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Abstract

Declines in pan evaporation have been reported across the USA, former Soviet
Union, India, China, Australia, New Zealand and Canada, among other places.
The trend is large – approximately an order of magnitude larger than model-based
estimates of top of the atmosphere radiative forcing. The pan evaporation trend
also has a different sign (i.e. decline) from commonly held conceptions. These
are a remarkably interesting set of observations. In the first article of this two-part
series, we discussed the measurements themselves and then presented summaries
of the worldwide observations. In this, the second article, we outline the use of
energy balance methods to attribute the observed changes in pan evaporation to
changes in the underlying physical variables, namely, radiation, temperature,
vapour pressure deficit and wind speed. We find that much of the decline in pan
evaporation can be attributed to declines in radiation (i.e. dimming) and/or wind
speed (i.e. stilling). We then discuss the interpretation of changes in the terrestrial
water balance. This has been an area of much misunderstanding and confusion,
most of which can be rectified through use of the familiar and longstanding
supply/demand framework. The key in using the pan evaporation data to make
inferences about changes in the terrestrial water balance is to distinguish between
water- and energy-limited conditions where different interpretations apply.

1 Introduction
There have been consistent reports of declines in pan evaporation over the
last 30–50 years (Gifford 2005; Peterson et al. 1995). For example, the
USA, former Soviet Union, India, China, Australia, New Zealand and
Canada all show declines in pan evaporation (Roderick et al. 2009). Data
like those inevitably challenge scientific understanding and many questions
arise, including the following: (i) how is that possible if the air near the
surface has been warming? and (ii) what does this mean for the terrestrial
water balance?
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Initially, it was thought that declining pan evaporation also meant
declining actual evapotranspiration, that is, the evaporation and transpiration
from soil and plants (Peterson et al. 1995). The topic has evoked some
confusion – possibly because scientists not intimately involved with land
surface studies have been looking for a consistent message. For example,
the enhanced greenhouse effect is expected to lead to increases in
near-surface air temperature and this is a relatively consistent message. So
does declining pan evaporation mean declining actual evapotranspiration?
The answer is, in short, ‘not necessarily’ (Brutsaert and Parlange 1998;
Roderick and Farquhar 2004). Briefly, inferences about changes in the
terrestrial water balance based on declining pan evaporation are more
complex than a simple increase/decrease scenario, because pan evaporation
measures the atmospheric demand while actual evapotranspiration depends
on the demand and – crucially – the supply.
In this the second article of this two-part series, we begin by describing
the use of energy balance methods to attribute the observed changes in
pan evaporation to changes in the underlying physical variables, namely,
radiation, temperature, vapour pressure deficit and wind speed. Following
that we return to the interpretation and show how the observed trends in
pan evaporation can be used to interpret changes in the terrestrial water
balance via the supply/demand framework.
2 Attribution of the Trends via the Energy Balance of the Pan
2.1

THEORETICAL FRAMEWORK

Why has pan evaporation decreased? One way to approach this question
is to examine the combined mass and energy balance of the pan. We know
that changes in the storage of energy in the pan must equal the sum of
all the heat fluxes, namely, the net irradiance along with the evaporative
and sensible heat fluxes. For periods over which the energy storage can
be neglected, we can assume a steady state – monthly periods are generally
ideal for that purpose (Roderick et al. 2009). With that basis one can use
a Penman (1948) approach to examine how declining pan evaporation is
related to changes in the driving meteorological variables; radiation,
temperature, humidity and wind speed.
2.2

THE PENPAN MODEL

Rotstayn et al. (2006) followed the mass and energy balance approach and
combined the aerodynamic model developed by Thom et al. (1981) with
the radiative model of Linacre (1994). Their final model, called PenPan,
was formulated for use at monthly time scales and expresses the pan
evaporation rate (Epan, kg m−2 s−1) as the sum of radiative (Epan,R) and
aerodynamic (Epan,A) components,
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(1)

with s (= des/dT, Pa K−1) the change in saturation vapour pressure (es, Pa)
(see Figure 1) with temperature evaluated at the air temperature (Ta, K)
two metres above the ground, Rn (W m−2) the net irradiance of the pan,
λ (J kg−1) the latent heat of vaporisation, a (= 2.4 here) the ratio of
effective surface areas for heat and vapour transfer, γ (~67 Pa K−1) the
psychrometric constant, D (= es − ea, Pa, where ea is the actual vapour
pressure at 2 m) the vapour pressure deficit at two metres and fq(u) (kg m−2 s−1
Pa−1) is an empirical vapour transfer function (Thom et al. 1981),

f q (u ) = 1.39 × 10 −8(1 + 1.35u )

(2)

where u (m s−1) is the mean wind speed at two metres above the ground.
First note that a is set as constant, while γ and λ in Eqn (1) are also
more or less constant. Therefore, we see that pan evaporation would
increase with increases in the net irradiance of the pan (Rn), the air
temperature (via the sensitivity of s to Ta, Figure 1b), the vapour pressure
deficit (D) and/or wind speed (u). Here we are considering changes in D,
rather than changes in the individual components of D (= es − ea). The
basis is that with greenhouse warming we expect es to increase (with
temperature) but we also expect ea to increase, and hence we treat those
changes together in terms of changing D. This is based on theory and
observations showing that the warming associated with the enhanced
greenhouse effect has led to increased absolute humidity in the atmosphere
such that the relative humidity near the surface has, on average, remained
roughly constant (Arrhenius 1896; Dai 2006; Held and Soden 2000,
2006; Roderick and Farquhar 2002; Wentz et al. 2007). This means that
the direct effect on Epan of a change in Ta is through changes in s, which
increases rapidly with Ta. However, the sensitivity of Epan to Ta is much
smaller as s appears in the ratios s/(s + aγ ) and aγ/(s + aγ ) (see Eqn 1) that
are themselves much less responsive to temperature than is s (Figure 1c).
Hence, for typical temperature changes – say the global trend over the last
30 years of 0.015 K a−1 – the direct temperature effect on pan evaporation
(i.e. with vapour pressure deficit, D, considered separately) is typically
~0.1 mm a−2 and is much smaller than the observed trends (Roderick
et al. 2007). Note that the same conclusion would follow for Ta declining
at the same rate.
Consequently, the observed declines in pan evaporation must be
primarily due to some combination of changing Rn, u and D. The
sensitivity to Rn is easy to understand (Eqn 1), but the sensitivity to u and
D is more subtle (Figure 2). To see that, the product fq(u)D can be
differentiated with respect to time,
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Fig. 1. Temperature sensitivity of the saturated vapour pressure and related terms. (A) Saturated
vapour pressure (es) as a function of temperature (i.e. the Clausius-Clapeyron curve). (B) Slope
of the saturated vapour pressure-temperature relation (s = des/dT ). (C) Variation in terms in the
PenPan formulation (Eqn 1).
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Fig. 2. Response of the aerodynamic component of pan evaporation, Epan,A, to windspeed u and
vapour pressure deficit D. Calculations are based on the aerodynamic part of Eqn (1) and assume
a temperature of 20°C. Epan,A contours are shown at intervals of 50 W m−2 and labelled at 100 W
m−2 intervals. Note that 100 W m−2 ~ 3.5 mm day−1.

df (u )
d( f q (u )D )
dD
= f q (u )
+D q
(3)
dt
dt
dt
From Eqn (3) we see that changes in pan evaporation rate will be very
sensitive to changes in u when D is high, such as in typical arid environments. Similarly, in regions with high u, changes in pan evaporation rate
are very sensitive to changes in D.
2.3

ATTRIBUTION USING A MASS AND ENERGY BALANCE APPROACH

Applying the above framework (Eqn 1) over Australia, Roderick et al.
(2007) found that much of the decline in pan evaporation was due to
declining wind speed with some region-specific declines in radiation also
found to be important. Changes in Epan due to changes in D, while
variable from place to place, were generally small. The latter is in line
with the previously discussed notion that the warming associated with the
enhanced greenhouse effect would lead to increased absolute humidity in
the atmosphere such that the relative humidity remained roughly constant.
The importance of declining wind speed in Australia was also found
independently by Rayner (2007) and confirmed by more detailed analyses
(McVicar et al. 2008).
In earlier studies, it was more common to indirectly examine changes
in pan evaporation rate (Chen et al. 2005; Shenbin et al. 2006; Thomas 2000)
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Table 1. Overview of declining pan evaporation in terms of changes in
radiation (Rn), vapour pressure deficit (D) and wind speed (u) showing
increases (↑) and decreases (↓). Changes that are highly variable spatially
and/or small are denoted by ~ (Local)
Region

Rn

D

u

References

Former Soviet Union
Australia

↓
~ (Local)

?
~ (Local)

?
↓

China

↓

~ (Local)

↓

USA

↓

~ (Local)

↓

Canada

↓

~ (Local)

↓

Tibetan Plateau

~ (Local)

~ (Local)

↓

Thailand
India

↓
↓

?
↓

?
?

Roderick and Farquhar 2002
Rayner 2007;
Roderick et al. 2007;
McVicar et al. 2008
Chen et al. 2005;
Gao et al. 2007;
Thomas 2000;
Wu et al. 2006;
Xu et al. 2006a
Hobbins 2004;
Hobbins et al. 2004;
Liepert 2002;
Milly and Dunne 2001
Burn and Hesch 2007;
Cutforth and
Judiesch 2007
Shenbin et al. 2006;
Zhang et al. 2007b
Tebakari et al. 2005
Biggs et al. 2007;
Chattopadhyay and
Hulme 1997;
Ramanathan and
Ramana 2005

by calculating the reference evapotranspiration rate (Allen et al. 1998).
That approach is broadly equivalent to calculating pan evaporation rate.
The main difference is that the calculation of reference evapotranspiration
assumes a ground cover of short green grass instead of a pan. The first
study we know of that did this was over China, and reported that declines
in wind speed and solar radiation were the dominant reasons for declining
reference evapotranspiration with local variability in vapour pressure deficit
(Thomas 2000). The same conclusion would hold as an explanation for
declining pan evaporation there.
There are now sufficient mass and energy balance studies to afford us a
general qualitative overview of how trends in Rn, u and D have contributed
to changes in pan evaporation in different regions (Table 1). The summary
shows that declining u was dominant on the Tibetan plateau and in
Australia. However, the combination of declining u and Rn is more common.
The effect of changing D is indicated as local throughout Table 1, with
some sub-regions experiencing increases in D while others show decreases
(e.g. for the USA, see Hobbins et al. 2004; for China, see Thomas 2000,
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and for Australia, see Roderick et al. 2007), but, on balance, those studies
did not identify coherent continental-scale trends in D. As noted above,
this is in line with expectations, if the relative humidity remains roughly
constant with increasing temperature (Held and Soden 2006). The exception
appears to be India, where measurements show quite large increases in
relative humidity (Chattopadhyay and Hulme 1997; Dai 2006). The reason
remains unknown, but one suggestion is that widespread increases in
irrigation throughout India has increased evapotranspiration and humidified
the air (Biggs, T.W., 2007, personal communication).
The importance of declining solar irradiance, that is, dimming (Liepert
2002; Stanhill and Cohen 2001) associated with increasing aerosols and/or
clouds as an explanatory factor for declining pan evaporation, was realised
some time ago (Linacre 2004; Roderick and Farquhar 2002). Whether that
trend continues is unclear: recent observations from some regions, especially
in Europe, show a reversal of the previous trend with increases in global
solar irradiance (Wild et al. 2005), while some regions, such as Canada
(Cutforth and Judiesch 2007) and Norway (Grimenes and Thue-Hansen
2006), have shown continuing declines in global solar irradiance. In addition,
calculations based on satellite observations show a small but continuing
dimming over the global terrestrial surface but increases in global solar
irradiance over the oceans (Pinker et al. 2005). It is difficult to determine
exactly what has happened to the radiation regime because of the chronic
lack of radiometers world-wide (Stanhill 1997).
The identification of stilling, that is, declining wind speed, is more
recent, but the phenomenon appears widespread over terrestrial surfaces
(Roderick et al. 2007). The question as to why wind speed as recorded by
anemometers (and evaporimeters) has reduced over many terrestrial surfaces,
while satellite-based microwave measurements suggest increases in wind speed
over oceans (Wentz et al. 2007), has yet to be resolved.
One notable study not listed in Table 1 was a single-pan study from
Turkey (Ozdogan and Salvucci 2004). It was not listed in Table 1 because
the aim of that research was not to establish regional changes. Instead, those
authors made clever use of a large ‘natural’ experiment – the progressive
development of a large irrigation area in an arid environment – to study
the local water cycle in the context of Bouchet’s complementary relationship
(see below). They found that warm-season pan evaporation decreased
progressively from ~1400 mm in 1979 to ~800 mm by 2001 as the irrigation
area expanded. Increasing irrigation would tend to humidify the air by
increased evapotranspiration and, as might be expected, decreasing D
was part of the reason for decreasing pan evaporation. However, what was
somewhat surprising was that the observed decline in pan evaporation was
mostly attributed to a large and steady decline in wind speed, from a little
over 3 m s−1 in 1979 to a little over 1 m s−1 by 2001 (Ozdogan and Salvucci
2004). In a follow-up study, those authors used a meso-scale model to
examine the changes. The model results suggested that the development
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of the irrigation area was associated with changes (increases) in the nearsurface air pressure and associated local circulations that led to the decreases
in wind speed (Ozdogan et al. 2006). The linkage between the local and
meso-scales in the Ozdogan-Salvucci-Anderson approach may help explain
why stilling has been observed in so many terrestrial regions.
3 Ecohydrologic Interpretation of the Trends
The energy balance approach (Section 2) gives a physical framework for
interpreting the observed changes in pan evaporation in terms of the
energy balance of the evaporimeter. However, that approach does not
directly contribute to understanding how the pan evaporation changes are
related to changes in actual evapotranspiration and hence in the terrestrial
water balance. That is considered in this section.
3.1

INTERPRETATION USING THE SUPPLY/DEMAND FRAMEWORK

Interpretation using the supply/demand framework is based on the waterand energy-limited framework described previously (Roderick et al. 2009).
In energy-limited conditions, declining pan evaporation usually means
declining actual evapotranspiration. If precipitation were constant then we
would also expect increasing runoff and/or soil moisture. Observations
from largely energy-limited regions show decreasing actual evapotranspiration
with increasing runoff and/or soil moisture (Golubev et al. 2001; Labat
et al. 2004; Peterson et al. 2002; Robock and Li 2006; Robock et al. 2005)
and are consistent with the predictions.
In water-limited regions, changes in evapotranspiration are more controlled
by changes in supply (i.e. precipitation) than in demand. Consider as an
extreme example a desert environment like Death Valley, California. We
know that as in many other regions, pan evaporation has declined in Death
Valley (Huntington et al. 2007). Because that environment is extremely waterlimited, there is little runoff and we know that over annual or longer periods
the actual evapotranspiration would more or less equal the precipitation.
Therefore, if the precipitation increased, then actual evapotranspiration
would likely increase, and vice versa if precipitation decreased. The point
here is that in a water-limited environment, one cannot deduce the change
in actual evapotranspiration from pan evaporation trends without examining
how the supply – precipitation – has changed. That is easily done by
inspecting the precipitation data and can be supplemented by the use of
water balance models where necessary (Hobbins et al. 2008).
3.2

BOUCHET’S COMPLEMENTARY RELATIONSHIP

Brutsaert and Parlange (1998) pointed out that the observed decline did
not necessarily mean declining actual evapotranspiration. They went further
© 2009 The Authors
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and argued that the observed decline in pan evaporation could be interpreted
as evidence for increasing actual evapotranspiration. This is discussed in
detail below (Section 3.3). They based their argument on Bouchet’s theory
of a complementary relationship between actual and potential evaporation
rates. Hence, before discussing their article, it is useful to examine the
complementary relationship.
Bouchet’s complementary relationship was originally formulated by
reference to an African desert oasis where there is a small (wet) oasis
surrounded by an extensive dry region (Bouchet 1963). The water supply
is limited over the surrounding dry region so that most of the net radiant
energy will be partitioned into sensible heat. In contrast, most of the heat
flux from the (wet) oasis will be partitioned into the evaporative component,
because the water supply is plentiful there. The basic idea is that by various
advective processes, the sensible heat originating from the dry surroundings
becomes available to, and ultimately enhances the evapotranspiration from,
the adjacent wet oasis. Under water-limited conditions, the analogy is that
the evaporimeter is like a small oasis amid a larger dry region. These ideas
are summarised in Figure 3. The enhancement of pan evaporation rate
noted above is depicted by the curve labelled kEpan/Eo (Figure 3b) and
occurs as the surrounding landscape dries out (wets) and moves to lower
(higher) moisture availability.
Bouchet’s idea was in some respects an extension of the water- and
energy-limited framework (Ramírez et al. 2005, also see Figure 3). In that
context, one advantage of Bouchet’s approach is that it would dispense with
the need to specify land surface details (e.g. depth of the soil water bucket,
vegetation properties). Perhaps for that reason it has been extensively investigated in those parts of the hydrologic community interested in estimating
catchment water yield, that is, runoff. The Bouchet framework has not
been pursued to the same extent in the agricultural and ecological sciences,
because those communities are also interested in (i) soil and vegetation
properties, (ii) studying the water-use efficiency of photosynthesis, and (iii)
mapping vegetation distributions (Roderick et al. 2009).
Bouchet’s hypothesis has generated much research (Brutsaert 2006;
Brutsaert and Stricker 1979; Crago and Crowley 2005; Hobbins et al.
2001, 2004; Kim and Entekhabi 1997; Parlange and Katul 1992; Ramírez
et al. 2005; Szilagyi 2001a; Xu et al. 2006b; Yang et al. 2006), but a
detailed theory remains elusive (cf. Lhomme and Guilioni 2006; Szilagyi
2001b) and research is ongoing. Using annual catchment data from the
USA, Hobbins et al. (2004) were able to show reasonable agreement with
complementarity, that is, the sum 0.7 × Epan and Ea was roughly constant.
The source of variation in that study was a mixture of space, that is, data
from different catchments, and time, that is, the same catchments in different
years. However, when time is used as the source of variation, the observed
enhancement in pan evaporation as the surroundings dried was found to
be greater than purely complementary, with the enhancement in pan
© 2009 The Authors
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Fig. 3. Qualitative comparison between the (top panel) classical Supply/Demand framework and
(bottom panel) Bouchet’s Complementary Relationship. In the supply/demand framework, actual
evapotranspiration (Ea) and precipitation (P) are normalised by ‘potential evaporation’ measured
as a pan coefficient (k) multiplied by pan evaporation rate (Epan). The straight lines denote water
and energy limits on Ea leading to the characteristic hyperbola known as a Budyko curve. In
Bouchet’s complementary relationship, Ea, P and k × Epan are all normalised by the evaporative
equivalent of the net irradiance (Eo) of the landscape. Note that in some formulations Eo is
replaced by the Priestley-Taylor wet area evaporation.

© 2009 The Authors
Geography Compass 3/2 (2009): 761–780, 10.1111/j.1749-8198.2008.00214.x
Journal Compilation © 2009 Blackwell Publishing Ltd

Pan evaporation trends and the terrestrial water balance

771

Table 2. Predicted changes in actual evapotranspiration (Ea) with declining
pan evaporation per the BP98 (Brutsaert and Parlange 1998) and RF02
(Roderick and Farquhar 2002, 2004) interpretations.
Conditions

BP98

RF02

Energy-limited
Water-limited

Ea decreasing
Ea increasing

Ea decreasing
Ea changes mostly depend on changes in precipitation
Ea could increase if precipitation increased

evaporation closer to a factor of five (Kahler and Brutsaert 2006). Research
into that asymmetry is ongoing (Pettijohn and Salvucci 2006; Szilagyi 2007).
3.3

INTERPRETATION USING BOUCHET’S COMPLEMENTARY RELATIONSHIP

As noted above, the Brutsaert and Parlange (1998) interpretation of declining
pan evaporation, hereafter denoted BP98, was inspired by Bouchet’s complementary relationship. BP98 noted that as a water-limited environment
becomes wetter, and actual evapotranspiration increases, potential (and pan)
evaporation will tend to decline. Therefore, they argued that declining pan
evaporation could be interpreted as evidence for increasing actual evapotranspiration and an overall wetting up of terrestrial surfaces (Brutsaert
and Parlange 1998). Over the last several years, we have frequently read or
reviewed articles that propose that the BP98 view is opposite to the Roderick
and Farquhar view (Roderick and Farquhar 2002, 2004), hereafter denoted
RF02. The problem initially arose because some of the earlier workers
implied that declining pan evaporation means declining actual evapotranspiration (Peterson et al. 1995). BP98 pointed out that this interpretation
is not necessarily true. RF02 further distinguished between water- and
energy-limited conditions in their interpretation. The BP98 and RF02
interpretations are summarised in Table 2 and below.
BP98 began by noting that in energy-limited environments, changes
in actual evapotranspiration would typically follow changes in pan evaporation as in the traditional supply/demand framework. Therefore, in
energy-limited environments, declines (increases) in pan evaporation imply
declines (increases) in actual evapotranspiration. In their conclusion, BP98
did not raise this point again so it appears as if they were arguing for
increasing actual evapotranspiration everywhere. That is not so. Therefore,
we have agreement between the BP98 and RF02 interpretations in the
energy-limited environments that cover roughly half the terrestrial surface
(with the other half being water-limited) (Nemani et al. 2003). In waterlimited conditions, the RF02 (supply/demand) interpretation is that changes
in evapotranspiration mostly depend on changes in supply (precipitation plus
other sources such as irrigation where appropriate). The BP98 interpretation
© 2009 The Authors
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proposes that declining pan evaporation is indicative of increasing actual
evapotranspiration via feedbacks between the pan and surrounding
environment that underpin the complementary relationship. In water-limited
conditions, the BP98 and RF02 interpretations can be reconciled if the
decline in pan evaporation were coincident with increasing supply (precipitation
and/or irrigation). Certainly, that has been observed throughout many
parts of the USA (Szilagyi et al. 2001; Walter et al. 2004) and increases in
precipitation have been observed in many other terrestrial regions (Huntington 2006; Zhang et al. 2007a). As noted by BP98, that would be
expected in a warmer and wetter world where, on a global basis, increased
evapotranspiration (mostly from the ocean; Wentz et al. 2007) must result
in a globally averaged increase in precipitation. Climate models do predict
a globally averaged increase in precipitation and hence also predict a globally
averaged increase in evapotranspiration of about 2% for every °C of warming
(Held and Soden 2006). In summary, we can reconcile the BP98 and RF02
interpretations provided that precipitation (supply) has increased in those
water-limited environments where pan evaporation (demand) has declined.
While this global-scale reconciliation is encouraging, we hasten to add
that there are several water-limited regions where the interpretations are
difficult to reconcile. For example, in southeastern Australia, pan evaporation
has generally declined over the last 30 years but precipitation has also
generally declined over the same period (Roderick and Farquhar 2004).
On an annual basis, much of that region is extremely water-limited with
minimal runoff, so the decline in precipitation implies a decline in actual
evapotranspiration that is concurrent with a decline in pan evaporation
(that is, in turn, mostly due to declining wind speed as described in
Section 2.3). Many parts of China show similar patterns (Wu et al. 2006;
Yang et al. 2006). The RF02 supply/demand interpretation can accommodate
that fact, but the BP98 interpretation (in the form used in their 1998
paper) does not.
3.4

BOUCHET’S COMPLEMENTARY RELATIONSHIP AND THE SUPPLY/DEMAND

FRAMEWORK

As noted above, the idea underlying the application of Bouchet’s complementary relationship is the prediction that as a water-limited environment
become drier, say, by reduced precipitation, and actual evapotranspiration
decreases, the potential (and pan) evaporation measured at a site located
within that landscape will tend to be enhanced. This is commonly
observed (see references in the previous section), but it is by no means the
universal cause of such increases, because, as noted previously, there are
some water-limited regions where precipitation and pan evaporation have
both declined. For the moment, we ignore those exceptions and just
assume that the pattern predicted by the Bouchet hypothesis holds. So one
obvious question arises: how would an enhancement of the pan evaporation
© 2009 The Authors
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rate affect predictions of trends in actual evapotranspiration that are made
using the supply/demand framework in water-limited conditions? In short,
it would have no impact on the predicted trends, because the pan
evaporation measurement is used to specify an upper limit to evapotranspiration, and when water-limited, the actual evapotranspiration is largely
determined by supply and not demand.
While not expressed in this way previously, Bouchet’s argument can be
reformulated to state that in water-limited environments, as supply
increases the demand declines and vice versa. While there are many places
where this pattern has held, we again caution that this interpretation is not
general because, as noted above, there are water-limited regions where
supply and demand have both declined.
3.5

MORE CONFUSION

In Sections 3.3 and 3.4, we discussed perceived conflicts in the interpretation
of pan evaporation trends, and, with one exception, resolved those conflicts.
Unfortunately, there are also other sources of confusion in this field including
the failure to adequately describe the ‘type’ of evaporation being referred
to, and the use of temperature data alone to calculate an upper limit on
evapotranspiration. These and other sources of confusion are discussed below.
The first problem is the common failure to distinguish evapotranspiration,
often called ‘actual evapotranspiration’, from various other estimates, for
example, pan evaporation, potential evaporation, lake evaporation, point
evaporation, areal evaporation, and so on. For example, the IPCC 4th
Assessment Report incorrectly asserts that evaporation increases with
temperature. Taken literally, this means actual evapotranspiration. Elsewhere,
in the same report it is asserted, again incorrectly, that potential evaporation
increases with temperature. These are of course very different statements.
To minimise confusion, we need to ensure that the types of evaporation
are adequately described. A related issue is the interpretation whereby, in
water-limited environments, increasing actual evapotranspiration implies
increasing supply and that in turn means ‘wetter’. Many papers interpret
increasing actual evapotranspiration as ‘drying’ presumably, because it is a
withdrawal. However, in water-limited environments, withdrawals can only
occur if there have been additions. As dryland farmers often say, it can’t
evaporate if it hasn’t rained!
The second and potentially more important problem is the continuing
widespread use of empirical functions based on temperature to estimate
evaporative demand. There are several, but the best known is the Thornthwaite formula (Thornthwaite 1948). Writing over 30 years ago, Jensen
(1973) said of the Thornthwaite formula, ‘. . . because it can be computed
from temperature and latitude, it has been one of the most misused empirical
equations generating inaccurate estimates of evapotranspiration for arid and
semiarid irrigated areas.’ The difficulty in using the Thornthwaite formula
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in climate change studies is obvious: a steady increase in temperature over
time will translate into a calculated steady increase in evaporative demand
over time (Moonen et al. 2002). Of course, that conflicts with pan evaporation observations as well as estimates of potential evaporation synthesised
from measurements of radiation, humidity and wind speed (Chen et al. 2005).
If the Thornthwaite formula is replaced by more physically realistic estimates
of evaporative demand then the conclusions about water balance trends in
a region can change from drying to wetting (Hobbins et al. 2008; Sheffield
and Wood 2008). It is important to get the direction of change (i.e. up or
down) in evaporative demand correct!
It is ironic that Thornthwaite did so much to develop the supply/demand
framework (Thornthwaite 1948) and yet the use of his temperature function
can lead to such problems when used in climate change scenarios (McKenney
and Rosenberg 1993; Rosenberg et al. 1989). To be fair, in the original
research, Thornthwaite prepared a climatology, that is, time was not a
source of variation, and he clearly expected that a better approach for
estimating evaporative demand would be developed. It is also ironic that the
principles underlying a better approach were published by Penman in his
famous paper on evaporation in 1948 – the same year as the Thornthwaite
publication. Many applications continue to use the Thornthwaite formula
and justify it on the basis that it is the only approach for which data are
readily available (e.g. Gordon et al. 2005; Palmer 1965). While it is true that
the data needed to apply the Thornthwaite formula are readily available, we
also know that this formula – or any approach based solely on temperature
measurements – is only considering a small part of the physics (Section 2.2)
and will often give an incorrect sign for the change over time in evaporative
demand when considering global warming (Chen et al. 2005; Hobbins
et al. 2008; Moonen et al. 2002). The time to stop using the Thornthwaite
formula, or any formula based solely on temperature, has long passed. Better
formulated alternatives are available and they paint a very different picture
of globally averaged changes over the past 50 years – one of decreasing
droughts (Sheffield and Wood 2008).
The study of evaporation can be a complex area and problems can occur
even among specialists because of the not-so-obvious assumptions. For
example, in earlier research, Morton (1983) used Bouchet’s idea to propose
a method for estimating actual evapotranspiration. Morton chose to formulate
potential evaporation in his suite of models without explicitly considering
variation in wind speed, because he believed that any changes in vapour
transfer due to wind speed would be cancelled by changes due to surface
roughness and that, in any case, wind speed measurements were unreliable.
Therefore, if the wind speed changes over time, as appears to be widespread
over land (Roderick et al. 2007) and ocean (Wentz et al. 2007), the Morton
evaporation models will not respond to those changes and the calculated
trend in evaporative demand could have a different sign from the pan
evaporation trend (e.g. Kirono et al. 2008).
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In summary, care is needed because the results of water balance analyses
currently being performed may be used to restructure entire industries and
associated communities, for example, irrigation, agriculture, or to plan new
water impoundments, or to prompt the construction of desalination plants,
and so on. The stakes are high. We need to do the analyses with the best
available theory.
4 Summary
Evaporimeters have long been used to provide estimates of evaporative
demand. That is not surprising because they are simple, robust, and affordable
instruments. The trick in using pans is in the interpretation. For that, the
classical supply/demand framework is invaluable. The principles underlying
this framework are well known within individual disciplines, especially in
agriculture and engineering. The use of the pan evaporation record to
interpret changes in the surface water balance relies on distinguishing between
energy-limited and water-limited conditions. In energy-limited conditions,
declining pan evaporation generally implies declining actual evapotranspiration.
If precipitation were constant then one would also expect increasing runoff
and/or soil moisture. In water-limited conditions, the interpretation is not
so straightforward because actual evapotranspiration is then controlled by
the supply and not the demand. In such circumstances, one has to inspect
how the supply (i.e. precipitation) has changed before coming to a conclusion
about how actual evapotranspiration and other components of the terrestrial
water balance have changed (e.g. Hobbins et al. 2008).
The growing realisation that the pan evaporation record provides the only
direct measurement of changing evaporative demand has also re-invigorated
research into new uses of these valuable data. The use of Bouchet’s
complementary relationship has been prominent (e.g. Brutsaert and Parlange
1998; Hobbins et al. 2004). As the ideas are being refined it is important to
recognise that in the supply/demand framework (Roderick et al. 2009,
section 3.1), the source of variation is time. That means that at some times,
a given region is energy-limited while at other times, the same region may
be water-limited. In contrast, Bouchet’s idea was based on the difference
between a wet oasis and a surrounding dry landscape, where the essential
source of variation was space. What we are working towards is a melding
of these two formulations.
Perhaps the most important point to emerge from the pan evaporation
story is the fundamental importance of long-term records. Imagine where
we would be if the organisations and people who envisaged, developed and
maintained the evaporimeter networks over long periods had not been so
diligent and persistent; we would still have a record of rainfall and perhaps
runoff measurements in a few basins. But without the pan evaporation
measurements we would have had no process-level understanding and hence
no capacity to analyse how the terrestrial water balance has changed and
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hence less security in predicting how it might change. Fortunately, this is
not the case. It is up to us to use the data wisely.
Acknowledgements
We thank Wee-Ho Lim, Josep Peñuelas and three anonymous reviewers for
comments that improved the manuscript.
Short Biographies
Michael Roderick originally studied and worked as a land surveyor before
completing a PhD on satellite remote sensing of vegetation at Curtin
University of Technology in 1994. He has been at the Australian National
University since 1996 where he conducts research related to water at scales
ranging from plant cells to catchments to the globe with an emphasis in
recent years on ecohydrology.
Micheal Hobbins received a BEng in Civil Engineering from Leeds
University in 1989, a PhD in Hydrology from Colorado State University in
2004, and is currently a post-doctoral research fellow at the Australian
National University. His research interests are in the field of regional to
large-scale evaporation dynamics, and he most recently published on potential
evaporation as a metric of drought estimation across Australia and the spatial
distribution of water availability across the USA.
Graham Farquhar originally studied physics and subsequently completed
a PhD on plant water relations and stomatal dynamics at the Australian
National University in 1973. He is a Professor of Environmental Biology at
the Australian National University, where he conducts research on photosynthesis and transpiration, making particular use of stable isotopes. He is a
member and Vice President of the Australian Academy of Science and a
Fellow of the Royal Society of London.
Note
* Correspondence address: Dr Michael Roderick, Research School of Biological Sciences, GPO
Box 475, Canberra, Australian Capital Territory, Australia 2601. E-mail: michael.roderick@anu.edu.au.

References
Allen, R. G., et al. (1998). Crop evapotranspiration – Guidelines for computing crop water requirements
– FAO Irrigation and Drainage Paper 56. Rome: FAO.
Arrhenius, S. (1896). On the influence of carbonic acid in the air upon the temperature of the
ground. Philosophical Magazine 41, pp. 237–276.
Biggs, T. W., et al. (2007). Trends in solar radiation due to clouds and aerosols, southern India,
1952–1997. International Journal of Climatology 27, pp. 1505–1518.
Bouchet, R. J. (1963). Evapotranspiration reelle et potentielle signification climatique. I.A.H.S.
General Assembly of Berkley Committee for Evaporation Publication No. 62, pp. 134–142.
Brutsaert, W. (2006). Indications of increasing land surface evaporation during the second half
© 2009 The Authors
Geography Compass 3/2 (2009): 761–780, 10.1111/j.1749-8198.2008.00214.x
Journal Compilation © 2009 Blackwell Publishing Ltd

Pan evaporation trends and the terrestrial water balance

777

of the 20th century. Geophysical Research Letters 33, p. L20403, doi:20410.21029/
22006GL027532.
Brutsaert, W., and Parlange, M. B. (1998). Hydrologic cycle explains the evaporation paradox.
Nature 396, p. 30.
Brutsaert, W., and Stricker, H. (1979). Advection-aridity approach to estimate actual regional
evapotranspiration. Water Resources Research 15, pp. 443–450.
Burn, D. H., and Hesch, N. M. (2007). Trends in evaporation for the Canadian Prairies. Journal
of Hydrology 336, pp. 61–73.
Chattopadhyay, N., and Hulme, M. (1997). Evaporation and potential evapotranspiration in
India under conditions of recent and future climate change. Agricultural and Forest Meteorology
87, pp. 55–73.
Chen, D., et al. (2005). Comparison of the Thornthwaite method and pan data with the
standard Penman-Monteith estimates of reference evapotranspiration in China. Climate
Research 28, pp. 123–132.
Crago, R., and Crowley, R. (2005). Complementary relationships for near-instantaneous evaporation. Journal of Hydrology 300, pp. 199–211.
Cutforth, H. W., and Judiesch, D. (2007). Long-term changes to incoming solar energy on the
Canadian Prairie. Agricultural and Forest Meteorology 145, pp. 167–175.
Dai, A. (2006). Recent climatology, variability, and trends in global surface humidity. Journal of
Climate 19, pp. 3589–3606.
Gao, G., et al. (2007). Trend of estimated actual evapotranspiration over China during 1960–2002.
Journal of Geophysical Research-Atmospheres 112, p. D11120, doi:11110.11029/12006JD008010.
Gifford, R. M. (2005). Pan evaporation: an example of the detection and attribution of trends in climate
variables. Canberra, Australia: Australian Academy of Science.
Golubev, V. S., et al. (2001). Evaporation changes over the contiguous United States and the
former USSR: a reassessment. Geophysical Research Letters 28, pp. 2665–2668.
Gordon, L. J., et al. (2005). Human modification of global water vapor flows from the land
surface. Proceedings of the National Academy of Science, USA 102, pp. 7612–7617.
Grimenes, A. A., and Thue-Hansen, V. (2006). The reduction of global radiation in southeastern Norway during the last 50 years. Theoretical and Applied Climatology 85, pp. 37–40.
Held, I. M., and Soden, B. J. (2000). Water vapour feedback and global warming. Annual
Review of Energy and Environment 25, pp. 441–475.
——. (2006). Robust responses of the hydrological cycle to global warming. Journal of Climate
19, pp. 5686–5699.
Hobbins, M. T. (2004). Regional evapotranspiration and pan evaporation: complementary interactions
and long-term trends across the conterminous United States. PhD Thesis, Fort Collins, CO: Colorado State University.
Hobbins, M. T., et al. (2008). Revisiting the parameterization of potential evaporation as a
driver of long-term water balance trends. Geophysical Research Letters 35, p. L12403,
doi:12410.11029/12008GL033840.
Hobbins, M. T., Ramírez, J. A., and Brown, T. C. (2001). The complementary relationship in
estimation of regional evapotranspiration: an enhanced advection-aridity model. Water
Resources Research 37, pp. 1389–1403.
——. (2004). Trends in pan evaporation and actual evaporation across the conterminous U.S.:
paradoxical or complementary? Geophysical Research Letters 31, p. L13503, doi: 13510.11029/
12004GL019846.
Huntington, J. L., et al. (2007). Trends in pan evaporation and application of the complimentary
relationship of evaporation in the Great Basin, USA. Paper presented at the AGU Fall Meeting,
December 2007. San Francisco, CA: American Geophysical Union.
Huntington, T. G. (2006). Evidence for intensification of the global water cycle: review and
synthesis. Journal of Hydrology 319, pp. 83–95.
Jensen, M. E. (1973). Consumptive use of water and irrigation water requirements. New York, NY:
American Society of Civil Engineers.
Kahler, D. M., and Brutsaert, W. (2006). Complementary relationship between daily evaporation in the environment and pan evaporation. Water Resources Research 42, p. W05413,
doi:05410.01029/02005WR004541.
© 2009 The Authors
Geography Compass 3/2 (2009): 761–780, 10.1111/j.1749-8198.2008.00214.x
Journal Compilation © 2009 Blackwell Publishing Ltd

778 Pan evaporation trends and the terrestrial water balance
Kim, C. P., and Entekhabi, D. (1997). Examination of two methods for estimating regional
evaporation using a coupled mixed layer and land surface model. Water Resources Research 33,
pp. 2109–2116.
Kirono, D. G. C., Jones, R. N., and Cleugh, H. A. (2008). Pan-evaporation measurements and
Morton-point potential evaporation estimates in Australia: are their trends the same? International Journal of Climatology, doi: 10.1002/joc.1731.
Labat, D., et al. (2004). Evidence for global runoff increase related to climate warming. Advances
in Water Resources 27, pp. 631–642.
Lhomme, J. P., and Guilioni, L. (2006). Comments on some articles about the complementary
relationship. Journal of Hydrology 323, pp. 1–3.
Liepert, B. G. (2002). Observed reductions of surface solar radiation at sites in the United States
and worldwide from 1961 to 1990. Geophysical Research Letters 29, p. 1421, doi: 1410.1029/
2002GL014910.
Linacre, E. T. (1994). Estimating U.S. Class A pan evaporation from few climate data. Water
International 19, pp. 5–14.
Linacre, E. T. (2004). Evaporation trends. Theoretical and Applied Climatology 79, pp. 11–21.
McKenney, M. S., and Rosenberg, N. J. (1993). Sensitivity of some potential evapotranspiration
estimation methods to climate change. Agricultural and Forest Meteorology 64, pp. 81–110.
McVicar T. R., et al. (2008). Wind speed climatology and trends for Australia, 1975–2006:
capturing the stilling phenomenon and comparison with near-surface reanalysis output.
Geophysical Research Letters 35, p. L20403, doi:20410.21029/22008GL035627.
Milly, P. C. D., and Dunne, K. A. (2001). Trends in evaporation and surface cooling in the
Mississippi River basin. Geophysical Research Letters 28, pp. 1219–1222.
Moonen, A. C., et al. (2002). Climate change in Italy indicated by agrometeorological indices
over 122 years. Agricultural and Forest Meteorology 111, pp. 13–27.
Morton, F. I. (1983). Operational estimates of areal evapotranspiration and their significance to
the science and practice of hydrology. Journal of Hydrology 66, pp. 1–76.
Nemani, R. R., et al. (2003). Climate-driven increases in global terrestrial net primary production from 1982 to 1999. Science 300, pp. 1560–1563.
Ozdogan, M., and Salvucci, G. D. (2004). Irrigation-induced changes in potential evapotranspiration in southeastern Turkey: test and application of Bouchet’s complementary hypothesis.
Water Resources Research 40, p. W04301, doi:04310.01029/02003WR002822.
Ozdogan, M., Salvucci, G. D., and Anderson, B. T. (2006). Evaluation of the Bouchet-Morton
complementary relationship using a mesoscale climate model and observations under a progressive
irrigation scenario. Journal of Hydrometeorology 7, pp. 235–251.
Palmer, W. C. (1965). Meteorological drought. US Weather Bureau Research paper No. 45.
Washington: US Weather Bureau.
Parlange, M. B., and Katul, G. G. (1992). An advection-aridity evaporation model. Water
Resources Research 28, pp. 127–132.
Penman, H. L. (1948). Natural evaporation from open water, bare soil and grass. Proceedings of
the Royal Society of London A 193, pp. 120–145.
Peterson, B. J., et al. (2002). Increasing river discharge to the Arctic ocean. Science 298, pp.
2171–2173.
Peterson, T. C., Golubev, V. S., and Groisman, P. Y. (1995). Evaporation losing its strength.
Nature 377, pp. 687–688.
Pettijohn, J. C., and Salvucci, G. D. (2006). Impact of an unstressed canopy conductance on
the Bouchet-Morton complementary relationship. Water Resources Research 42, p. W09418,
doi:09410.01029/02005WR004385.
Pinker, R. T., Zhang, B., and Dutton, E. G. (2005). Do satellites detect trends in surface solar
radiation? Science 308, pp. 850–854.
Ramanathan, V., and Ramana, M. V. (2005). Persistent, widespread, and strongly absorbing
haze over the Himalayan foothills and the Indo-Gangetic Plains. Pure and Applied Geophysics
162, pp. 1609–1626.
Ramírez, J. A., Hobbins, M. T., and Brown, T. C. (2005). Observational evidence of the
complementary relationship in regional evaporation lends strong support for Bouchet’s
hypothesis. Geophysical Research Letters 32, p. L15401, doi:15410.11029/12005GL023549.
© 2009 The Authors
Geography Compass 3/2 (2009): 761–780, 10.1111/j.1749-8198.2008.00214.x
Journal Compilation © 2009 Blackwell Publishing Ltd

Pan evaporation trends and the terrestrial water balance

779

Rayner, D. P. (2007). Wind run changes are the dominant factor affecting pan evaporation
trends in Australia. Journal of Climate 20, pp. 3379–3394.
Robock, A., and Li, H. (2006). Solar dimming and CO2 effects on soil moisture trends.
Geophysical Research Letters 33, p. L20708, doi:20710.21029/22006GL027585.
Robock, A., et al. (2005). Forty-five years of observed soil moisture in the Ukraine: no summer
dessication (yet). Geophysical Research Letters 31, p. L03401, doi:03410.01029/
02004GL021914.
Roderick M. L., Hobbins M. T., and Farquhar G. D. (2009). Pan evaporation trends and
the terrestrial water balance. I. Principles and Observations. Geography Compass doi:10.1111/
j.1749-8198.2008.00213.x.
Roderick, M. L., and Farquhar, G. D. (2002). The cause of decreased pan evaporation over the
past 50 years. Science 298, pp. 1410–1411.
——. (2004). Changes in Australian pan evaporation from 1970 to 2002. International Journal of
Climatology 24, pp. 1077–1090.
Roderick, M. L., et al. (2007). On the attribution of changing pan evaporation. Geophysical
Research Letters 34, p. L17403, doi:17410.11029/12007GL031166.
Rosenberg, N. J., McKenney, M. S., and Martin, P. (1989). Evapotranspiration in a
greenhouse-warmed world: a review and a simulation. Agricultural and Forest Meteorology
47, pp. 303–320.
Rotstayn, L. D., Roderick, M. L., and Farquhar, G. D. (2006). A simple pan-evaporation model
for analysis of climate simulations: evaluation over Australia. Geophysical Research Letters 33,
p. L17715, doi:10.1029/2006GL027114.
Sheffield, J., and Wood, E. F. (2008). Global trends and variability in soil moisture and drought
characteristics, 1950–2000, from observation-driven simulations of the terrestrial hydrological
cycle. Journal of Climate 21, pp. 432–458.
Shenbin, C., Yunfeng, L., and Thomas, A. (2006). Climatic change on the Tibetan plateau:
potential evapotranspiration trends from 1961–2000. Climatic Change 76, pp. 291–319.
Stanhill, G. (1997). Physics and stamp collecting: comments arising from ‘The NOAA integrated surface irradiance study (ISIS) – a new surface radiation monitoring program’. Bulletin
of the American Meteorological Society 78, pp. 2872–2873.
Stanhill, G., and Cohen, S. (2001). Global dimming: a review of the evidence for a widespread
and significant reduction in global radiation with discussion of its probable causes and possible
agricultural consequences. Agricultural and Forest Meteorology 107, pp. 255–278.
Szilagyi, J. (2001a). Modeled areal evaporation trends over the conterminous United States.
Journal of Irrigation and Drainage Engineering-Asce 127, pp. 196–200.
——. (2001b). On Bouchet’s complementary hypothesis. Journal of Hydrology 246, pp. 155–158.
——. (2007). On the inherent asymmetric nature of the complementary relationship of evaporation. Geophysical Research Letters 34, p. L02405, doi:02410.01029/02006GL028708.
Szilagyi, J., Katul, G. G., and Parlange, M. B. (2001). Evapotranspiration intensifies over the
conterminous United States. Journal of Water Resources Planning and Management 127, pp. 354–
362.
Tebakari, T., Yoshitani, J., and Suvanpimol, C. (2005). Time-space trend analysis in pan evaporation over Kingdom of Thailand. Journal of Hydrologic Engineering 10, pp. 205–215.
Thom, A. S., Thony, J. L., and Vauclin, M. (1981). On the proper employment of evaporation
pans and atmometers in estimating potential transpiration. Quarterly Journal of the Royal
Meteorological Society 107, pp. 711–736.
Thomas, A. (2000). Spatial and temporal characteristics of potential evapotranspiration trends
over China. International Journal of Climatology 20, pp. 381–396.
Thornthwaite, C. W. (1948). An approach toward a rational classification of climate. Geographical Review 38, pp. 55–94.
Walter, M. T., et al. (2004). Increasing evapotranspiration from the conterminous United States.
Journal of Hydrometeorology 5, pp. 405–408.
Wentz, F. J., et al. (2007). How much more rain will global warming bring? Science 317, pp.
233–235.
Wild, M., et al. (2005). From dimming to brightening: decadal changes in solar radiation at
earth’s surface. Science 308, pp. 847–850.
© 2009 The Authors
Geography Compass 3/2 (2009): 761–780, 10.1111/j.1749-8198.2008.00214.x
Journal Compilation © 2009 Blackwell Publishing Ltd

780 Pan evaporation trends and the terrestrial water balance
Wu, S., et al. (2006). Moisture conditions and climate trends in China during the period
1971–2000. International Journal of Climatology 26, pp. 193–206.
Xu, C.-Y., et al. (2006a). Decreasing reference evapotranspiration in a warming climate – a case
of Changjiang (Yangtze) river catchment during 1970–2000. Advances in Atmospheric Sciences
23, pp. 513–520.
——. (2006b). Analysis of spatial distribution and temporal trend of reference evapotranspiration and pan evaporation in Changjiang (Yangtze River) catchment. Journal of Hydrology 327,
pp. 81–93.
Yang, D., et al. (2006). Interpreting the complementary relationship in non-humid environments based on the Budyko and Penman hypotheses. Geophysical Research Letters 33, p.
L18402, doi: 18410.11029/12006GL027657.
Zhang, X., et al. (2007a). Detection of human influence on twentieth-century precipitation
trends. Nature 448, pp. 461–465.
——. (2007b). Trends in pan evaporation and reference and actual evapotranspiration across the
Tibetan plateau. Journal of Geophysical Research 112, p. D12110, doi:12110.11029/
12006JD008161.

© 2009 The Authors
Geography Compass 3/2 (2009): 761–780, 10.1111/j.1749-8198.2008.00214.x
Journal Compilation © 2009 Blackwell Publishing Ltd

