg actual evapotranspiration under a limiting wate.r supply.
ter rainfall actual evapotranspiration can take place. Considef\S & passes from a land environment to a lake environment
point C in Fig. 2. The actual areal evapotranspiration had! IS modified and the complementary relationship takes this
increased to D with a corresponding decrease in point IOO1nto account. This is illustrated in Fig. 2 where the poten-
tential evapotranspiration as modelled by the CR (Eq. 15)_tial evaporation in the land environment operates as shown in
However, when the landscape becomes saturated (point F if9- 2& whereas the lake evaporation is constant and equal to
Fig. 2a), that is, the water supply to the plants is not limiting, the wet en.V|ro.nment evaporation estimated for a water body
ETact = ETpot= ETwet as shown in Fig. 2b.

The complementary relationship is the basis for esti-
mating actual and potential evapotranspiration by the three
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Table 2. Morton’s models ¢ is albedogs is surface emissivity, ankl, b1, b2 and fz are defined in Sect. S7).

Program WREVAP (Morton 1983a, b, 1986)
Environment Land environment Shallow lake Deep lake
Radiation input o =0.10-0.30 o =0.05 o =0.05
(if not using Morton,  depending on vegetation es=0.97 es=0.97
1983a method) es=0.92
Models CRAE CRWE CRLE
Data Latitude, elevation, mean annual precipitation, As for CRAE plus lake salinity As for CRAE plus lake salinity and
and daily temperature, humidity (Morton, 1986, Sect. 4, item 2) average depth (Morton, 1986, Sect. 4)
and sunshine hours
Component models ¢ Epop+
and variable values Potential evapotranspiration Potential evaporation
Morton (1983a) For Australia (in the land environment)
bg=1.0 (p. 64) (Chiew and Leahy, 2003, or pan-size wet surface
fz=28Wnr2 Sect. 2.3p9=1.0 evaporation Morton (1983a, p. 26)
mbar~1 (p. 25) fz=292Wm 2 mbart bo=1.12 fz =25 Wm 2 mbar!
MO MO MO
ET\et . o ET\et . ETWet .
Wet environment areal evapotranspiration Shallow lake evaporation Deep lake evaporation
Morton (1983a, p. 25)  For Australia Morton (1983a, p. 26) by =13Wm2py =112
by =14Wmn2 (Chiew and Leahy, 2003, Sect. 2.3)b; = 13Wm2 Rne (net radiation afg C)
bp=12 b1 =134Wm2 by =112 with seasonal adjustment of solar
by =113 Rne (net radiation afe°C) and water borne inputs
Outcome Actual areal evapotranspiration Esp EpL
ETHQ = 2O — ETMO Shallow lake evaporation Deep lake evaporation

* According to Morton (1986, p. 379, item 4) in the context of estimating lake evapordiigg has no ... real world meaning. ..” because the estimates are sensitive to both the
lake energy environment and the land temperature and humidity environment which are significantly out of phase. This is not so with lake evaporation as the model accounts for
the impact of overpassing air.

CRAE model of atmospheric stability (details are provided in Sect. S7 or
Morton (1983a, p. 24—25)}s is the surface emissivity; is

The CRAE model estimates the three components: potenthe Stefan—Boltzmann constant (W &K %), T, and T, are

tial evapotranspiration, wet-environment areal evapotranspithe equilibrium temperaturéQ) and air temperaturé) re-

ration and actual areal evapotranspiration. spectively,v? is saturation vapour pressure (mbaryatvy
o ) o o is the saturation vapour pressure (mbar) at dew point temper-
Estimating potential evapotranspiration (B in Fig. 2). ature,x is the latent heat of vaporisation (W day g and

. is a constant (mbatC~1). Solving for ETpet and T is
Because Morton’s (1983a, p. 15) model does not require! 2 ( ) 9 Pot °

) . . . . an iterative process and guidelines are given in Sect. S7. A
wind data, it has been used extensively in Australia (wher b g g

L . . . Qworked example is provided in Sect. S21.
historical wind data were unavailable until recently; see

McVicar et al., 2008) to compute time series estimates of his£stimating wet-environment areal
torical potential evaporation. Morton's approach is to solve eyapotranspiration (E{yetin Fig. 2).
the following energy-balance and vapour transfer equations
respectively for potential evaporation at the equilibrium tem-Morton (1983b, p. 79) notes that the wet-environment
perature, which is the temperature of the evaporating surfaceareal evapotranspiration is the same as the conventional
definition of potential evapotranspiration. To estimate the
1 wet-environment areal evapotranspiration, Morton (1983a,
ETNO = = {Rn —[ypfy+4eso (Te+ 2733 (Te — Ta)} (16)  Eq. 14) added a ternb() to the Priestley—Taylor equation
A . . .
(see Sect. 2.1.3 for a discussion of Priestley—Taylor) to ac-
count for atmospheric advection as follows

1
ETHE = T {A0s =)}, ar)

ETYO = Ty pp, fre L (18)
where ETQ is Morton’s estimate of potential evapotran- A (1+ Z_l’)

spiration (mm day! = kgm=2 day 1), R, is net radiation )

for soil/plant surfaces at air temperature (W#y f, is the  where E'(‘,’\',g’t is the wet-environment areal evapotranspira-
vapour transfer coefficient (Wnt mbar 1) and is afunction  tion (mm day 1), Rne is the net radiation (W ) for the
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Potential evapotranspiration or point
potential evapotranspiration ETg,,

1341

In the Morton (1983a) paper (Fig. 13), Morton com-
pared estimates of actual areal evapotranspiration with water-
budget estimates for 143 river basins worldwide and found
the monthly estimates to be realistic. Others have assessed
various parts of the CRAE model. Based on a study of 120
minimally impacted basins in the US, Hobbins et al. (2001a,
p. 1378) found that the CRAE model overestimated annual

evapotranspiration by only 2.5 % of the mean annual precip-
itation with 90% of values being within 5% of the water
balance closure estimate of actual evapotranspiration. Szi-
. Water supply to plant-soilsystem lagyi (2001), inter alia, checked how well WREVAP (incor-
(a) porating the CRAE program) estimated values of incident
global radiation at 210 sites and estimates of pan evaporation
at 19 stations with measured values. The respective correla-
tions were 0.79 (Fig. 3 of Szilagyi, 2001) and 0.87 (Fig. 4 of
Szilagyi, 2001).

For application of the CRAE model accurate estimates of
air temperature and relative humidity are required from a rep-
resentative land-based location (Morton, 1986, p. 378). For

“._ Actual areal evapotranspiration
equal to available water ET,,

2ET, A
Wet
Wet environment areal evapotranspiration
c or areal potential evapotranspiration ET,y,
2 £ for land environment
[
E B
s ETwer
o
o
]
&

C F

2ET e A Potential evapotranspiration
inland environmentET;,,

Lake environment E,

c
-% B / CRAE, Morton (1983a, p. 28) suggested a 5-day limit as the
S ETye minimum time step for analysis.
g
CRWE model
0 - In Morton’s (1983a) paper, he formulated and documented
(b) 0 Water supply to plant-soil system the CRAE model for land surfaces. In a second paper, Mor-

ton (1983b) converts CRAE to a complementary relation-
Fig. 2. Theoretical form of the complementary relationship for: ship lake evaporation which he designated as CRLE. How-
(a)land envirqnment an(tb) Iake_environmeqt (adapted from Mor-  gyer, in 1986 Morton (1986) introduced the complementary
ton, 1983a, Figs. 5 and 6). In Fig. 2a, at point B and beyond whergg|ationship wet-surface evaporation known as the CRWE

there is adequate water supply (saturated soil moisture), actual evaps o del to estimate “lake-size wet surface evaporation” (Mor-

otranspiration equals areal potential evgpotransplratlon. As the Wafon, 1986, p. 371), in other words, evaporation from shallow
ter supply reduces below B, evaporative energy not used in ac-

tual evapotranspiration remains as potential evapotranspiration aLakeS' T,he evaporation from a Sha”_ow_lake differs from th?
required by the complementary relationship (i.es5E 2ETwer ~ Wet-environment areal evapotranspiration because the radia-

ETpo). tion absorption and vapour pressure characteristics between
water and land surfaces are different (Morton, 1983b, p. 80)
as documented in Table 2. It should also be noted that, for

soil/plant surface at the equilibrium temperatdie(°C), y a lake, potential evaporation and actual evaporation will be
is the psychrometric constant (mi&~1), p is atmospheric  equal but, for a land surface, actual evaporation will be less
pressure (mbar)Ae is slope of the saturation vapour pres- than potential evaporation, except when the surface is satu-
sure curve (mbafC™1) at T, b1 (Wm~2) andb; are the  rated (Morton, 1986, p. 81). Normally, land-based meteoro-
empirical coefficients, and the other symbols are as definedbgical data would be used (Morton, 1983a, p. 70) but data
previously. Details to estimatR,e are given in Sect. S7. measured over water has only a “relatively minor effect” on

the estimate of lake evaporation (Morton, 1983b, p. 96).

In the 1983b paper, Morton (1983b, Eq. 11) introduced an
equation (Eg. 23 herein) to deal with estimating evaporation

. from small lakes, farm dams and ponds.
Morton (1983a) formulated the CRAE model to estimate ac-

tual areal evapotranspiration (E) (mm day!) from the
complementary relationship (Eq. 15) as follows

Estimating (actual) areal evapotranspiration
(ETact in Fig. 2).

CRLE model
ETNS = 2ETH — EThe | (19)  In the CRLE (and the CRWE) model, a lake is defined as
MO o _ a water body so wide that the effect of upwind advection is
ETpg and ETy, are estimated from Egs. (16) and (17), and negligible. In the Morton context, a deep lake is considered
Eq. (18) respectively. shallow if one is interested only in annual or mean annual
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evaporation (Morton, 1983b, p. 84) and the CRWE formu- symbols are as defined previously. In their analysis Brutsaert
lation would be used. Over an annual cycle there is no netind Strickler (1979, Abstract) adopted a daily time step.
change in the heat storage, although there is a phase shift in In a study of 120 minimally impacted basins in the United
the seasonal evaporation, so that the sum of the seasonal laigates, Hobbins et al. (2001a, Table 2) found that the Brut-
evaporation approximately equals the annual estimate. saert and Strickler (1979) model underestimated actual an-

Morton’s (1983b, Sect. 3) paper provides, inter alia, a rout-nual evapotranspiration by 7.9% of mean annual precipi-
ing technigue which takes into account the effect of depth,tation, and for the same basins, Morton’'s (1983a) CRAE
salinity and seasonal heat changes on monthly lake evapanodel overestimated actual annual evapotranspiration by
ration. This is only approximate as seasonal heat changesnly 2.4 % of mean annual precipitation. Several modifica-
in a lake should be based on the vertical temperature protions to the original AA model have been put forward. Hob-
files which rarely will be available. In 1986, Morton changed bins et al. (2001b) reparameterized the wind functfamy)
the form of the routing algorithm outlined in Morton (1983b, on a monthly regional basis and recalibrated the Priestley—
Sect. 3) to a classical linear storage routing model (Morton,Taylor coefficient yielding small differences between com-
1986, p. 376). This is the one we have adopted in the Forputed evapotranspiration and water balance estimates. How-
tran 90 listing of WREVAP (Sect. S20) and in the WREVAP ever, the regional nature of the wind function restricts the
worked example (Sect. S21). recalibrated model to the conterminous United States.

Morton (1979, 1983b) validated his approach for estimat- Alternatives to the advection-aridity model of Brutsaert
ing lake evaporation against water budget estimates for temnd Strickler (1979) are the approach by Szilagyi (2007),
major lakes in North America and East Africa. The aver- amended by Szilagyi and Jozsa (2008); the Granger model
age absolute percentage deviation between the model of lak@ranger, 1989b; Granger and Gray, 1989), which is not
evaporation and water budget estimates was 3.7 % of the webased on the complementary relationship; and the Han et
ter budget estimates (Morton, 1979, p. 72). al. (2011) modification of the Granger model. Details are

Morton (1986, p. 378) notes that, because the complemenpresented in Sect. S8.
tary relationship takes into account the differences in sur-
rounding, for the CRLE model it matters little where the
meteorological measurements are made in relation to th8 Practical topics in estimating evaporation
lake; they can be land-based or from a floating raft.

Because routing of solar and water-borne energy is incor-To address the practical issue of estimating evaporation one
porated in the CRLE model, a monthly time step is adoptedneeds to keep in mind the setting of the evaporating surface
(Morton, 1983b, Sect. 9). Land-based meteorological dataalong with the availability of meteorological data. The set-
would normally be used (Morton, 1983b, p. 82) but as notedting is characterised by several features: the meteorological
above data measured over water has only a minor effect orconditions in which the evaporation is taking place, the water
the estimate of lake evaporation (Morton, 1983b, p. 96; 1986 available for evaporation, the energy stored within the evapo-
p. 378). Details of the application of Morton’s procedures rating body, the advected energy due to water inputs and out-
for estimating evaporation from a shallow lake, farm dam orputs from the evaporating water body, and the atmospheric

deep lake are discussed in Sect. S7. advected energy.
A worked example applying program WREVAP using a  In this paper, water availability refers to the water that is
monthly time step is found in Sect. S21. available at the evaporating surface. This will not be limiting
for lakes, yet will likely be limiting under certain irrigation
2.5.3 Advection-aridity and like models practices and, certainly at times, will be limiting for catch-

ments in arid, seasonal tropical and temperate zones. For
Based on the complementary relationship (Eg. 15), Brut-a global assessment of water-limited landscapes at annual,
saert and Strickler (1979, p. 445) proposed the originalseasonal and monthly time steps see McVicar et al. (2012a;
advection-aridity (AA) model in which they adopted the Pen- Fig. 1 and associated material). Stored energy in deep bodies
man equation (Eq. 4) for the potential evapotranspirationof water, where thermal or salinity stratification can occur,
(ETpoy and the Priestley—Taylor equation (Eq. 6) for the wet- may affect evaporation rates and needs to be addressed as
environment evapotranspiration (fdy to estimate actual does the energy in water inputs to and outputs from the wa-

evaporation as follows ter body. How atmospheric advected energy is dealt with in
an analysis depends on the size of the evaporating body and
A Ry Y * the procedure adopted to estimate evaporation. In this con-
ESS = Qupr—1) - fui—va) (20 P P . poration.
Act Aty A A4ty é (20) text we need to heed the advice of McVicar et al. (2007b,

p. 197) that a regional surface evaporating at its potential
where EECSt is the actual evapotranspiration estimated by rate would modify the atmospheric conditions and, therefore,
the Brutsaert and Strickler equation (mm day= kg m—2 change the rate of local potential evaporation. For a large lake
day1), apt is the Priestley—Taylor coefficient, and the other or a large irrigation area dry incoming wind will affect the
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upwind fringe of the area but the bulk of the area will experi- are accounted for by the following equation recommended
ence a moisture-laden environment. On the other hand, for &y Kohler and Parmele (1967, Eq. 12) and reported by
small lake or farm dam, a small irrigation area or an irrigation Dingman (1992, Egs. 7-37) as

canal in a dry region, the associated atmosphere will be min-

imally affected by the water body and the prevailing upwind EpL = Epenow+ akp (Aw _ A_Q) 1)
atmosphere will be the driving influence on the evaporation At )’
rate.

where Ep_ is the evaporation from the deep lake (mm
1 i - -
daily meteorological data from an automatic weather sta-98Y ), Epenows the Penman or open-surface water evapo

tion (AWS) are available; or (ii) meteorological data mea- ration (mm day ), ap is the proportion of the net addition

sured manually at the site and at an appropriate time interva(I?f en dergy from Z‘vat_er z;dvectlon and ztorage dused n e(;/apora-
are available; or (iii) at-site daily pan evaporation data arellon during Az, Ay IS the net water advected energy during

1 AQ i -
available. At some AWSs, hard-wired Penman or Penman-2! (mm day ™), and %7 is the change in stored energy ex

Monteith evaporation estimates are also available. Method§"€sSed as a water depth equivalent (mm dayThe latter
to estimate evaporation where meteorological data are nofi'é€ terms are complex and are set out in Sect. S10 along
available are discussed in Sect. 4.3. with details of the procedure. _ _

When incorporating estimates of lake evaporation into a Vardavas and Fountoulakis (1996, Fig. 4), using the Pen-
water balance analysis of a reservoir and its related catchMan model, estimated the monthly lake evaporation for four
ment, it is important to note that double counting will occur "€S€rvoirs in Australia and found the prqd|ct|ons agreed sat-
if the inflows to the reservoir are based on the catchment arelgfactorily with mean monthly evaporation measurements.
including the inundated area and then an adjustment is madehange in heat storage is based on the monthly surface water
to the water balance by adding rainfall to and subtracting lakd€mperatures. Thus:
evaporation from the inundated area. The correct adjustment A Rot AH
is the difference between evaporation prior to inundation andep, = ( n ) Y
lake evaporation (see McMahon and Adeloye, 2005, p. 97 for Aty A Aty

a fuller explanation of this potential error). where Ep, is the evaporation from the deep lake (mm
day ! = kgm~2 day 1), R, is the net radiation at the wa-
3.1 Deep lakes ter surface (MJ m? day 1), E is the evaporation com-
i ponent (mm day!) due to wind, A is the slope of the
This paper does not address the measurement of evaporganayr pressure curve (k1) at air temperaturey
tion from lakes but rather the estimation of lake evapora-is the psychrometric constant (kP&~1), i is the latent
tion by modelling. A helpful review article on the measure- o4t of vaporization (MJ kgb), and AH is the change in
ment and the calculation of lake evaporation is by Finch andy,q4¢ storage (MJn? day1). We detail the Vardavas and

Calver (2008). . _ Fountoulakis (1996) method in Sect. S10.
In dealing with deep lakes (including constructed stor-

ages, reservoirs and large voids), three issues need to be ag-1.2 Morton evaporation

dressed. First, the heat storage of the water body affects the

surface energy flux and, because the depth of mixing varies imn Morton’'s WREVAP program, monthly evaporation from
space and time and is rarely known, it is difficult to estimatedeep and shallow lakes can be estimated. As noted in
changes at a short time step; typically, a monthly time step isSect. 2.5.2, for annual evaporation estimates, there is no dif-
adopted. Second, the effects of water advected energy needisrence in magnitude between deep and shallow lake evapo-
to be considered. If the inflows to a lake are equivalent to aration (see also Sacks et al., 1994, p. 331). In Morton’s pro-
large depth of the lake area and their average temperaturesedure, seasonal heat changes in deep lakes are incorporated
are significantly different, advected energy needs to be takethrough linear routing. Details are presented in Sect. S7. The
into account (Morton, 1979, p. 75). Third, increased salinity data for Morton’'s WREVAP program are mean monthly air
reduces evaporation and, therefore, changes in lake salinittemperature, mean dew point temperature (or mean monthly
need to be addressed. Next, we explore three procedures foelative humidity) and monthly sunshine hours as well as lat-

In the following discussion, we assume that: (i) at-site

Ea, (22)

estimating evaporation from deep lakes. itude, elevation and mean annual precipitation at the site. The
broad computational steps are set out in Sect. S7 and details
3.1.1 Penman model can be found in Appendix C of Morton (1983a). A Fortran

90 listing of a slightly modified version of the Morton WRE-
To estimate evaporation from a deep lake, the Penman estWAP program is provided in Sect. S20 and a worked example
mate of evaporatiorEpenow (EQ. 12) is a starting point. Wa- is available in Sect. S21.
ter advected energy (precipitation, streamflow and ground- The complementary relationship lake evaporation model
water flow into the lake) and heat storage in the lakeof Morton (1983b, 1986) and Morton et al. (1985) may be
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used to estimate lake evaporation directly. Comparing CRLEvection component and heat storage into the Priestley—Taylor
lake evaporation estimates with water budgets for 17 lakegquation (Eq. 6) provided accurate estimates of monthly
worldwide, Morton (1986, p. 385) found the annual estimatesevaporation for a 0.24 ha water reservoir (maximum depth of
to be within 7 %. In a lake study in Brazil, dos Reis and Dias 5 m) in semi-arid southern Spain. Analytical details are given
(1998, Abstract) found the CRLE model estimated lake evap-in Galleo-Elvira et al. (2010).

oration to within 8 % of an estimate by the Bowen ratio en-  For shallow lakes, say less than 10 m, in which heat en-
ergy budget method. Furthermore, Jones et al. (2001), usingrgy should be considered, Finch (2001) adopted the Kei-
a water balance incorporating CRLE evaporation for threejman (1974) and de Bruin (1982) equilibrium temperature
deep volcanic lakes in western Victoria, Australia, satisfac-approach which he applied to a small reservoir at Kempton
torily modelled water levels in the closed lakes system overPark, UK. The procedure adopted by Finch (2001) is de-

a period exceeding 100 yr. scribed in detail in Sect. S11.
Some further comments on Morton’'s CRLE model are Finch and Gash (2002) provide a finite difference ap-
given in Sect. S7. proach to estimating shallow lake evaporation. They ar-
gue the predicted evaporation is in excellent agreement
3.1.3 Pan evaporation for deep lakes with measurements (Kempton Park, UK) and closer than

Finch’s (2001) equilibrium temperature method.

Dingman (1992, Sect. 7.3.6) implies that, through an appli- Using a similar approach to Finch (2001) but based
cation to Lake Hefner (US), Class-A pan evaporation datapn Penman—Monteith rather than Penman, McJannet et
appropriately adjusted for energy flux through the sides andal. (2008) estimated evaporation for a range of water bod-
the base of the pan, can be used to estimate daily evapaes (irrigation channel, shallow and deep lakes) explicitly in-
ration from a deep lake. Based on the Lake Hefner studycorporating the equilibrium temperature. The method is de-
Kohler notes that “annual lake evaporation can probably bescribed in detail in Sect. S11 and a worked example is avail-
estimated within 10 to 15 % (on the average) by applying anable in Sect. S19.
annual coefficient to pan evaporation, provided lake depth McJannet et al. (2012) developed a generalised wind func-
and climatic regime are taken into account in selecting thetion that included lake area (Eq. 14) to be incorporated in the
coefficient” (Kohler, 1954). aerodynamic approach (Eg. 13). The equation is of limited

In Australia, there was a detailed study of lake evaporationuse as the equilibrium (surface water) temperature needs to
in the 1970s that resulted in two technical reports by Hoybe estimated.
and Stephens (1977, 1979). In these reports mean monthly For small lakes and farm (and aesthetic) dams the in-
pan coefficients were estimated for seven reservoirs acrossreased evaporation at the upwind transition from a land en-
Australia and annual coefficients were provided for a fur- vironment may need to be addressed. Using an analogy of
ther eight reservoirs. Values, which can vary between 0.47%vaporation from a small dish moving from a dry fallow
and 2.19 seasonally and between 0.68 and 1.00 annually, atendscape downwind across an irrigated cotton field, Mor-
listed in the Tables S11 and S12. ton (1983, p. 78) noted that the decreased evaporation from

Garrett and Hoy (1978, Table 1ll) modelled annual pan the transition into the irrigated area (analogous to a lake) was
coefficients based on a simple numerical lake model incor-associated with decreased air temperature and increased hu-
porating energy and vapour fluxes. The results show that fomidity. Morton (1983b, Eqg. 11) recommends the following
the seven reservoirs examined, the annual pan coefficientsquation be used to adjust lake evaporation for the upwind

change little with lake depth. advection effects:
In(1+ %)
3.2 Shallow lakes, small lakes and farm dams Esix=EL+ (ETp— EL)———, (23)
C

For large shallow lakes, less than a meter or so in depthwhere Es| is the average lake evaporation (mm day
where advected energy and changes in seasonal stored efor a crosswind width ofc m, E is lake evaporation (mm
ergy can be ignored, the Penman equation with the 1956 windlay 1) large enough to be unaffected by the upwind transi-
function or Morton’s CRLE model (Morton, 1983a, b) may tion, i.e. well downwind of the transition, Eglis the potential
be used to estimate lake evaporation. The upwind transitiorevaporation (mm day') of the land environment, and is a
from the land environment to the large lake is also ignoredconstant equal to 13 m.
(Morton, 1983hb). Morton (1986, p. 379) recommends thatfje estimated
Stewart and Rouse (1976) recommended the Priestleyas the potential evaporation in the land environment as com-
Taylor model for estimating daily evaporation from shallow puted from CRWE and the lake evaporatiBnbe computed
lakes. Based on summer evaporation of a small lake in Onfrom CRLE. ETp could also be estimated using Penman—
tario, Canada, the monthly lake evaporation was estimated/onteith (Eq. 5) with appropriate parameters for the upwind
to within £10 % (Stewart and Rouse, 1976, p. 628). Galleo-landscape and the Penman open-water equation (Eq. 12)
Elvira et al. (2010) found that incorporating a seasonal ad-could be used to estimatg .
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3.3 Catchment water balance form:

The traditional method to estimate annual actual evapo-EaCt= Pr@), (25)
ration for an unimpaired catchment is through a simplewhere E5c is mean annual actual catchment evaporation

water balance: (mm yr-1), P is mean annual catchment precipitation (mm
yr~1) andg is the aridity index defined apot/ P WhereE pot
ETact=P — 0 — Gps— AS, (24) is the mean annual catchment potential evapotranspiration

(mmyr-1). The available functiong (¢), based on the refer-

o ences above, are listed in Table 3. The Zhang function (Zhang
whereETact is the mean annual actual catchment evaporawt al., 2001, Eq. 8) allows long-term estimates of actual evap-
tion (mmyr1), P is the mean annual catchment precipi- oration for grasslands and forests to be estimated. Donohue
tation (mmyr?), Q is the mean annual runoff (mmyh), et al. (2007, 2010b, 2011) and Zhang and Chiew (2011)
Gpsis the deep seepage (mnTyy, andAS is the change in  found that the accuracy of estimates of long-term actual
soil moisture storage over the analysis period (mmyrAt  evaporation can be improved by incorporating vegetation
an annual time step\S is assumed zero (see Wilson, 1990, types and dynamics into the Budyko formulations. Within
p. 44). Often deep seepage is also assumed to be negligBudyko’s steady-state hydroclimatological framework, cur-
ble. Based on an extensive review of the reCharge "teratureent research using a Variety of approaches aims to better ac-
in Australia, Petheram et al. (2002) developed several emgount for sub-annual processes including: (i) rooting depth
pirical relationships between recharge and precipitation. Aand soil store dynamics (Donohue et al., 2012; Feng et al.,
more comprehensive and larger Australian data set was anap012; Szilagyi and Jozsa, 2009), and (ii) water storage, in-

ysed by Crosbie et al. (2010) who developed relationshipsluding groundwater, dynamics (Istanbulluoglu et al., 2012;
between average annual recharge and mean annual rainfaljang, 2012; Zhang et al., 2008).

for combinations of soil and vegetation types. A consider-
ably larger global study, but only for semi-arid and arid re- 3.4 Daily and monthly rainfall-runoff modelling
gions, was conducted by Scanlon et al. (2006) who also de-
veloped several generalised relationships relating recharge tylost rainfall-runoff models at a daily or monthly time
mean annual precipitation. These generalised relationshipgtep (e.g. Sacramento (Burnash et al., 1973), ésyst
could be used if deep seepage was considered important aridydrologique Europen (SHE) (Abbott et al., 1986a, b),
relevant data were available. AWBM (Austra”an water balance mOdeI, BOUghton, 2004),
An alternative and more direct method is to estimate actuaSIMHYD (Chiew et al., 2002)) require as input an estimate
monthly catchment evaporation either by Morton’s CRAE ©f potential evaporation in order to compute actual evapora-
model (Sect. 2.5.2) or one of the advection-aridity or like- tion. In these models typically:
models (discussed in Sect. 2.5.3). An interesting compariso _
of monthly estimates of catchment evaporation by the Mor-?:“rACt = /(SM.ETeen), (26)
ton and Penman methods was carried out by Doyle (1990) fowwhere ETact is the estimated actual daily evaporation (mm
the Shannon catchment in Ireland. In the Penman approactiay 1), SM is a proxy soil moisture level for the given day
when water was not freely available, actual evaporation wagmm), and EBe is the daily potential evaporation (mm
estimated using Thornthwaite’s model of evaporation inhibi-day1). In arid catchments and for much of the time in tem-
tion (Doyle, 1990, Fig. 1). The study examined the strengthsperate catchments, actual evaporation will be limited by soil
and weaknesses of both approaches and concluded that tineoisture availability with potential evaporation becoming
Morton approach is a valuable alternative to the empiricismmore important in wet catchments where soil moisture is not
introduced through using the Thornthwaite algorithm to con-limiting or “equitant” catchments that straddle the energy-
vert potential evaporation to actual evaporation, but Doylelimited/water-limited divide for parts of the year (McVicar
also noted the strong degree of empiricism in accounting foret al., 2012b). Generally, one of four approaches has been
advection in the Morton approach. used to estimate potential evaporation in rainfall-runoff mod-
A very different approach to estimating mean annualelling: Penman—Monteith and variations (Beven, 1979; Wat-
actual evaporation is based on the Budyko formulationson et al., 1999), Priestley—Taylor and variations (Raupach
(Budyko, 1974), which is a balance between the energy anct al., 2001; Zhang et al., 2001), Morton’s procedure (Chiew
the water availability in a catchment. Equations that fall into et al., 1993; Siriwardena et al., 2006), and pan evaporation
this category include: Schreiber (Schreiber, 1904), Ol'dekop(Zhao, 1992; Lién and Harlin, 2000; Abulohom et al., 2001;
(Ol'dekop, 1911), generalised Turc—Pike (Turc, 1954; Pike,McVicar et al., 2007a; Welsh, 2008; Zhang et al., 2008).
1964; Milly and Dunne, 2002), Budyko (Budyko, 1974), Fu These approaches are discussed in detail in Sect. S13.
(Fu, 1981; Zhang et al., 2004, Yang et al., 2008), Zhang 2- In detailed water balances, interception and, therefore, in-
parameter model (Zhang et al., 2001), and a linear modeterception evaporation are key processes. Two important in-
(Potter and Zhang, 2009), and have the following simpleterception models are the Rutter (Rutter et al., 1971, 1975)
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Table 3.Functional relationships for the Budyko-like relationshipsgthe aridity indexg is the Turc—Pike parametef,is the Fu parameter,
w is the plant available water coefficient, ants a parameter in the linear model).

Model Model details Reference
Schreiber F(p)=[1—exp(—¢)] Schreiber (1904)
Ol'dekop F(p) = <ptanh(¢—1) Ol'dekop (1911)
-1
Generalised Turc-Pike  F (¢) = (1+ ga_e) ‘¢ For the Turc—Pike modet,=2  Milly and Dunne (2002); Turc (1954); Pike (1964)
05
Budyko F(p) = {(p [1—exp(—¢)] tanh(¢—1> } Budyko (1974)
-1
Fu-Zhang F@)=14¢— [l—i— ((p)f]f Fu (1981); Zhang et al. (2004)
-1
Zhang 2-parameter model F (¢) = (1+ wg) (1 +we + qfl) Zhang et al. (2001)
Linear model F (p) =cp Potter and Zhang (2009)

and the Gash (Gash, 1979) models. The Rutter model inficients are replaced by their equivalent surface resistances.
corporates the Penman (1956, Eqg. 8b) equation to estimat8ome more details are set out in Sect. S5.

potential evaporation while the Penman—Monteith equation For small irrigation areas in dry regions, atmospheric ad-
is the evaporation model used in the Gash model. Detailsrection may need to be taken into account. The significance
are provided in Sect. S14. Readers are referred to a recewf this situation, which is known as the “oasis effect”, is il-
and comprehensive review by Muzylo et al. (2009), who ad-lustrated in Fig. 3 (adapted from Allen et al., 1998, Fig. 46).
dressed the theoretical basis of 15 interception models inin this example, some of the sensible heat generated from the
cluding their evaporation components, identified inadequa-adjacent dry land is advected into the irrigation area down-
cies and research questions, and noted there were few comvind. As observed in the figure, the effect can be important.
parative studies about uncertainty in field measurements anBor the climate and vegetation conditions examined by Allen

model parameters. et al. (1998) for a 100 m wide area of irrigation in dry sur-
roundings, the crop coefficient & would be increased by
3.5 Irrigation areas a little more than 30 %, and for a 300 m wide area, the in-

crease is 20 %. However, as cautioned by Allen et al. (1998,
Internationally, the FAO-56 reference crop evapotranspira- 202) care needs to be exercised in adopting these sorts of
tion equation (Eq. 8) which is the Penman—Monteith equa-2diustments. o
tion for specific reference conditions, is the accepted proce- EStimating actual crop evapotranspiration under non-
dure to estimate reference crop evapotranspiratiork@ET opt|mum 50|I-Wat_er conditions is not straightforward. De-
It is assumed that both water advected energy and heat stof@ilS are set out in Allen et al. (1998, Chapter 8). Sumner
age effects can be ignored (Dingman, 1992, p. 299). Referand Jacobs (2005, Sect. 7) found that Penman—-Monteith and

ence crop evapotranspiration is usually different to the actuaP’riestley—Taylor models could reproduce actual evapotran-
evapotranspiration of a specific crop under normal growingSP'rat'O” from a non-irrigated crop but both models required

conditions. To estimate crop evapotranspiration under stanlocal calibration.
dard conditions (disease-free, well-fertilised crop, grown in
large fields, under optimum soil water conditions and achiev-

ing full yield) a crop coefficient K¢) is applied 10 ERc.  There js an extensive body of literature addressing the ques-
Values ofK. are a function of crop characteristics and soil o, of evaporation from lakes covered by vegetation. Abtew
moisture conditions. Because of the large number of Ccrops ng Obeysekera (1995, Table 1) summarise 19 experiments
and potential conditions, readers are referred to the details iU\/hich overall, show that the transpiration of macrophytes is
Allen et al. (1998, Chapters 6 and 7). greater than open-surface water evaporation. However, most

The FAO-56 reference crop me_thod (Allen et al., 1998'experiments were not in situ experiments. On the other hand,
Chapter 4) (Sect. 2.2) for computing reference Crop evapoy snamed et al. (2008, Table 2) list the results of 11 in situ
transpiration is a two-step procedure and, according to Shutz

studies (mainly eddy correlation or Bowen ratio procedures
tleworth and Wallace (2009), humid conditions are a prereq ( y y o )

isite for i licabil hutl h and Wall ) in which wetland evaporation is, overall, less than open-
uisite for its applicability (Shuttleworth and Wallace, 2009, surface water. These issues are discussed in Sect. S12 and

p. 1995). In irrigation regions like Australia that are arid a comparison is provided (Table S7) of equations to estimate
and windy, Shuttleworth and Wallace (2009) recommend theevaporation from lakes covered by vegetation

FAO-56 method be replaced by a one-step method known
as the Matt—Shuttleworth procedure in which the crop coef-

3.6 Evaporation from lakes covered by vegetation
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3 3.9 Guidelines in estimating monthly evaporation
€ This section provides a brief justification of Table 4, which
-g 2 \ is a succinct summary of the preferred options for estimat-
& \\ ing monthly evaporation for the set of practical topics dis-
s cussed in Sect. 3. In the table we have adopted four lev-
: 1 els of guidelines: (ipreferred (ii) acceptable(iii) not pre-
° ferred or insufficient field testingnd (iv)not recommended
e Each assessment in Table 4 is based on two major crite-
0 ria: (i) whether the method is an empirical procedure and,

therefore, of limited value, or one based on a theoretical anal-
0 100 200 ysis and, therefore, more widely applicable; and (ii) whether
Width of irrigation area (m) or not the procedure has been independently tested over the
range of climates and conditions for which it was developed.
Fig. 3. Effect of an “oasis” environment on irrigation water require- Qther aspects of relevance, but of less importance, include
ment (adapted from Allen et al., 1998). In this example, the irmiga- consideration of particular features, for example modelling
tion area is surrounded by dry land and the decreasing crop Coeffipa ¢ storage, need for model calibration, potential to produce
cientindicates the_ red_uctlon in evaporation as one moves away fronilncorrect answers, and degree of adoption by the scientific
the edge of the irrigation area. . . . .
community. Each assessment is informed by the information
summarised in the paper and in the supplementary materials
3.7 Bare soil evaporation along with the authors’ personal experiences in applying or
reviewing evaporation estimation procedures. Analysts using
Numerous writers (e.g. Ritchie, 1972; Boesten and Stroosthe table as a basis for choosing a specific procedure should
nijder, 1986; Katul and Parlange, 1992; Kondo and Saigusabe aware of the inadequacies of the procedures which are
1992; Yunusa et al., 1994; Daaman and Simmonds, 1996discussed in the relevant sections and in the supplementary
Qiu et al., 1998; Snyder et al., 2000; Mutziger et al., 2005;material. Some comments on several of the assessments fol-
Konukcu, 2007) have discussed bare soil evaporation. Mostow.
methods require field data in addition to the meteorological For deep lakes, the Morton (1986) method is the preferred
data to estimate evaporation from an initially wet surface.approach because it has a theoretical background and the
Ritchie (1972, p. 1205) proposed a two-stage model, follow-€vaporation estimates have been widely and independently
ing Philip (1957), for estimating bare soil evaporation: Stage-tested. The Kohler and Parmele (1967) and the Vardavas
1 evaporation, which is atmosphere-controlled (that is, theand Fountoulakis (1996) approaches for estimating deep lake
soil has adequate moisture so that the moisture can move t@vaporation are theoretically based and they both take into
the surface at a rate that does not impede evaporation), an@ccount heat storage effects. Although no independent test-
Stage-2 evaporation, which is soil-moisture controlled. It ising was identified for either procedure, they are considered
noted that McVicar et al. (2012a, p. 183) observed that Stageacceptable. Pan coefficients are required to apply evaporation
1 evaporation is more appropriately described as energyPan data to estimating deep lake evaporation. These are avail-
limited evaporation and Stage-2 as water-limited evapora-able for selected reservoirs (Hoy and Stephens, 1977, 1979),
tion. Salvucci (1997) developed this approach further. Detailsbut there appears to be little consistency in their monthly val-

are provided in Sect. S15. ues. For this reason in Table 4 we adopt the “not preferred”
guideline for pan coefficients.
3.8 Groundwater evaporation For shallow lakes, less than 2m depth, Penman (1956)

is the preferred approach whereas for deeper lakes Mor-
Luo et al. (2009) noted that a significant amount of ground-ton’s (1983a) CRWE model is preferred. Both models are
water evaporates from irrigated crops and phreatophytes agased on theoretical analysis and have been subject to ex-
a result of shallow groundwater tables. After reviewing the tensjve field tests. Based on theoretical analysis, equilib-
literature, they field-tested four widely used groundwater re-rium temperature methods of Finch (2001) and McJannet et
lationships (linear, linear segment, power and exponentialy|. (2008) are acceptable along with the finite difference pro-
that relate evapotranspiration to the depth to the groundwagedure of Finch and Gash (2002). As well as we can assess,
ter table and the maximum evapotranspiration. The authorgone of these procedures have been independently tested. We
concluded that so long as appropriate parameters are chosegcknowledge that pan evaporation data are widely used to
the four functions can be used to describe the relationship begstimate shallow lake evaporation, but we have adopted the

tween evapotranspiration from groundwater and water tablenot preferred” guideline on the basis that reliable local pan
depth. Readers are referred to Luo et al. (2009) for details. coefficients are often not available.
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Table 4. Practical application in estimating monthly evaporation (This summary is based on models described in the paper and Supplement
except those techniques that are discussed in SectvS9y. preferred;v’ v’ acceptabley not preferred or insufficient field testing; X not
recommended.

Application, (EType), Sect.

Deep lakes  Shallow lakes Catchment Estimating crop Lakes with Bare soil Rainfall-runoff

Model, (Reference), Sect. (&dp, 3.1  (ETacp), 3.2  water balance requirements vegetation  evaporation modelling
(ETacp, 3.3 (ETacp, 3.5 (ETact, 3.6 (ETact, 3.7 (ETpov), 3.4

Penman 1956, (Penman, 1956), X VvV <2m* X X X X N4
24.1
Penman plus Kohler and vV X X X X X X
Parmele, (Kohler and Parmele,
1967),3.1.1
Penman plus Vardavas— vV X X X X X X
Fountoulakis, (Vardavas and
Fountoulakis, 1996), 3.1.1
Penman based on equilibrium X vV X X X X X
temperature, (Finch, 2001), 3.2
Penman—Monteith, (Monteith, X X X v X X vV
1965), 2.1.2
FAO-56 Ref. crop, (Allen et al., X X X v v v (humid) X X X
1998), 2.2
Matt—Shuttleworth, (Shuttle- X X X v v/ (windy, semi-arid) X X X
worth and Wallace, 2009),
35
Weighted Penman—Monteith, X X X X v X X
(Wessel and Rouse, 1994), 3.6
Penman-Monteith based on equi- v v/ vV X X X X X
librium temperature, (McJannet
etal., 2008), 3.2
Priestley—Taylor, (Priestley and X X X X X X vV
Taylor, 1972), 2.1.3
Morton, (Morton, 1983a, 1986), v vV VY N4 X X X N4
252
Advection-aridity, (Brutsaert and X X v X X X X
Strickler, 1979), 2.5.3
Szilagyi-Jozsa, (Szilagyi and X X v X X X X
Jozsa, 2008), 2.5.3
Granger—Gray, (Granger, 1989b; X X v X X X X
Granger and Gray, 1989), 2.5.3
Budyko-like models, (Budyko, X X v v/ (annual) X X X X
1974; Potter and Zhang, 2009),
3.3
Lake finite-difference model, v vV X X X X X
(Finch and Gash, 2002), 3.2
Salvucci for bare soil, (Salvucci, X X X X X v X
1997), 3.7
Class-A pan evaporation or Pen- v v X v X X vV

Pan, (Rotstayn et al., 2006), 2.3

Hydrol. Earth Syst. Sci., 17, 13314363 2013

* Based on Monteith (1981, p. 9) and others (see Sect. S11), we suggest that Penman (1956) be not used for lakes greater than 2 m in depth.
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To estimate the actual monthly evaporation component fod Outstanding issues
catchment water balance studies, Morton’s (1983a) CRAE
model is acceptable. It is not a preferred method because th@/ithin the context of this paper we have identified six is-
parametersfz, b, andb, were required to be calibrated for sues that require discussion: (i) hard-wired potential evapo-
the Australian landscape (see Sect. S7). Both the Brutsaeffition estimates at AWSs; (ii) estimating evaporation with-
and Strickler (1979) and Szilagyi and Jozsa (2008) model$ut wind data; (i) estimating evaporation without at-site
have theoretical backgrounds and have been tested main§jata; (iv) dealing with a climate change environment: in-
against Morton (1983a). Both procedures can generate neg&'easing annual air temperature but decreasing pan evapo-
tive values of actual evaporation and are not preferred. ration rates; (v) daily meteorological data average over 24 h
To estimate crop water requirements in humid regions,0r day-light hours only; and (vi) finally, uncertainty in evap-
FAO-56 reference crop (Allen et al., 1998) is widely adopted oration estimates.
and preferred. However, for windy semi-arid regions, the ) ) )
Matt—Shuttleworth model (Shuttieworth and Wallace, 2009)4-1 Hard-wired evaporation estimates
Is acceptable, noting that it has not undergone extensive "NSome commercially available AWSs, in addition to providing

dependent testing. Again, we do not advise the evaporatllealueS of the standard climate variables, output an estimate of

pan approach because reliable local pan coefficients are n(?5enman evaporation or Penman—Monteith evaporation. For

always readily available. i o :

Th}:are are xo preferred procedures for lakes with Vegetapractmoners, this will probably be the data of choice rather
. X : S ; Ehan recomputing Penman or Penman—Monteith evaporation
tion and bare soil evaporation. The major issue here is tha

o . ) . . stimates from basic principles. However, users need to un-
there is little evidence in the literature of adequate testing o
. derstand the methodology adopted and check the values of
the methodologies.

Rainfall-runoff modelling requires potential evaporation the parameters and functions (e.g. albedo, wind function,

as input and the selection of an adequate potential evapqndrS) used in the AWS evaporation computation.

oration model is more important in energy-limited catch- 4 5 Egtimating potential evaporation without wind data
ments, where soil moisture is readily available, than in water-

limited catchments. From a literature review, we regard sevivany countries do not have access to historical wind data to
eral models as acceptable for this application — Penmantompute potential evaporation. In rainfall-runoff modelling
Monteith (Monteith, 1965), Priestley—Taylor (Priestley and in which potential evaporation estimates are required, several
Taylor, 1972), Morton (Morton, 1983a), and evaporation pan.researchers (Jayasuria et al., 1988, 1989; Chiew and McMa-
Each has been applied on several occasions. These moglon, 1990) overcame this situation by using Morton’s algo-
els are acceptable provided they are used as input duringithms (Morton, 1983a, b) (Sect. 2.5.2), which do not require
calibration of the rainfall-runoff model. To this list we add wind information. (The basis of Morton’s approach is dis-
Penman (Penman, 1948, 1956), although its use in rainfallcussed in Sect. S7.) In developing a water balance model
runoff modelling has been generally restricted to estimatingfor three volcanic crater lakes in western Victoria, Jones et
interception evaporation. al. (1993) successfully tested Morton’s CRLE model (Mor-
In practice, analysts must take several issues into considon et al., 1985) using independent lake level data to estimate
eration in the selection of the most appropriate option to estiactual lake evaporation using air and dew point temperatures
mate monthly actual or potential evaporation. The guidelinesand sunshine hours or global radiation. Valiantzas (2006) de-
presented in Table 4 are predominantly based on the strengtfeloped two empirical equations to provide approximate esti-
of the theoretical basis of the method and the results of testmates of Penman’s open-surface water evaporation and refer-
ing. These are important characteristics that should influencence crop evaporation without wind data. Details are set out
the selection of an appropriate method. However, amongsfn Sects. S4 and S5. Another approach to estimating poten-

other things, analysts must also consider the availability oftial evaporation without wind data is the modified Hargreaves
the input data and the effort required to generate the monthlyrocedure described in Sect. S9.

evaporation estimates. A summary of the data required by

each method is given in Table 1 and Sect. 4.3 discusses agr.3 Estimating potential evaporation without at-site
proaches to estimate evaporation without at-site data. Toour  data

knowledge, there are no studies that have compared the rela-

tive accuracy of these methods when the data inputs are basétfhere at-site meteorological or pan evaporation data are un-
on spatial interpolation or modelling. The effort required to available, it is recommended that evaporation estimates be
generate monthly evaporation estimates varies between th@ased on data from a nearby weather station that is consid-
methods available and, in some situations, it may be approered to have similar climate and surrounding vegetation con-

priate for an analyst to adopt a simpler, but less preferreditions to the site in question. This would mean that both
method. stations would have similar elevation and would be exposed
to similar climatic features.
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In many parts of the world an alternative approach is tobroad generalisations pointing to one variable controlling
use outputs from spatial interpolation and from spatial mod-evaporation trends is not possible, though observed declines
elling (Sheffield et al., 2006; McVicar et al., 2007b; Vicente- in wind speed were often the major cause of observed atmo-
Serrano et al., 2007; Thomas, 2008; Donohue et al., 2010apheric evaporative demand declines in a majority of studies.
Weedon et al, 2011). However, sometimes this cannot bell variables influencing the evaporative process (i.e. wind
achieved as proximally located meteorological stations daspeed, atmospheric humidity, radiation environment and air
not exist. If seeking an estimate of evaporation for a largetemperature) need to be taken into account. Further under-
area (e.g. a catchment or an administrative region) then usingtanding of the area-average evaporation and pan evaporation
gridded output is required. Details for Australia are providedis offered by Shuttleworth et al. (2009), who concluded from
in Sect. S1. their study, that there are two influences on pan evaporation

Errors in lake evaporation estimates introduced by trans-operating at different spatial scales and in opposite direc-
posed data were studied using an energy budget by Rosetions. The study confirmed that changes in pan evaporation
berry et al. (1993) for a lake in Minnesota, United States,are associated with: (i) large-scale changes in wind speed,
from 1982 to 1986. Their key conclusions are: with surface radiation having a secondary impact, and (ii) the

1. Replacing raft-based air temperature or humidity datal@ndscape coupling between surface and the atmospheric
with those from a land-based near-shore site affected®oUndary layer through surface radiation, wind speed and

computed estimates of annual evaporation betweerf@POUr pressure deficit (Shuttleworth et al., 2009, p. 1244).
+3.7% and—3.6 % (averaged-1.2 %). However, the above explanations are further complicated by

. _ analyses of Brutsaert and Parlange (1998), Kahler and Brut-

2. Neglecting heat transfer from the bottom sediments tosaert (2006) and Pettijohn and Salvucci (2009) and sum-
the water resulted in an increase in lake evaporation ofmarised by Roderick et al. (2009b). Roderick et al. (2009b)

+7%. examined a generalised complementary relationship incorpo-

3. For this local climate, lake shortwave solar radiation, air "&tin9 Pan evaporation and suggested that in water-limited

temperature and atmospheric vapour pressure with Val_enqugments c;leplmes n patn eva?grieltlon mayfbe |pfterpr?t<ﬁd
ues from a site 110 km away resulted in errors@% 25 evidence of increasing terrestrial evaporation if rainfa

to +8 %. increases while in energy-limited environments terrestrial
evaporation is decreasing.
4.4 Dealing with a climate change environment: As pointed out by Roderick et al. (2009b), to apply the
increasing annual temperature but decreasing reductions in pan evaporation to the terrestrial environment
pan evaporation is not straightforward because of the importance of supply

and demand of water through rainfall and evaporation (see

Based on analysis of regions, across seven countrieglso the comment by Brutsaert and Parlange, 1998). Roder-
with more than 10 pan evaporation stations, Roderick etick et al. (2009b, Sect. 4) described the issue as follows, “In
al. (2009a, Table 1) reported negative trends in pan evapoenergy-limited conditions, declining pan evaporation gener-
ration measures over the last 30 to 50 yr. Recently, McVicarally implies declining actual evapotranspiration. If precipi-
et al. (2012a, Table 5) showed that declining evaporative detation were constant then one would also expect increasing
mand, as measured by pan evaporation rates, was globalinoff and/or soil moisture. In water-limited conditions, the
widespread. In their review of 55 studies reporting pan evap-nterpretation is not so straightforward because actual evap-
oration trends, the average trend we& 19 mmyr2. Reduc-  otranspiration is then controlled by the supply and not de-
tions over the past 40 yr have also been observed in Australiamand. In such circumstances, one has to inspect how the sup-
(Roderick and Farquhar, 2004; Kirono and Jones, 2007; Joply (i.e. precipitation) has changed before coming to a con-
vanovic et al., 2008) and in China (Liu et al., 2004; Cong et clusion about how actual evapotranspiration and other com-
al., 2009). ponents of the terrestrial water balance have changed.” Re-

These reductions imply that there has been a decline ircently, McVicar et al. (2012a, Fig. 1) in a global review of
atmospheric evaporative demand as measured by pan evapterrestrial wind speed trends mapped the areas that are cli-
ration (Petersen et al., 1995), which is in contrast to the in-matologically water-limited and energy-limited.
creased air temperatures that have been observed during thelt is interesting to note that Jung et al. (2010, p. 951) ar-
same period (Hansen et al., 2010). Roderick et al. (2009bgue that global annual actual evapotranspiration increased,
Sect. 2.3) suggest that the decline in evaporative demand isn average, by 7.1 mmyt decade?! from 1982 to 1997,
due to increased cloudiness and reduced wind speeds andfter which the increase ceased. They suggested that the
for the Indian region, Chattopadhyay and Hulme (1997) sug-switch is due mainly to lower soil moisture in the Southern
gested that relative humidity was also a factor. After an extenHemisphere during the past decade.
sive literature review, Fu et al. (2009) concluded that more in-  For rainfall-runoff modelling, several researchers (Oudin
vestigations are required to understand fully global evaporaet al., 2005; Kay and Davies, 2008) have observed in
tion trends. McVicar et al. (2012a, Table 7) demonstrated thapredominately water-limited environments that a calibrated
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+ 1.00in italics indicates model adopted for comparison. * Wind function coefficients were calibrated using data from a cattail marsh (Abtew and Obeysekera, 1995). ~ KP Aerodynamic and canopy resistances defined by
Katerji and Perrier (1983) and calibrated as discussed by Shi et al. (2008). TD Aerodynamic and canopy resistances defined by Todorovic (1999). ** Adjusted from 0.47 to 0.97 based on at-site data in Douglas et

al. (2009), Fig. 3. 1. Keijman and Koopmans (1973), Table 1: comparison with lake water balance in Holland over 32 days. Dalton coefficient based on Lake Mead data. Bold values are ratios of average daily actual
evaporation to water balance estimates. 2. Gunston and Batchelor (1982), Figs. 1, 2, 3: comparing monthly Priestley—Taylor witk Pisrroarelation coefficient squaretljs slope of regression between the two

estimates for 30 worldwide data sets. 3. Jensen et al. (1990), Table 7.20: comparison with lysimeter measurements adjusted to reference crop values. 11 sites worldwide. Results based on average of monthly values at all
locations. Bold values are the ratios of lysimeter measurements. Values in parenthesis are weighted standard errors of estimafe.(trStdayard (1993), Table 3: comparison with eddy correlation measurements in

sparsely vegetated semi-arid rangelands over 58 days during four-year period. Parameters representing surface control of upward vapour flux were estimated by calibration. Bold values are the ratios of median model
actual daily evaporation to the eddy correlation daily evaporation estimates. 5. Amatya et al. (1995), Tables 5 and 6: estimates compared with PM ref. crop at three sites in North Carolina. Daily, monthly, annual analysis.
Bold values are the ratios of average daily estimates with respect to PM reference crop estimates. Values in parenthesis are the average root mean square daily m%.?m&ﬁ@ﬁmg estimates of PM values at

the three sites. 6. Abtew and Obeysekera (1995), Figs. 6, 8 and 9: based on evaporation from a lysimeter containifiyshgaitsnfingensjsocated in South Florida. Values are slopes of regression with intercept

between modelled actual evaporation and lysimeter data. The Penman wind function was calibrated for the site. Values in parentheses are the standard errors of estimateRetareagt al. (1996) Fig. 1:

analysis for seven locations across US, and based on one year ofalath, 7c, 7d Surface-dependent potential evaporation as it@imsl values are ratios of the potential evaporation with respect to Penman—Monteith

for cultivation, grassland, conifers and broadleaf vegetaflerReference surface potential evaporation (1948 Penman wind function and atb@dzb) as italics Bold values are the ratios of potential evaporation with

respect to Penman. 8. Souch et al. (1998), Table 3: for a wetland (undisturbed, disturbed and wet, disturbed and dry condition) in Indiana, computed ETs for the three conditions were compared with eddy correlation
values. Bold values are the ratios of computed to observed values only for dry conditions. 9. Xu and Singh (2000), Table III: data recorded over five years at a climate station in Switzerland. Bold values are the ratios
compared with Priestley—Taylor values. 10. Xu and Singh (2001), Table II: data recorded over summer months for 12 and 15 yr respectively at two climate stations in Canada. Bold values are the ratios compared with
Hargreaves—Samani values. 11. Abtew (2001), Fig. 3, Table 6: based on detailed analysis of five years of data for Lake Okeechobee, United States. The Penman wind function was calibrated for a nearby site. Results are
compared with water budget estimates. Calibrated valug9f= 0.18in PT. Bold values are ratios of mean estimates to mean water balance values. 12. Xu and Singh (2002), Fig. 2: data recorded over five years for a
grassland site in Switzerland. Estimates compared with PM ref. crop. Values are slopes of regression (intercept not zero) between method and PM reference crop estimate. 13. Rosenberry et al. (2004), Figs. 2 and 4: based
on five years of data for a small wetland in North Dakota. Estimates compared with Bowen ratio energy balance values. Bold values are ratios of mean estimates to energy balance estimates. Values in parentheses are the
standard deviations of the mean differences ?:ﬂmw.ﬁ.b. Sumner and Jacobs (2005): 30 min modelled values of evaporation for 19 months from a non-irrigated pasture in Florida US were compared with eddy

correlation measurements. Values are the standard errors (mm )@y parentheses) ang?. Model coefficients were calibrated. 15. Lu et al. (2005), Figs. 5-8: based on monthly estimates of PET for four catchments

(0.25 to 1036 ki, 23 to 30 yr) in US. Bold values are the ratios of PET estimates compared to the Priestley—Taylor estimates. 16. Xu and Chen (2005) Table 1: comparisons of actual evapotranspiration based on 12 yr of
annual lysimeter data of grass in Germany. Bold values are the mean estimates as ratios of observed values. Values in parenthesis are the average standard deviation of annual errors in percent. 17. Nandagiri and

Kovoor (2006), Table 6: monthly and daily analysis for four climate stations in India. Bold values are the average percentage differences from FAO-56 ref. crop of the four sites and the average monthly values. Values in
parenthesis are the average standard errors of estimate (mm)dzfyregression with PM values of the four sites. 18. Rosenberry et al. (2007), Fig. 4: based on 37 months of data for small lake in North Hampshire.

Estimates are compared with Bowen ratio energy budget measurements. Bold values are the ratios of mean estimates to energy balances. Values in parentheses are the standard deviations of the differences between the
values and the Bowen ratio estimates (mmtiy 19. Schneider et al. (2007), Table 2: comparison is based on two years of actual crop estimates produced by SWAT model incorporating a specific evaporation model
(without calibration) with eddy flux measurements for a region in semi-arid northern China. Values are ratio of model to eddy flux observations. 20. Weif3 and Menzel (2008), Table 2: based on 23 sites in Jordon River
region. PT is compared with PM. Bold values are the ratios of average annual ET estimated by PT and PM. The values in parenthesis are the RMSEs expressed as a percentage of average annual PM ETs. 21. Alexandris
al. (2008), Tables 1 and 2: based on analysis of two summers of data at one grassland site in Serbia. Bold values are the ratios of the mean between model and PM reference crop estimates. Values in parenthesis are the
RMSEs (mm day?). 22. Shi et al. (2008), Table 2: model estimates for three growing seasons of temperate mixed forest in Changbai Mountains in northeastern China compared with eddy covariance observations. Bold
values are the ratios of daily model estimates compared with eddy covariance values. 23. Ali et al. (2008), Table VI: model estimates compared with Bowen ratio energy balances over four years for a small lake in
semi-arid region of India. Bold values are the ratios of the model estimates to Bowen ratio measurements. 24. Yao (2009) Fig. 7, Table 4: based on a small lake in Ontario, Canada. Methods compared with energy budget.
23yr of data. Bold values are the slopes of regression for zero intercept. Values in parentheses are the RMSEs and the Nash—Sutcliffe efficiencies. 25. Trajkovic and Kolakovic (2009), Table 3. Monthly values are
compared with FAO-56 reference crop for seven climate stations in Croatia and Serbia. Bold values are the ratios of average modelled ET to PM values. Values in parenthesis are the m§§58©§

et al. (2009), Table 5 and Fig. 5: based on 18 sites in Florida covering forest, grassland, citrus, wetlands and lakes. Observed daily ET was estimated from a range of energy budget techniques including eddy covariance
and Bowen ratio. Here, model estimates for forests, grass/pastures and lakes are compared with daily measured values over periods from 507 to 968 days wherelBB8okhvaties are the ratios of model

estimates to observed estimates. Values in parenthesis are the RMSEs ei_S @dy Elsawwaf et al. (2010): based on 10 yr of data for Lake Nasser, Egypt. Monte Carlo analysis was used to assess uncertainty in lake
evaporation measurements. Values in parenthesis are the uncertainty estimates as percentage of mean evaporation rates.
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model performs at least as well with potential evaporationthe text and in the Supplement that the input climate data
inputs based on air temperature as a model with inputs fronare averaged over day-light hours, in all analyses standard
the more data intensive Penman—Monteith model. Howevermeteorological data should be used. Although the definitions
when considering climatic changes, the recent evidence isnay vary slightly from jurisdiction to jurisdiction, the issue
compelling (Roderick et al., 2009a; McVicar et al., 2012a) is far too large to be further considered here. This is an im-
that in a climate-changing environment all relevant and inter-portant question that needs addressing. Stigter (1980, p. 328)
acting climate variables should be taken into account wherand Van Niel et al. (2011) provide a starting point for such a
ever possible (McVicar et al., 2007b). Using air temperaturediscussion.

as the only forcing variable for estimating potential evapora-

tion will lead potentially to an incorrect outcome particularly 4.6 Uncertainty in evaporation estimates and model

in energy-limited environments which are important head- performance

waters for many major river systems across the globe (see ) . . i
McVicar et al. (2012a) for discussion). In this context it is In the previous sections we describe several models for esti-

worth noting that by not considering one of the key variablesMating actual and potential evaporation. These models vary

(radiation, air temperature, relative humidity or wind) in an in COmplexity and in data requirements. In selecting an ap-

evaporation equation, it is implicitly assumed that variable isProPriate model, analysts should consider the uncertainty in

non-trending. This can be a very poor assumption as high&/ternative methods.

lighted in the global wind review by McVicar et al. (2012a), ~ Winter (1981) provides a useful starting point. He exam-
following the original wind “stilling” paper by Roderick et ined the uncertainties in the components of the water balance

al. (2007). of lakes. Regarding evaporation, he concluded that closing
Finally, in the context of a changing climate, Dono- the surface energy balance was considered the most accurate

hue et al. (2010a) compare potential evaporation computed'€thod — annual estimates+10 %. Errors of 15 to 20%
by Penman (Sect. 2.1.1), Priestley—Taylor (2.1.3), Morton" Dalton-type equations were assessed in terms of the mass

point (Sect. 2.5.2), Morton areal (Sect. 2.5.2), and Thorn-transfer coefficient. Errors in monthly Class-A pan data were

thwaite (1948). Donohue et al. (2010a) concluded that thd ©POrted to be up to 30%. In addition, several studies re-
Penman model produced the most reasonable estimatioported large variations in pan to lake coefflc_:lents (for error
of the dynamics of potential evaporation (Donohue et al.,2nalyses see Hounam, 1973; Ficke, 1972; Ficke etal., 1977).
2010a, p. 196). Their finding echoed several previous pa- Nichols et al. (2004) also provide a detailed error anal-
pers (e.g. Chen et al., 2005; Garcia et al., 2004; McKenneySiS based on a semi-arid region in New Mexico, US, us-
and Rosenberg, 1993; Shenbin et al., 2006) and is confirmelfld @ standard error propagation method. The conditions
by an extensive review paper by McVicar et al. (2012a). in@dopted in the uncertainty analysis using a daily time step

this context it is noted that estimates of the Morton point included: air temopera_tureto.l%, r;elative humidity+3 2/0
potential evapotranspiration by Donohue et al. (2010a) weré""‘pour‘(j)lef'c't;t4 %, wind speed:5 %, net radiatiort15 %,
very high. R. Donohue (personal communication, 2012) ad-" +£0.1%,

andA + 0.5 % from which the following uncer-
vised that “the reason Morton point potential values were!@ntiés were computed: Penman (1948 equatiip%,
so high in Donohue et al. (2010b) was because, in theil”

riestley—Tayloe=18%, and Penman—Monteith10 %. Mc-
modelling of net radiation, they explicitly accounted for ac-

Jannet et al. (2008, Table 6.1), in a review of open-surface
tual land-cover dynamics. This procedure differs from Mor-

water evaporation estimates in the Murray—Darling Basin,
ton's (1983) methodology, developed over 25yr ago whenfustralia, assessed through sensitivity analysis errors in ac-
remotely sensed data were not routinely available, and thu

tual evaporation due to meteorological and other inputs as

Donohue et al. (2010b) calculations of Morton’s potential fOllOWS: temoperatur;a (input 1.5°C) £3 %, solar radiation

evaporation contradicts Morton’s (1983) methodology.” (input £ 10%) 6%, vapour pressure (input0.15kPa)
+3%, wind speed (inputt50 %) +7 %, elevation (input

4.5 Daily (24 h) or daytime (day-light hour) +50%) +£1 %, latitude (input:2°) +1 %, water depth (in-
put+1m)+1 %, and water area (£20 %920 %.

An issue that arose during this project relates to whether Fisher et al. (2011) compared three models — Thorn-

or not daily meteorological data used in evaporation equathwaite, Priestley—Taylor and Penman-Monteith — at 10

tions should be averaged over a 24h daily period or averSites in the Americas and one in South Africa. The poten-

aged during daylight hours when evaporation is mainly, puttial evapotran;pir_ation e_stimates (here evapotranspiration in-
not only, taking place (Dawson et al., 2007). Most authorstludes transpiration, soil evaporation and open-water evap-

are silent about this as they are using standard meteorologRation) varied by more than 25 9% across the sites, the PM

cal daily data provided by the relevant agency. FurthermoreM0del generally gave the highest PET estimates and Thorn-

most procedures incorporate empirically derived coefficientsWaite 20-30% lower than PT or PM. At the global and

that were estimated using the standard meteorological datgontinental scales, the three models gave similar averaged
In view of this, except where we specifically have noted in PET estimates.
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Table 6. Consolidated list of biases expressed as ratios of model estimations of actual and/or potential evaporation to field measurements,
lysimeter observations or comparison with evaporation equations (P48: Penman, 1948; P56: Penman 1956; PM: Penman—Monteith; FAO5€
RCE: FAO-56 reference crop evapotranspiration; SW: Shuttleworth—Wallace; BS, GG: Brutsaert—Strickler or Granger—Gray respectively; PT:
Priestley—Taylor; Dalton: Dalton-type model; Th: Thornthwaite; Ma: Makkink; BC: Blaney—Criddle; Tu: Turc; HS: Hargreaves—Samani).

Ref# Surface Location/climate P48 P56 PM FAO56 RCE SW BS, GG PT Dalton Th Ma BC Tu HS

Comparisons with water balance, eddy correlation or Bowen ratio

1 Lake Holland/temperate 1.00 151
11 Lake Florida/sub-tropical 1.05* 1.03 0.88
18 Lake North Dakota/cold 1.09 1.09BS 1.09 098 142
23 Lake India/semi-arid 1.00 1.06
24 Lake Canada/cold 1.06 1.10 0.92
26¢c Lake Florida/sub-tropical 0.99 0.94 0.80
Count 2 2 5 2 2 2
Average 1.03 1.07 1.03 1.29 0.95 0.84
Comparisons with eddy correlation or Bowen ratio
8 Dry wetland Indiana/cold 111 1.01 1.10
13 Wetland North Dakota/cold 1.02 0.98BS 1.02 0.93
22 Forest NE China/cold 1.15% 1.12
26a Forest Florida/sub-tropical 0.97 1.37 1.37
4 Rangeland Colorado/semi-arid 1.14 1.12 1.05
19 Rangeland China/semi-arid 0.83 0.85 0.95
26b  Grassland Florida/sub-tropical 0.72 1.29 1.42
Count 5 7 2 2
Average 1.00 1.11 0.94 1.40
Comparisons with lysimeter measurements
3a Grass Worldwide/arid 0.98 0.99 0.73 0.63 1.00 0.74 0091
3b Grass Worldwide/humid 1.14 1.04 0.97 0.96 1.16 1.05 125
6 Wetland South Florida/humid 1.01 0.75 0.70
16 Grass Germany/temperate/cold 1.00BS0.98GG 1.01 1.07 1.05 1.12
Count 3 3 4 3 2 2 3
Average 1.04 0.93 0.85 0.89 1.08 0.90 1.09

Comparisons with Penman—Monteith (average values as ratio of PM vallig3))

5 Ref. crop North Carolina/temperate 1.00 0.91 0.84 0.86 1.00 1.14

21 Grassland Serbia/temperate/cold 1.00 1.05 0.79 095 1.13

Ta Grassland USA/cold to semi-arid 1.00 1.24 0.89

b Conifer USA/cold to semi-arid 1.00 1.15 1.18

7c Broadleaf USA/cold to semi-arid 1.00 1.23 1.45

7d Cultivation USA/cold to semi-arid 1.00 1.05 1.02

17a Climate stn. India/arid 1.00 1.02 1.08 087 1.27

17b  Climate stn. India/semi-arid 1.00 1.09 144 117 0.87

17c Climate stn. India/semi-humid 1.00 1.11 101 1.2 0.87

17d  Climate stn. India/humid 1.00 0.89 0.98 153 0.88

20 Irrigation to desert  Jordon /arid 1.00 1.17 1.40

25 Climate stn. Croatia, Serbia/humid 1.00 1.01 0.89 0.95 1.23
Count 4 12 2 2 4 7 7
Average 1.00 1.17 1.07 0.87 0.83 1.13 110 1.06

Comparisons with Priestley—Taylor (average values as ratio of PT valie80

9 Climate stn. Switzerland/cold 1.00 0.88 093 1.02

15 Forest USA/humid 1.00 0.79 0.92 1.02 1.20
Count 2 2 2
Average 1.00 0.90 098 111

Comparison with Hargreaves—Samani (average values as ratio of H-Sval0€)

10 Climate stn. Canada/cold 0.95 1.22 1.00

# Numbers refer to references listed in Table 5. *Indicate which of the three models the results refer to. $ Average of KP and TD values in item 22 of Table 6.

To provide a more detailed guide to relative differences inwhere possible, an estimate of the mean annual evaporation
the estimates of evaporation based on the models discussdxy the specific procedure as a ratio of one of three base meth-
in this paper, we review and summarise 27 references irods: (i) estimates based on a water balance, eddy correlation
Table 5 where cross-comparisons are carried out. (A coner Bowen ratio study; (ii) estimates based on lysimeter mea-
solidated list of relative differences is presented in Table 6surements of evaporation; or (iii) estimates compared with
and a consolidated list of uncertainty estimates is availableanother procedure; we have used Penman—Monteith, FAO-
in Table 7.) For each case in Table 5 we have provided56 reference crop evapotranspiration, Priestley—Taylor and
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Table 7. Consolidated list of uncertainty estimates as RMSE or Relative to | Relative to
SEE expressed as ratio of the equivalent values estimated for 1.20 Lakes (1) |Lysimeter (2) Land (3) PM (4) PT®)
the Priestley-Taylor equation (P56: Penman 1956; PT: Priestley—g (XA sw
Taylor; Ma: Makkink; PM: Penman—Monteith; BC: Blaney— % 1.15— .
Criddle; HS: Hargreaves—Samani; Tu: Turc; Th: Thornthwaite). e - | hs
§ 1.10— | hs I Tu
Ref* P56 PT Ma PM BC HS Tu Th $ s P - BC -~ P
RMSE (mm day1) % — pagpr | °
#5 1.00 1.04 144 1.05 175 3 100 ~ GO
#21 1.00 3.00 505 1.5 g -~ PM -
#25 1.00 210 097 1.70 g 0% Ma L va
#26a 1.00 0.78 0.75 5 0sol | T | e
#26b 1.00 0.73 1.09 s ~Th
#26¢ 1.00 0.84 1.14 o — Th
& 0.85— | — PT
Median 1.00 2.02 0.78 210 1.07 173 Tu — Ma
SEE (mm day?) — 080
#3A 0.37 1.00 026 040 0.62 099 1.27 Fig. 4. Pictorial comparison of published evaporation estimates
#3H 0.88 1.00 0.47 116 0.82 1.26 from Table 6. Values are average ratios of the nominated proce-
#6 1.08 1.00 0.72 dures to base evaporation. For the lakes, the base evaporation esti-
#13 133 1.00 1.33 mation was by water balance, eddy correlation or Bowen ratio, and
#17a 1.00 1.00 1.06 1.47 for lysimeter results the base was estimated for lysimeters contain-
ﬁ;g 1'88 2'(5); 8'22 2'2; ing_ grass. Land estimates were baged on eddy correlation or Bowen
: : : ’ ratio. For the two columns to the right, the values were compared

#17d 1.00 0.75 097 031 . . . . .

directly with Penman—Monteith or Priestley—Taylor, both set arbi-
Median 0.98 1.00 1.33 047 075 0.83 095 1.27 (yrarily to aratio of 1.00, which are denoted by the ellipse. Symbols
are defined in the caption of Table 6.

* Numbers refer to references listed in Table 5.

assessed (including rainfall and Class-A evaporation mea-
Hargreaves—Samani methods. An estimate of the uncertainty,rements, bird guard adjustment factor, pan coefficients and
for each analysis is also summarised in Table 7. Althoughspatial transposition) and combined using Monte Carlo sim-
space precludes a detailed discussion of the errors here, Fig. 4ations. They applied the framework to three reservoirs in
provides a summary of the relative differences between theoyth-east Australia. The largest contributor to the overall
procedures where the results from at least two studies Werfincertainty was the estimation of Class-A evaporation at lo-
available for comparison. A detailed discussion of the re-cations without monitoring, followed by uncertainty in an-
sults presented in Tables 5, 6 and 7 and Fig. 4 is providegyya| pan coefficients. The overall uncertainty in reservoir
in Sect. S17. evaporation was found to be as largetst) % at three study
Rather than undertake a direct comparison of the potensites (Lowe et al., 2009, p. 272). Factors affecting measure-
tial evapotranspiration estimates, Oudin et al. (2005) comment errors in evaporation are discussed in detail in Allen et
pared the efficiency of rainfall-runoff models when 27 dif- 5| (2011). These can be combined with a methodology like
ferent potential evapotranspiration models were used. FOUfhat presented in Lowe et al. (2009) to assess uncertainty in
lumped rainfall-runoff models were examined for a sample gyaporation estimates.
of 308 catchments from Australia, France and the United
States. These catchments were mainly water-limited where
potential evapotranspiration is less important to model per5  Concluding summary
formance. The study found little improvement in the effi-
ciency of the rainfall-runoff models when the more complex This is not a review paper, but rather a considered summary
and data intensive models were used. The models based @f techniques that are readily available to the researcher, con-
air temperature and radiation provided the best results (Oudisulting hydrologist and practicing engineer to estimate both
et al., 2005). actual and potential evaporation, reference crop evapotran-
The majority of the literature has focused on providing spiration and pan evaporation. There are three key proce-
a relative accuracy through ranking of the various models.dures that are used to estimate potential evaporation: Pen-
Lowe et al. (2009) adopted a different approach and presentan, Penman—Monteith and Priestley—Taylor. To estimate
a framework to quantify the uncertainties associated with esteference crop evapotranspiration, FAO-56 reference crop
timates of reservoir evaporation generated using the pan cceequation, which is a Penman—Monteith equation for a 0.12 m
efficient method. The uncertainty in each model input washigh hypothetical crop in which the surface resistance is
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70sn11, is used worldwide. It is applicable to humid condi- evaporative demand (radiation, air temperature, relative hu-

tions. If reliable pan coefficients are available, Class-A evap-midity and wind) should be taken into account. We note that,

oration pans provide useful data for a range of studies ana@xcept for several exceptions recorded in the paper and Sup-

the PenPan model, which models very satisfactorily Class-Aplement sections, standard meteorological data averaged (or

pan evaporation, is a useful tool to the hydrologist. The Pen-estimated as an average) over a 24 h day rather than during

man equation estimates actual evaporation from large shaldaylight hours should be used in analysis. The last issue to

low open-surface water in which there is no change in heabe addressed is uncertainty in evaporation estimates; our fo-

storage, no heat exchange with the ground, and no advectezlis was a literature review in which measures of uncertainty

energy. There are two wind functions (Penman, 1948, 1956were collated, allowing the relative accuracies of most poten-

Eqg. 8a and b) which have been widely used that form part oftial, reference crop and actual evaporation procedures to be

the aerodynamic term in the Penman equation. We prefer thassessed.

Penman (1956, Eq. 8b) wind function for most studies. There

are arange of techniques available to estimate monthly actual

evaporation of a catchment, including Morton’s procedure, Supplementary material related to this article is

the aridity-advection model of Brutsaert—Strickler, and the available online at: http://www.hydrol-earth-syst-sci.net/

models of Szilagyi-Jozsa and Granger-Gray. The Budyko17/1331/2013/hess-17-1331-2013-supplement.pdf

like equations may be used to estimate annual actual evap-

oration. However, analysts need to be aware that changes in

land surface conditions due to vegetation and lateral inflowAcknowledgementsThis research was partially funded by the Aus-

may occur; these are best modelled using remotely sensetilian Research Council project ARC LP100100756, Melbourne

data as inputsl an issue that is not exp|0red here. Water and the Australian Bureau of Meteorology. The authors
Turning to other practical topics, we observed that the Pen&re grateful to their colleagues especially Randall Donohue, Biju

man or Penman-Monteith models, incorporating a seasondf€0'9¢e: Hector Malano, Tim Peterson, Q.-J. Wang and Andrew

heat storage component and a water advection componenWeStem for their support of the project through discussion of many

practical issues, to Francis Chiew, Mike Hobbins, Roger Jones

and the Morton CRLE model can be used to estimate evapo; i, Zhang for access 1o a range of computer programs and

ration from deep lakes and large voids. For shallow lakes OMmanuals dealing with Morton’s models, and to Fiona Johnson for

deep lakes, where only a mean annual evaporation estimaigoyiding detailed computations of PenPan which allowed us to
is required, the Morton model can be applied. Both the Penindependently check our own computations. Clarification of past
man and the Penman—Monteith equations modified to takeesearch by Wilfried Brutsaert, Joe Landsberg, David McJannet,
into account heat storage effects are also acceptable proceétike Raupach, Jozsef Szilagyi and Jim Wallace is gratefully
dures. For catchment water balance studies, in addition to thecknowledged. Lake temperature data were provided by Kim
traditional simple water balance approach, the Morton modeSeong Tan of Melbourne Water Corporation. The AWS climate
CRAE can be used. Our review of the literature suggests thafaté were provided by the Australian Bureau of Meteorology,
any one of a number of the techniques can be used to estima{\éatlonal Climate Centre. We thank S. J. Schymanski, J. Szilagyi,
potential evaporation in rainfall-runoff modelling where the ‘] Dracup and an anonymous referee for comments that helped us
- . _improve our paper.
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