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s u m m a r y

Annual forest evapotranspiration (ET) is highly variable among various sites. Zhang’s model (Zhang et al.,
2001) has been widely used for predicting the spatial variation in ET. The forest component of the model
employs limiting theory and assumes constant annual potential evaporation (E0 = 1410 mm) by regress-
ing data recorded at 56 forest sites. However, most of the data used in determining E0 were recorded for
limited regions (Australia, African countries, and the United States). We summarized 829 forest ET data
items obtained for sites around the world from earlier publications. Using the dataset, we showed that
Zhang’s model overestimates forest ET in temperate and boreal regions with low annual mean tempera-
ture (T) owing to the E0 value. We revised the E0 term of Zhang’s model so as to consider the dependency
of E0 on T using the dataset. The revised model did not overestimate forest ET in temperate and boreal
regions. Consequently, we recommend revising the E0 term of Zhang’s model when predicting forest
ET in these regions.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Forests are one of the major biomes around the world (Hansen
et al., 2003), and return a large portion of precipitation water to the
atmosphere through evapotranspiration (Bosch and Hewlett, 1982;
Zhang et al., 2001). Thus, forest evapotranspiration greatly affects
the global and regional climate (Bala et al., 2007; Bonan, 2008)
and river flow (Bosch and Hewlett, 1982; Brown et al., 2005),
which further influence water resources, flooding, and sediment
transport (Syvitski et al., 2005; Oki and Kanae, 2006; Bradshaw
et al., 2007). In addition, forest evapotranspiration relates to car-
bon fixation (Leuning, 1990, 1995; Law et al., 2002) and biodiver-
sity of the forest (Hawkins et al., 2003; Kreft and Jetz, 2007).

Forest evapotranspiration has been observed at numerous sites
globally (Ruprecht et al., 1991; Kosugi and Katsuyama, 2007;
Komatsu et al., 2008a; Matsumoto et al., 2008). Annual evapotrans-
piration (ET) has been found to be highly variable among various
forest sites primarily owing to variations in meteorological condi-
tions such as precipitation and potential evaporation (Zhang et al.,
2001; Komatsu et al., 2008b). ET accounted for less than 20% of

annual precipitation (P) at a Japanese site, where P was 2405 mm
(Komatsu et al., 2008a). ET accounted for more than 90% at an Aus-
tralian site, where P was 1179 mm (Ruprecht et al., 1991). There-
fore, examining the spatial variation in forest ET is necessary to
clarify the functional performance of forests in global and regional
water cycles.

Many models (Budyko, 1974; Zhang et al., 2001; Gerten et al.,
2004) have been proposed to predict the spatial variation in ET.
These models are roughly classified into two groups according to
complexity. The simple models generally employ limiting theory
and the concept of potential evaporation (Schreiber, 1904; Budyko,
1974; Turner, 1991; Zhang et al., 2001) and/or regression of ob-
served ET data (Lu et al., 2003; Komatsu et al., 2008b, 2010a; Sun
et al., 2011). The complex models employ more process-based for-
mulations including the Penman–Monteith equation or the bulk
equation (Gerten et al., 2004; Mu et al., 2007; Jung et al., 2010;
Zhang et al., 2010). The simple and complex models have different
advantages. The simple models require data for only a few meteo-
rological components at a coarse time resolution (e.g., annual pre-
cipitation (P), annual mean temperature (T), and annual net
radiation) and require no (or little) information about forest prop-
erties such as forest type (i.e., broadleaf/coniferous and evergreen/
deciduous), age, and leaf area index. Thus, these models have prac-
tical use (Sun et al., 2005, 2006; Brown et al., 2007) especially
when available data are limited. The complex models formulate
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forest evapotranspiration as process-based functions of various
meteorological components including radiation and humidity at
high time resolution (e.g., daily time resolution) and the forest
properties. Thus, these models are useful for predicting changes
in evapotranspiration and water cycles with changing climate
and vegetation (Gerten et al., 2004; Jung et al., 2010).

Among the simple models, Zhang’s model (Zhang et al., 2001)
has been widely used (Herron et al., 2002; Nordblom et al., 2006;
Brown et al., 2007; Wang et al., 2008). Zhang’s model expresses
ET as a weighted average of forest and herbaceous components.
The former component formulates forest ET, on the basis of data re-
corded at 56 sites in various regions (Zhang et al., 1999, 2001), as
functions of P and annual potential evaporation (E0). Similar to
classic studies (Schreiber, 1904; Budyko, 1974), this model em-
ploys limiting theory and assumes that ET is limited by P where
P is low and by E0 where P is high. Although most classic studies
(Schreiber, 1904; Budyko, 1974) formulate E0 as functions of inci-
dent radiation and temperature, the forest component of Zhang’s
model assumes E0 is a constant, which was determined as
1410 mm by regressing the data recorded at 56 forest sites.
According to the constant-E0 assumption, Zhang’s model calculates
forest ET with only the input of P data. This is a distinct advantage
of this model for practical use, because radiation data are often
unavailable for specific regions and in historical datasets (Hunt
et al., 1998; Thornton and Running, 1999; Shinohara et al., 2007)
and because radiation predicted from temperature and precipita-
tion data could contain relatively large errors (Thornton and Run-
ning, 1999; Meza and Varas, 2000; Shinohara et al., 2007). Despite
the simplicity of the model, it demonstrated high predictability for
data recorded at the 56 forest sites. The simplicity and predictabil-
ity led to the wide use of Zhang’s model.

However, most of the data used by Zhang et al. (1999, 2001) for
E0 determination were recorded in limited regions (Australia, Afri-
can countries, and the United States). Only a few data were for
Asia, South America, Europe, and boreal regions, despite their large
forested areas. Thus, the constant-E0 assumption might not be use-
ful for explaining the global variation in forest ET. Indeed, Komatsu
et al. (2008b) noted that the model systematically overestimates
forest ET in Japan, because Zhang’s E0 value is higher than that
for Japan. Similar problems are expected for regions at high lati-
tude, because E0 for these regions would be no more than that
for Japan (Budyko, 1974; Choudhury, 1997; Ward and Robinson,
2000). Their finding implies that applying the constant-E0 assump-
tion at a global scale is problematic.

This work extends Zhang’s model to explain the global variation
in forest ET. Using a comprehensive collection of ET observation
data recorded around the globe, we show that predictability of
Zhang’s model is improved when considering the dependency of
E0 on T.

2. Materials and methods

2.1. Methods of analysis

Zhang’s model formulates forest ET as (Fig. 1)

ET ¼ Pð1þwE0=PÞ=ð1þwE0=P þ P=E0Þ; ð1Þ

where w is a coefficient representing plant water availability. w and
E0 were determined as 2.0 and 1410 mm, respectively, by regressing
the data recorded at 56 forest sites. Changes in ET with P are small
where P is high (Fig. 1). This indicates small variations in ET among
sites for regions with high P. P was greater than 2000 mm at nine
sites among the data collected by Zhang et al. (2001). The mean
and standard deviation of ET for the nine sites were 1353 and
107 mm, respectively. The mean value was approximately identical

to the E0 value determined by Zhang et al. (2001). The standard
deviation accounted for only 8% of the mean value, suggesting the
validity of the constant-E0 assumption within the limit of the data
they collected.

We first collected forest ET data globally and showed that
Zhang’s model systematically overestimated forest ET especially
for regions at high latitudes, because the E0 value determined by
Zhang et al. (1999, 2001) was too large for the regions. We then re-
vised the E0 term of Zhang’s model to reduce the overestimation at
high latitudes. For this, we classified ET data into different T classes
and determined E0 to minimize the root-mean-square error
(RMSE) for ET estimates for each class. We further developed a
map indicating the regions where Zhang’s model overestimated
forest ET and the use of the revised model is recommended. For
this, we calculated global forest ET variations using the revised
model and Zhang’s model, respectively, and developed a map
showing the difference between these two ET estimates. Addition-
ally, we showed that the revised model was useful for predicting
the difference in the sensitivity of forest ET to temporal variations
in P among sites. The sensitivity for each site was evaluated using
the slope of the linear regression line between P and ET during the
measurement period for the site. A greater slope indicated that ET
was sensitive to P. We compared the slope value derived from
observations with that predicted using the revised model.

2.2. Evapotranspiration data

We collected forest ET data from earlier papers using three cri-
teria. Firstly, ET must be determined from one or a combination of
measurements of the catchment water balance (Pearce et al., 1982;
Iroumé et al., 2006), soil water balance (Calder et al., 2003; Muller,
2009), micrometeorology (Wilson and Baldocchi, 2000; Oishi et al.,
2010), porometry (Bigelow, 2001), sap flux (van Wijk et al., 2001;
McJannet et al., 2007), and throughfall (Van der Salm et al., 2006;
Huber et al., 2008). If ET data obtained using different methods
were available for a specific site (Wilson et al., 2001; Shimizu
et al., 2003), we treated these data independently. This treatment
did not alter our results and conclusions, because only 10 sites sat-
isfied this condition (i.e., ET data obtained using different methods
were available for a specific site). Among the data derived from
catchment water balance measurements, some data were derived
from catchments that were not fully covered with forest. We ac-
cepted data only for catchments for which no less than 70% of
the area was covered with forest. This definition of a forest catch-
ment would generally agree with that used by Zhang et al. (1999,
2001), although they did not clearly state the definition. They also
used data for catchments partially covered with forest (Sharda et
al., 1998) for developing the forest component of their model. For

Fig. 1. Relationships of annual forest evapotranspiration (ET) with annual precip-
itation (P) predicted using Zhang’s model.
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