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Abstract

Pan evaporation is just that — it is the evaporation rate of water from a small dish
located at the ground-surface. Pan evaporation is a measure of the evaporative
demand over terrestrial surfaces. Declines in pan evaporation have now been
reported in many regions of the world. The trends vary from one pan to the
next, but when averaged over many pans, they are typically in the range of —1 to
—4 mm a” (mm per annum per annum). In energetic terms, a trend of —2 mm a~ is
equivalent to —0.16 W m™a™" and over 30 years this is a change of —4.8 W m™.
For comparison, the top-of-atmosphere forcing due to doubled CO, is estimated
by the Intergovernmental Panel on Climate Change (IPCC) to be ~3.7 W m™. Hence,
the magnitude of the pan evaporation trend is large. What is of even greater interest
is the direction — a decline — given the well-established warming of the last 30-50
years. In this article, the first in a two part series, we describe the underlying
principles in using and interpreting pan evaporation data and then summarise the
reported observations from different countries. In the second article, we describe
the interpretation of the trends in terms of changes in the terrestrial water balance.

1 Introduction

On average, the annual precipitation in Canberra, Australia, is about
620 mm across 104 rainy days — a little more than that in London, UK,
where it is 590 mm across 153 days. Given very similar precipitation in
both places, why is the London region so much greener and appear so
much wetter than the Canberra region? In short, the difference is largely
due to the much higher evaporative demand in Canberra. So how might
the available water and landscape greenness change with global warming?

The first problem faced in examining issues of changing available water
and landscape greenness is that the evapotranspiration rate (E,) — the
transfer of water from the land surface to the atmosphere, is extremely
difficult to measure. Beyond water balance methods of no predictive
capacity, one is generally constrained to examine the maximal E, rate
under given meteorological conditions, that is, E, for an unlimited moisture
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Pan evaporation trends and the terrestrial water balance 747

supply, here called the atmospheric evaporative demand. In practice, this
rate is most frequently and widely measured by pan evaporation, which is
a straightforward measurement from a straightforward device: simply the
evaporation rate of water from a dish located at the ground-surface and
refilled daily. Traditionally, these simple pan evaporation measurements
have been extensively used in irrigation scheduling, but they have recently
come under more scientific scrutiny as they reveal hydroclimatologic trends
and patterns worldwide.

There are networks of these devices in many different countries and
analyses of the data collected, when averaged over many individual pans,
show declines over the last 30-50 years (Gifford 2005; Peterson et al.
1995). What does this tell us about changes in the hydrologic cycle? What
does it tell us about the impacts of climate change? At first glance, the
observations appear surprising because the near-surface air temperature
has been increasing and a widespread view is that this should lead to
increased evaporative demand (e.g. see any of the four major IPCC
reports from 1991, 1995, 2001 and 2007). That would be true provided
all the other drivers of evaporative demand remain constant. We have even
heard it argued that the decline in pan evaporation rate must be some sort
of measurement artefact because everyone knows that it should have
increased! Our view is the opposite: the best science often happens when
confronted with surprising results. In this context, the fact that pan evap-
oration has declined in the face of increasing near-surface air temperature
demonstrates that all else is not constant and that something very inter-
esting must be happening.

In this article, the first in a two-part series, we describe the underlying
principles in using and interpreting pan evaporation data and then
summarise the available observations from many different countries. In the
second article of the series we describe the interpretation of the pan
evaporation trends in terms of changes in the terrestrial water balance.

2 Background

2.1 TERMINOLOGY

A glance through a leading environmental physics text reveals that evaporation
(or evapotranspiration) is not very sensitive to changes in temperature
when the vapour pressure deficit of the air is kept constant (Monteith and
Unsworth 1990, p. 187). Instead, that text notes that evaporation is typi-
cally more sensitive to variations in radiation, humidity and wind speed.
In contrast, a glance through any physics text on the kinetic theory will
locate a statement asserting that evaporation is very sensitive to changes
in temperature. Why are these statements so different? Of course, the
answer is that the texts are referring to different rates. The environmental
text is referring to the net transfer, because that is the most commonly
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748 Pan evaporation trends and the terrestrial water balance

used measure in environmental applications. The physics text is referring
to evaporation as the (one-way) transfer from a liquid phase to a gas phase.
Sometimes, such as in isotopic studies of water fluxes, it is useful to
consider separately the one-way fluxes (Farquhar and Cernusak 2005).
However, for the most part, environmental applications are usually based
on the net transfer. To give an example, assume a closed beaker half filled
with liquid water. The water in the beaker is assumed to be at thermo-
dynamic equilibrium so that the masses of both the liquid and adjacent
vapour phases are not changing over time. Under the convention where we
consider one-way fluxes, evaporation is still occurring but is exactly
balanced by condensation (gas-to-liquid transfer). Under the environmental
convention, there is no net transfer between phases and the evaporation rate
1s said to be zero. Those different definitions do not hinder communication
in environmental applications, because scientists know that the evaporative
flux is usually the net transfer.

With that in mind, one often hears the statement, especially in the
media, that because of global warming, evaporation must increase. At face
value, that statement is easily supported by the kinetic theory. However,
it is confusing, because it does not recognise that the evapotranspiration
being referred to is the mer transfer. This is one of those unfortunate
circumstances where the language in widespread use is not as precise as it
could be. The lack of precision has little impact in science and engineering,
because everyone knows what is meant: the problem is that the general
public do not. One consequence is that we need to be very careful how we
communicate our results to the general public, because changes in the
surface water balance are of widespread and vital interest. Of course, the
real challenge is to explain to the general public how the earth’s surface
can warm while pan evaporation declines — the main topic of these articles.

2.2 MEASURING PAN EVAPORATION

Figure 1 shows a typical evaporimeter. Each day, the water lost (or gained)
is replenished (or removed) to bring the water level back to a fixed height,
measured by a vertical rod in the stilling well near the centre of the pan.
After accounting for rainfall additions (using measurements made at adjacent
rain gauges), it is possible to estimate the mass of water that has evaporated.
The straightforward procedure is akin to sticking a ruler into a cup of
water. The pan shown in Figure 1 has the standard dimensions applicable
to all US Class A pans: 4 feet (1.21 m) in diameter, 10 inches (0.254 m)
deep, and located on a wooden platform about 6 inches (0.15 m) above
the ground. The US Class A pan is a very common installation, but is by
no means universally implemented (Brutsaert 1982). Other types of pan
are made of fibreglass or concrete; others are sunk into the ground. Some
are larger, while others are smaller, such as the micro-pans widely used
throughout China that are 0.2 m in diameter, 0.1 m deep, contain water
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Fig. 1. The Class A pan evaporimeter at Canberra Airport. This pan is one of about 300
maintained by the Australian Bureau of Meteorology throughout Australia. Water in the pan
is replenished and measured daily along with the minimum and maximum water temperature
and precipitation. Australian pans are fitted with bird guards that reduce the daily pan evap-
oration rate by about 7% (van Dijk 1985).

to a depth of about 0.02 to 0.03 m, and are located on a wooden platform
about 0.7 m above the ground (McVicar et al. 2007).

The daily pan evaporation measurements are aggregated into longer
periods, typically weeks or months (see Section 2.4), and they are multiplied
by a pan coeflicient to estimate the evaporative demand. The underlying
physical basis for a pan coefficient is that the surface area for the exchange
of energy (water surface plus pan walls) is larger then the surface area for
the exchange of mass (Riley 1966). Hence, the pan coefficient will vary
depending on the ratio of those two areas and will therefore depend on
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750 Pan evaporation trends and the terrestrial water balance

the size and installation details of the pan (e.g. McVicar et al. 2007). For
example, the standard US Class A pan is raised above the ground
(Figure 1) and therefore intercepts more radiation than a plane water surface
located at ground level (Linacre 1994). Traditionally, pan coefficients are
assumed to vary with humidity and wind speed (Allen et al. 1998), but as
pointed out by Linacre (1994), radiation is also important. This is an area
where research would be welcome. Over longer periods such as months
to years (see below), the pan coefficient for a US Class A pan is ~0.7
(Stanhill 1976).

2.3 ALTERNATIVE MEASURES OF EVAPORATIVE DEMAND

An alternative approach to estimating evaporative demand was advocated
by Monteith (1981). The idea is to estimate an upper limit to evapotran-
spiration using a Penman-type approach (Penman 1948) requiring
measurements of radiation, temperature, humidity and wind speed (Allen
et al. 1998). This would be a very useful approach if those data were
widely available. In general, suitable temperature, humidity and wind speed
measurements are sometimes available, but radiation measurements are rarely
available. To use Australia as an example, pan evaporation is currently
recorded at approximately 300 sites. In contrast, solar radiation measure-
ments are made at less than 20 sites, and near-continuous solar radiation
data over the last 30 years are available at only seven sites (Roderick et al.
2007). The situation for long-wave radiation is even more restrictive: in
Australia there are eight measurement sites with the oldest starting in 1995
(Roderick et al. 2007). Worldwide, the longest record of long-wave radi-
ation measurements that we are aware of, is from the Swiss Alps and
began in 1992 (Philipona et al. 2004). The paucity of radiation measure-
ments (Stanhill 1997) means that the detailed calculations suggested by
Monteith can be completed at too few sites to get a general idea of how
evaporative demand is changing over time. One popular proxy for solar
radiation measurements is the use of measurements of sunshine hours to
estimate global solar irradiance. The problem here is that the relationship
between sunshine hours and global solar irradiance has changed over time
(Stanhill and Cohen 2005), presumably due to changes in the optical
characteristics of the atmosphere and clouds and in cloud cover and type.
Consequently, evaporation pans remain the instrument of choice for those
interested in a general overview of how evaporative demand has changed.

2.4 PRACTICAL USE OF PAN EVAPORATION MFASUREMENTS

Pan evaporation measurements are widely used to estimate evaporative
demand, because the equipment is readily available, affordable and simple
to operate. For these reasons, evaporimeters are also very popular among
farmers, especially irrigation farmers, and a few minutes searching on the
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internet will reveal much practical advice on how to schedule irrigation
using evaporimeters. The underlying principle of irrigation scheduling is
to increase the supply to meet the evaporative demand estimated by the
evaporimeter measurements. Of course, as irrigation proceeds there are
feedbacks between the irrigated surface and atmosphere, for example,
increased absolute humidity, that alter the evaporative demand and lead to
ongoing adjustments to the irrigation regime. Those feedbacks will be
implicit in the measurements made by the evaporimeter (Ozdogan and
Salvucci 2004) so that the irrigation regime will adapt over time. It is
unknown when a pan evaporimeter was first used, but Brutsaert (1982)
noted that Halley (of comet fame) used pans in a series of evaporation
experiments in the late 1600s.

When using pans for practical applications like irrigation scheduling,
or for examining trends in evaporative demand over time, it is important
to understand, and account for, the dynamics of heat storage in the pan,
as such storage substantially affects the diurnal and day-to-day variations
in pan evaporation rate. This will be unfamiliar to those scientists and
engineers used to dealing with the transpiration rate of individual leaves
(and vegetated surfaces) whose negligible thermal mass maintains them in
a quasi-steady state with respect to their heat balance over periods of
minutes (Cowan 1965). One consequence of this negligible thermal mass
is that the transpiration rate from well-watered vegetation growing in
humid conditions typically follows the diurnal solar cycle. In contrast, the
pan is ‘well watered’ but has a non-negligible thermal mass and the diurnal
and short term dynamics can be quite different from vegetated surfaces.
For example, detailed measurements over the course of a day show that
water in a typical pan often warms up in the morning and the evaporation
occurs preferentially in the mid-afternoon (Molina Martinez et al. 2006).

The importance of thermal mass in an evaporimeter can be readily
understood by noting that the change in heat storage in the pan is a
function of both the mass of water and of the difference in water tem-
perature between the start and end of the period in question. The change
in heat storage is balanced by the fluxes and described by,

t1

me(T,y =T, 0) = [ (R, — AE

t0

— H)dt (1)

pan

where m is the mass of water in the pan, ¢ (~4200 ] kg™ K™') is the specific
heat capacity of water, T, is the bulk water temperature at times ¢, (T, )
and t, (T,,,)), R, is the net irradiance of the pan, A (~2.45 MJ kg™') the
latent heat of vaporisation, E,,, is the pan evaporation rate and H is
the net sensible heat exchange from the pan. For steady-state conditions,
the heat storage would be zero.

The storage eftect will be important when it is a relatively large fraction

(e.g. > 10%) of the energetic equivalent of the integrated evaporation over
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752 Pan evaporation trends and the terrestrial water balance

the same period. To demonstrate the underlying principle, we use pan
evaporation measurements and water temperature data taken for a full year
at Canberra, Australia (Figure 2). The Australian Bureau of Meteorology
measure pan evaporation daily at 09:00 hours. They also record the min-
imum and maximum water temperature over the previous 24-hour period
using a floating thermometer (visible in Figure 1). For demonstration
purposes, we assume that the minimum water temperature occurs at
09:00 hours. While not necessarily true, any error introduced by this
assumption will not alter the resulting interpretation.

The data show that on a daily basis the absolute magnitude of the
energy change due to storage can be up to about five times (4.7, see
Figure 2a) larger than the integrated evaporation, especially during periods
of low evaporative flux (winter). On a weekly time-step, the relative
importance of heat storage is smaller, because the evaporative flux is
integrated over a longer period. Despite that, during winter heat storage
can still be as high as 40% of the integrated evaporation but is smaller
(< 10%) during summer (Figure 2b). Hence, a steady-state heat balance
cannot be safely assumed over weekly periods during winter. On a
monthly basis, the maximum (absolute) storage change was 8% of the
integrated evaporation and generally much lower (< 2%). Hence, on a
monthly basis, the energy balance of the pan can be safely assumed to be
at steady state.

The key points here are that the integration period has to be sufficiently
long that a steady-state energy balance can be safely assumed and that this
period can be easily calculated given measurements of pan evaporation
and water temperature. During summer, that period is of the order of a
week but during winter it is safer to use a month, at least in Canberra.
Hence, day-to-day variations in pan evaporation will not necessarily mimic
the actual evapotranspiration from well-watered vegetation. However, over
longer time periods, it has long been known that pan evaporation, when
multiplied by the pan coefficient, is a good measure of the evapotranspi-
ration from well-watered vegetation (Mclllroy and Angus 1964; Rose
et al. 1972). That is consistent with our understanding of the dynamics of
heat storage in evaporation pans.

3 Applications of Pan Evaporation Data

3.1 SOIL WATER BALANCE MODELS

Soil water balance models use measurements of pan evaporation, multiplied
by a pan coeflicient, to set an upper limit on the evapotranspiration that
can occur from the soil and plants surrounding the pan. There are many
different varieties of models, but most are basically variations on a ‘bucket
model’. For example, a ‘leaky’ bucket model includes a transfer to ground-
water via percolation through the base of the bucket. In the simplest form,
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Fig. 2. Measurements of the integrated evaporation (line, [4£,.,d?) and the change in energy
storage in the water (vertical bar, AW) at Canberra, Australia, over a complete year for the
following time-steps: (A) daily; (B) weekly; and (C) monthly. The change in energy storage in
the water is estimated using Eqn (1) assuming a water mass of 250 kg (AW [J] =250
[kgl x 4200 [J kg" K" % (T, — T,.0)K]). The observed evaporative flux has been integrated
over the relevant period (MEpandt) and the minimum and maximum values of the ratio AW/
I/?Epandt are shown on each panel. Data are for the year 2000 and supplied by the Bureau of
Meteorology.
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754  Pan evaporation trends and the terrestrial water balance

the bucket does not leak and fills with precipitation (P) (and irrigation
where appropriate) and empties through actual evapotranspiration (E,) and

runoff (Q). The bucket model is described by,

B _pE-QO

dt
with S the moisture stored in the bucket. The subscript a is a reminder
that E, is the ‘actual evapotranspiration’ rate, that is, the sum of evaporation
from soil and transpiration from plants. The terms P, E, and Q are all rates
but for brevity we drop that qualifier from hereon.

When there is sufficient available water to meet the evaporative demand,
evapotranspiration proceeds at the above-noted upper limit which is
sometimes denoted the potential evaporation rate. In many cases, partic-
ularly where the wet area is extensive, this potential rate is dominated by
the radiative component and the evaporative conditions are traditionally
known as energy-limited. When the available water is not sufficient to
meet the evaporative demand, actual evapotranspiration will be less than
the upper limit and the conditions are said to be water-limited. This
framework indicates that in water-limited environments, over periods for
which changes in soil water are small, such as annual (or sometimes longer)
periods, the trend in actual evapotranspiration is usually very close to the
trend in precipitation. Exceptions can occur. For example, when there is
a large change in rooting depth, such as when deep-rooted perennials are
planted onto former crop land, the soil water is drawn down as the plants
grow and rooting depth increases and, during this root-growth period,
actual evapotranspiration can exceed precipitation (Calder etal. 1997).
These are transient situations and eventually the system will again reach a
state where removals of water are in balance with additions. This also
highlights the point that the maximum available soil water is partly deter-
mined by vegetation (Donohue et al. 2007; Guswa 2008).

3.2 OTHER APPLICATIONS OF PAN EVAPORATION DATA

Estimating how precipitation is partitioned into actual evapotranspiration
and runoftf is important, but is not the only reason for using pan evaporation
data. The ratio of supply to demand, often estimated as the ratio of
precipitation to pan evaporation (or some variation thereof), has also been
extensively used as a fundamental basis for understanding the climatic
controls on vegetation distributions (Specht 1972; Stephenson 1990),
following early work showing that forest to grassland boundaries could be
mapped by the ratio of precipitation to pan evaporation (Transeau 1905).
In closely related work, agricultural scientists have long known that
variations in productivity were related to both transpiration and the evap-
orative demand via water-use efficiency (i.e. carbon uptake per unit of
transpiration) as was first demonstrated by the use of pan evaporation data
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nearly 100 years ago (Briggs and Shantz 1913). The significance of this
early work was recently reviewed by Landa and Nimmo (2003). Hence, pan
evaporation data have also found widespread use by agronomists (Fischer
1979; Stanhill 2002). The literature is vast and longstanding.

4 Pan Evaporation Trends

Because of their numerous practical applications, many countries maintain
standardised networks of evaporimeters. Those long-term data can be
used to examine trends in evaporative demand. Of course, there are caveats:
for example, ensuring no changes in observing practice, instrument location,
the surroundings (e.g. buildings or trees progressively obstructing the air flow),
and so on. With those caveats in mind, reports to date, when averaged
over large numbers of pans, have indicated widespread declines in evapo-
rative demand over the last 30—50 years. These are detailed in this section.

Studies reporting pan evaporation trends are summarised in Table 1.
Note that at individual sites the trends can be either positive or negative.
However, when restricted to studies using 10 or more sites, the trends
averaged across sites fall in a typical range of —1 to —4 mm a™> (units are
mm per annum per annum) with the exception of larger decreases
throughout India (—12.0 mm a™) and Thailand (-10.5 mm a™). For
Australia, the study of Kirono and Jones (2007) reported a smaller decrease
(=0.7 mm a™) than the two other Australian studies (—2.5 mm a~>, see
Jovanovic et al. 2008, and —3.2 mm a*, see Roderick and Farquhar 2004),
perhaps because of the smaller number of sites and a different approach
to ‘homogenising’ the data.

Overall, a trend of =2 mm a™ is reasonably typical. Over 30 years, that
equates to a reduction in annual pan evaporation of 60 mm a~'. For
comparison with climate change science, it is more convenient to use
energetic units. To convert between depth and energetic units, note that
a 1-mm depth of water is equivalent to 1 kg m™ and with a latent heat
of vaporisation of 2.45 MJ kg™', we have,

k 1
K8 o asxa00dx e =0.078Wm2a"' (3)
22 mk? kg~ 365%24x60X60s

Hence, in energetic terms, a trend in pan evaporation of —2 mm a™
corresponds to (—2 X 0.078~—0.16)~—0.16 W m™ a~'. Over 30 years, this
is a change of ~—4.8 W m™. For comparative purpose, the top-of-atmosphere
radiative forcing due to instantaneously doubled CO, is estimated to be
~3.7 W m™ (Forster et al. 2007), while model estimates give the trend in
top-of-atmosphere energy imbalance of the planet for the period 1961—
2003 as 0.02 W m™ a”', leading to an energy imbalance in 2003 of
~0.8 W m™ at the top of the atmosphere (Hansen et al. 2005). Clearly,
the trends in pan evaporation are large and warrant detailed investigation.
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Table 1. Averaged trends in pan evaporation (dE,,,/dt in mm a2, mm per annum per annum) from various regions®.

dE,,,/dt Region Details Reference

2.2 USA 1948-1993 (MJJAS), 746 sites Lawrimore and Peterson 2000; Peterson et al. 1995
-3.7 Former Soviet Union 1960-1990, 10 sites Golubev et al. 2001; Peterson et al. 1995
-12.0 India 1961-1992, 19 sites Chattopadhyay and Hulme 1997

-3.0 China 1955-2000, 85 sites Liu et al. 2004

-3.1 China (Yangtze River basin) 1960-2000, 150 sites Liu and Zeng 2004; Xu et al. 2006a,b
-39 China 1955-2000, 85 sites Qian et al. 2006

-2.8 China (Yangtze River basin) 1961-2000, 115 sites Wang et al. 2007

-3.2° Australia 1975-2002, 61 sites Roderick and Farquhar 2004

-2.5 Australia 1970-2005, 60 sites Jovanovic et al. 2008

-0.7 Australia 1970-2004, 28 sites Kirono and Jones 2007

-10.5 Thailand 1982-2001, 27 sites, Tebakari et al. 2005

-2.0 Nz ~1970's—=~2000, 19 sites Roderick and Farquhar 2005

—4.5° Tibetan Plateau 1966-2003, 75 sites Zhang et al. 2007

Studies with fewer than 10 sites

+4.3 Israel 1964-1998, 1 site Cohen et al. 2002; Moller and Stanhill 2007
—24¢ Turkey 1979-2001 (JJIAS), 1 site Ozdogan and Salvucci 2004
-1.0¢ Canada ~1965-2000 (MJJAS), 4 sites Burn and Hesch 2007
+13.6 Kuwait 1962-2004, 1 site Salam and Mazrooei 2006
+0.6 Ireland 1960-2004, 1 site Black et al. 2006
-5.1 Ireland 1976-2004, 1 site Black et al. 2006
+0.8 Ireland 1964-2004, 8 sites Stanhill and Moller 2008
-1.2 UK Various time periods, Stanhill and Méller 2008
mostly ~1900-~1968, 7 sites
+2.1 (V] ¢ 1957-2005, 1 site Stanhill and Méller 2008

*Trend for 1975-2004 over the same 61 sites was —2.4 mm a2 (Roderick et al. 2007).

adURjeq J31BM [Bl1SalIa] SUl pue Spuail uoieiodeAs ued 95/
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®This study uses micro-pans (0.2 m diameter, 0.1 m deep) that have a pan coefficient of about 0.4 (McVicar et al. 2007). Hence, if Class A pans were used
(pan coefficient ~0.7) the reported trend would be roughly halved, that is, —2.2 mm a™.

This pan was located in an expanding irrigation area.

dAlso reported calculations of lake evaporation showing a trend for 1971-2000 averaged across 48 sites of ~—1 mm a™.

°An additional study from Brazil (da Silva 2004) showing increases in E,,, was not included, because we were unable to extract realistic trends from the
data presented in that article.
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5 Summary

Evaporimeters have long been used to provide estimates of evaporative
demand, but there is an alternative approach available — one that calculates
evaporative demand from measurements of radiation, temperature, humidity
and wind speed. The problem is, of course, that those data are available
at very few sites anywhere in the world. Instead, perhaps because of their
simplicity, many countries have chosen to maintain networks of evaporation
pans. Indeed, these pans are, by and large, the only practical measure of
evaporative demand we have available.

Analyses of the pan evaporation data averaged over many pans from
many different countries has revealed declines that are typically in the range
of =1 to =4 mm a~ (Table 1). In energetic terms, a trend of say —2 mm a™
is equivalent to —0.16 W m™ a™'. For comparison, estimates of the top of
the atmosphere radiative forcing over the last 40 years are an order of
magnitude lower at about 0.02 W m™a™' (Hansen et al. 2005). Clearly,
the pan evaporation trend is large, and combined with the fact that it has,
on average, declined, warrants further and detailed investigation.

What does a decline in pan evaporation mean? In short, it means a
decline in evaporative demand. However, there is no simple universal
translation of the observed pan evaporation trend into a trend in the actual
evapotranspiration, that is, the evaporation and transpiration from plants
and soil. The reason for that should be clear from the article — pan
evaporation measures the evaporative demand — but the actual evapotran-
spiration also depends on the supply as well as the demand. Interpreting
the trends in terms of a supply-demand framework is the primary focus
of the second article in this series.

Acknowledgements

We thank Wee-Ho Lim, Josep Pefiuelas and three anonymous reviewers
for comments that improved the manuscript.

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, Italy: FAO.

Black, K. et al. (2006). Long-term trends in solar irradiance in Ireland and their potential effects
on gross primary productivity. Agricultural and Forest Meteorology 141, pp. 118-132.

Briggs, L. J., and Shantz, H. L. (1913). The water requirements of plants I. Investigations in
the great plains in 1910 and 1911. US Department of Agriculture Bureau of Plant Industry Bulletin
No. 284. Washington, DC: US Department of Agriculture.

© 2009 The Authors Geography Compass 3/2 (2009): 746-760, 10.1111/.1749-8198.2008.00213.x
Journal Compilation © 2009 Blackwell Publishing Ltd



758 Pan evaporation trends and the terrestrial water balance

Brutsaert, W. (1982). Evaporation into the Atmosphere. Boston, MA: D. Reidel Publishing
Company.

Burn, D. H., and Hesch, N. M. (2007). Trends in evaporation for the Canadian Prairies. Journal
of Hydrology 336, pp. 61-73.

Calder, I. R. etal. (1997). Eucalyptus water use greater than rainfall — a possible explanation
from southern India. Hydrology and Earth System Sciences 1, pp. 249-256.

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.

Cohen, S., Ianetz, A., and Stanhill, G. (2002). Evaporative climate changes at Bet Dagan, Israel,
1964-1998. Agricultural and Forest Meteorology 111, pp. 83-91.

Cowan, I. R. (1965). Transport of water in the soil-plant-atmosphere system. Journal of Applied
Ecology 2, pp. 221-239.

da Silva, V. d. P R. (2004). On climate variability in Northeast of Brazil. Journal of Arid
Environments 58, pp. 575-596.

Donohue, R. J., Roderick, M. L., and McVicar, T. R. (2007). On the importance of including
vegetation dynamics in Budyko’s hydrological model. Hydrology and Earth System Sciences 11,
pp. 983-995.

Farquhar, G. D., and Cernusak, L. A. (2005). On the isotopic composition of leaf water in the
non-steady state. Functional Plant Biology 32, pp. 293-303.

Fischer, R. A. (1979). Growth and water limitation to dryland wheat yield in Australia: a
physiological framework. Journal of the Australian Institute of Agricultural Science 45, pp. 83—94.

Forster, P. et al. (2007). Changes in Atmospheric Constituents and in Radiative Forcing. In:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M.,
and Miller, H. L. (eds.) Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge, UK: Cambridge University Press. pp. 131-234.

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.

Guswa, A. J. (2008). The influence of climate on root depth: a carbon cost-benefit analysis.
Water Resources Research 44, pp. W02427, do0i:02410.01029/02007WR006384.

Hansen, J. et al. (2005). Earth’s Energy Imbalance: confirmation and Implications. Science 308,
pp. 1431-1435.

Jovanovic, B., Jones, D., and Collins, D. (2008). A high-quality monthly pan evaporation dataset
for Australia. Climatic Change 87, pp. 517-535.

Kirono, D. G. C., and Jones, R. N. (2007). A bivariate test for detecting inhomogeneities in
pan evaporation time series. Australian Meteorological Magazine 56, pp. 93—103.

Landa, E. R., and Nimmo, J. R. (2003). The life and scientific contribution of Lyman J. Briggs.
Soil Science Society of America Journal 67, pp. 681-693.

Lawrimore, J., and Peterson, T. C. (2000). Pan Evaporation Trends in Dry and Humid Regions
of the United States. Journal of Hydrometeorology 1, pp. 543-546.

Linacre, E. T. (1994). Estimating U.S. class A pan evaporation from few climate data. Water
International 19, pp. 5—14.

Liu, B. et al. (2004). A spatial analysis of pan evaporation trends in China, 1955-2000. Journal
of Geophysical Research 109, pp. D15102, doi:15110.11029/12004JD004511.

Liu, C. M., and Zeng, Y. (2004). Changes of pan evaporation in the recent 40 years in the
Yellow River Basin. Water International 29, pp. 510-516.

Mclllroy, I. C., and Angus, D. E. (1964). Grass, water and soil evaporation at Aspendale.
Agricultural Meteorology 1, pp. 201-224.

McVicar, T. R., etal. (2007). Spatially distributing monthly reference evapotranspiration
and pan evaporation considering topographic influences. Journal of Hydrology 338, pp.
196-220.

Molina Martinez, J. M. et al. (2006). A simulation model for predicting hourly pan evaporation
from meteorological data. Journal of Hydrology 318, pp. 250-261.

© 2009 The Authors Geography Compass 3/2 (2009): 746-760, 10.1111/j.1749-8198.2008.00213.x
Journal Compilation © 2009 Blackwell Publishing Ltd


02410.01029/02007WR006384
15110.11029/12004JD004511

Pan evaporation trends and the terrestrial water balance 759

Moller, M., and Stanhill, G. (2007). Hydrological impacts of changes in evapotranspiration and
precipitation: two case studies in semi-arid and humid climates. Hydrological Sciences 52, pp.
1216-1231.

Monteith, J. L. (1981). Evaporation and surface temperature. Quarterly Journal of the Royal
Meteorological Society 107, pp. 1-27.

Monteith, J. L., and Unsworth, M. (1990). Principles of environmental physics, 2nd ed. London:
Edward Arnold.

Ozdogan, M., and Salvucci, G. D. (2004). Irrigation-induced changes in potential evapotran-
spiration in southeastern Turkey: test and application of Bouchet’s complementary hypothesis.
Water Resources Research 40, pp. W04301, doi:04310.01029/02003WR002822.

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, T. C., Golubev, V. S.; and Groisman, P. Y. (1995). Evaporation losing its strength.
Nature 377, pp. 687—-688.

Philipona, R. et al. (2004). Radiative forcing — measured at Earth’s surface — corroborate the
increasing greenhouse effect. Geophysical Research Letters 31, pp. L03202, doi: 01029/
02003GL018765.

Qian, Y., etal. (2006). More frequent cloud-free sky and less surface solar radiation in China
from 1955 to 2000. Geophysical Research Letters 33, pp. L01812, doi:01810.01029/
02005GL024586.

Riley, J. J. (1966). The heat balance of a class A evaporation pan. Water Resources Research 2,
pp. 223-226.

Roderick, M. L., and Farquhar, G. D. (2004). Changes in Australian pan evaporation from 1970
to 2002. International Journal of Climatology 24, pp. 1077-1090.

. (2005). Changes in New Zealand pan evaporation since the 1970s. International Journal of
Climatology 25, pp. 2031-2039.

Roderick, M. L. etal. (2007). On the attribution of changing pan evaporation. Geophysical
Research Letters 34, pp. L17403, doi:17410.11029/12007GL031166.

Rose, C. W. etal. (1972). A simulation model of growth: field environment relationships
for Townsville Stylo (Stylosanthes humilis H.B.) pasture. Agricultural Meteorology 10, pp.
161-183.

Salam, M. A., and Mazrooei, S. A. (2006). Changing patterns of climate in Kuwait. Asian
Journal of Water, Environment and Pollution 4, pp. 119-124.

Specht, R. L. (1972). Water use by perennial evergreen plant communities in Australia and
Papua New Guinea. Australian Journal of Botany 20, pp. 273-299.

Stanhill, G. (1976). The CIMO international evaporimeter comparisons. WMO Report No. 449.
Geneva, Switzerland: World Meteorological Organisation.

. (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.

——. (2002). Is the class A evaporation pan still the most practical and accurate meteorological
method for determining irrigation water requirements? Agricultural and Forest Meteorology 112,
pp. 233-236.

Stanhill, G., and Cohen, S. (2005). Solar radiation changes in the United States during the
Twentieth Century: evidence from sunshine measurements. Journal of Climate 18, pp.
1503-1512.

Stanhill, G., and Méller, M. (2008). Evaporative climate change in the British Isles. International
Journal of Climatology 28, pp. 1127-1137.

Stephenson, N. L. (1990). Climatic control of vegetation distribution: the role of the water
balance. American Naturalist 135, pp. 649—670.

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.

Transeau, E. N. (1905). Forest Centers of Eastern America. American Naturalist 39, pp.
875-889.

van DijK, M. H. (1985). Reduction in evaporation due to the bird screen used in the Australian
class A pan evaporation network. Australian Meteorogical Magazine 33, pp. 181-183.

© 2009 The Authors Geography Compass 3/2 (2009): 746-760, 10.1111/.1749-8198.2008.00213.x
Journal Compilation © 2009 Blackwell Publishing Ltd


04310.01029/02003WR002822
01029/02003GL018765
01810.01029/02005GL024586
17410.11029/12007GL031166

760 Pan evaporation trends and the terrestrial water balance

Wang, Y. etal. (2007). Changes of pan evaporation and reference evapotranspiration in the
Yangtze River basin. Theoretical and Applied Climatology 90, pp. 13-23.

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.

Zhang, Y., et al. (2007). Trends in pan evaporation and reference and actual evapotranspiration
across the Tibetan plateau. Journal of Geophysical Research 112, pp. D12110, doi:12110.11029/
12006JD008161.

© 2009 The Authors Geography Compass 3/2 (2009): 746-760, 10.1111/j.1749-8198.2008.00213.x
Journal Compilation © 2009 Blackwell Publishing Ltd


12110.11029/12006JD008161


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


