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Abstract The sensitivity of land surface energy partition-
ing to near-surface air temperature (Ta) is a critical issue to
understand the interaction between land surface and
climatic system. Thus, studies with in situ observed data
compiled from various climates and ecosystems are
required. The relations derived from such empirical
analyses are useful for developing accurate estimation
methods of energy partitioning. In this study, the effect
of Ta on land surface energy partitioning is evaluated by
using flux measurement data compiled from a global
network of eddy covariance tower sites (FLUXNET).
According to the analysis of 25 FLUXNET sites (60 site-
years) data, the Bowen ratio is found to have a linear
relation with the bulk surface resistance normalized by
aerodynamic and climatological resistance parameters in

general, of which the slope and intercept are dependent on
Ta. Energy partitioning in warmer atmosphere is less
sensitive to changes in land surface conditions. In
addition, a negative relation is found between Bowen
ratio and Ta, and this relation is stronger above less
vegetated surface and under low vapor pressure deficit and
low received radiative energy condition. The empirical
results obtained in this study are expected to be useful in
gaining better understanding of alternating surface energy
partitioning under increasing Ta.

1 Introduction

A biosphere–atmosphere coupling, which determines the
steady state of the atmosphere to a large extent (Beljaars
and Holtslag 1991), is closely related to the energy
partitioning between latent heat flux (LE) and sensible heat
flux (H) on the land surface (Henderson-Sellers et al. 1993;
Wilson et al. 2002). Energy partitioning at the land surface
is a complex function across different climate zones and
ecosystems. Variations in the biological, land surface, and
meteorological factors considerably influence surface parti-
tioning of available energy. Monteith (1965) proposed that
the leaf stomatal response and total green leaf area can be
used to determine flux partitioning of incoming radiative
energy. A numerical experiment conducted by Kondo et al.
(1990) showed that the ground soil is apparently linked to
the atmosphere by water vapor diffusion and heat conduc-
tion, and the behavior is highly dependent on soil properties
(Mölders 2005). However, Jarvis et al. (1976) suggested
that the difference in observed Bowen ratio (β, the ratio of
H to LE) among crop fields is largely due to concomitant
differences in the climatological factors such as temperature
and water vapor.
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Temperature is one of the most important climatological
factors in the system of biosphere–atmosphere interaction.
Near-surface air temperature (Ta) has an influence on the
fluxes of radiant energy transfer, H between the surface and
surrounding atmosphere, LE from or to the surface, and
surface/subsurface heat storage (Jarvis et al. 1976; Wilson
et al. 2002). These influences of Ta are significant on the
atmospheric circulation. Both observations and climate
modeling results indicate that global Ta has increased with
time (Trenberth et al. 2007), and this trend will continue in
the future (Randall et al. 2007). Additionally, Ta is most
important variable in the terrestrial water cycle. For
example, Komatsu et al. (2008) reported that evapotranspi-
ration (ET) data observed in Japan show less clear
correlation with precipitation than with temperature.

Thus, the sensitivity of energy partitioning to Ta is a
critical issue to understand the interaction between the land
surface and climatic system. Some previous studies based
on direct measurements (e.g., Chang and Root 1975;
Brutsaert 1982; Wilson et al. 2002) have related the
characteristics of surface energy partitioning with Ta.
However, in situ observed data compiled from diverse
climates and ecosystems are still rare though they are most
helpful to gain general understanding (Baldocchi and
Meyers 1998; Beringer et al. 2005; Komatsu et al. 2008).
Empirical relationships derived from such data analyses are
important in the development of accurate estimation
methods of land surface energy partitioning.

Wilson et al. (2002) presented flux measurement data
collected from a global network of eddy covariance
tower sites (FLUXNET: Baldocchi et al. 2001). In this
study, we evaluate the effects of Ta on surface energy
partitioning using the compiled data by Wilson et al.
(2002). The result achieved through this kind of analysis
would be useful in gaining general understanding of
alternating surface energy partitioning under increasing
Ta. This paper is organized into five sections. Section 2
describes the observed FLUXNET data of Wilson et al.
(2002). Section 3 provides theoretical background and
literature review related to land surface energy partition-
ing. The analysis results obtained by using the FLUX-
NET data in comparison with previously derived
theoretical or empirical equations in literature are
presented in Section 4, and it will be followed by the
conclusions in Section 5.

2 Theoretical background

2.1 Resistance parameters

The influence of surface and atmospheric variables on the
partitioning of available energy can be analyzed by

evaluating the following three components of resistance:
the aerodynamic, bulk surface and climatological resis-
tance, denoted by Ra, Rs, and Ri, respectively (Jarvis et al.
1976; Brutsaert 1982). Rs, Ra, and Ri are generally used
individually as separate parameters in the model of
evapotranspiration from land surface to the atmosphere
(see the discussion in Section 2.3). However, these three
resistance parameters affect each other by the indirect or
feedback responses as indicated by the (long dotted-dashed)
arrows in Fig. 1.

The aerodynamic resistance (Ra) is a function of the
water vapor, heat, and momentum transport in the near-
surface boundary layer affected by near-surface aerody-
namic and thermal properties. Thus, it is related to wind
speed, the aerodynamic roughness of the vegetation, and
the stability of the atmosphere. The bulk surface
resistance (Rs) is a function of water vapor transport
from the land surface to atmosphere. This transport
mechanism is, in turn, controlled by the leaf stomata
(responsible for plant transpiration) and soil water source
(responsible for soil surface evaporation) because it
conceptually implies bulk stomatal resistance of the
canopy, bulk boundary layer resistance of the vegetation,
bulk ground resistance, and bulk boundary layer resis-
tance of the ground. The climatological resistance (Ri)

Fig. 1 A diagram showing the influence of three resistance
parameters in the Penman–Monteith big-leaf method (Eq. 3) to
surface energy partitioning: bulk surface resistance (Rs), climatological
resistance (Ri), and aerodynamic resistance above the canopy (Ra). Rs

is function of water vapor transport from the surface to the
atmosphere. Ri is changed by available energy (Rn–S–G) and
atmospheric vapor pressure deficit (δe). Ra is mainly determined by
wind speed (u) and surface aerodynamic roughness (z0). Solid arrow
lines are the vapor transfer flow. Dashed arrow lines are direct
environmental control. Long dashed-dotted arrow lines are indirect
environmental control. See Brutsaert (1982) and Bonan (2002) for
detailed understanding of this diagram
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cannot be identified at a specific point in the soil–plant–
atmosphere continuum. Instead, it is the ratio of atmo-
spheric vapor pressure deficit (δe) to surface available
energy with the same unit (s m−1) as other resistance
parameters.

Ri ¼ rCpde
g Rn � S � Gð Þ ð1Þ

where ρ is the density of air (kg m−3), Cp is the specific
heat capacity of moist air at constant pressure (J kg−1°C−1), γ
is the psychrometer constant (Pa°C−1), Rn is net
radiation, and S and G are the change in the heat storage
capacity within the soil and canopy, respectively. Evap-
oration moistens the atmosphere and its intensity depends
on the atmospheric demand for water. However, atmo-
spheric drying can occur due to mixing of dry air, despite
the ample supply of moisture from the surface. Ri has
been historically discussed to describe the feedback on
evaporation (Thom 1975). Generally, Ri is high if δe is
large (as an indicative of a dry atmosphere) or if available
energy (A=Rn–S–G) is small (DeHeer-Amissah et al.
1981). Thus, Ri is a suitable parameter to be used to
examine climatic control on energy partitioning (Wilson
et al. 2002).

2.2 Previous flux measurement studies

Previous flux measurement studies have reported that
the relative partitioning of A into LE and H is generally
governed by climatic and surface conditions (Brutsaert
1982; Bonan 2002). Chambers et al. (2005) showed that
the relative partitioning of Rn is influenced by surface
characteristics such as albedo, surface roughness length,
and surface temperature. Hammerle et al. (2008) reported
that albedo, which is reduced by surface greenness,
affects the amount of partitioned energy available to the
ecosystem, and that surface energy partitioning is
predominantly a function of LE. Admiral et al. (2006)
reported that the increased A and δe causes an increase in
LE, especially when Rn is within the range of 400–
550 Wm−2, and the soil moisture is physiologically
sufficient. Therefore, the sensitivity of surface energy
partitioning to temperature under warming condition may
change with respect to different climates and vegetated
surfaces.

The variability in the energy partitioning in various
terrestrial ecosystems has also been investigated by
using the estimated β and resistance parameters Ra, Rs,
and Ri in previous various flux measurement studies (e.g.,
Wilson et al. 2002; Beringer et al. 2005; Chambers et
al. 2005). Beringer et al. (2005) noted the changes in Rs

and Ra when altering vegetation structure through

dynamic transition from tundra to forest, and these
characteristics control the land surface energy balance.
Wilson et al. (2002) quantified LE by using three
resistance parameters (Ra, Rs, and Ri) and found the
differences in energy partitioning are mainly due to the
differences in Rs and Ri among various vegetation types.
These results signify that it is necessary to analyze the
influence of three resistance parameters on the surface
energy partitioning.

2.3 Evapotranspiration models

As a linkage between the atmosphere and land surface,
evapotranspiration ET (as a representative of LE), serves as
a key regulator of surface energy partitioning processes.
Equilibrium evapotranspiration (ETequ) indicates the
lower limit of evaporation from a wet surface under the
condition of minimal advection (Raupach 2000; Monteith
and Unsworth 2008), and it is a function of A and Ta
(Baldocchi 1994):

lETequ ¼ Δ
Δþ g

Rn � S � Gð Þ ð2Þ

where λ is the latent heat of water vaporization (J kg−1),
and Δ is the slope of the saturation vapor pressure curve
with respect to temperature at a specified temperature
(Pa°C−1). Under the ETequ condition, the fraction of
available energy used for latent heat evaporation is
determined by the value of Δ/(Δ+γ), approximately
equal to 40% at 0°C, 56% at 10°C, 69% at 20°C, 79% at
30°C, and 86% at 40°C (Chang and Root 1975).

Since ETequ is commonly higher than the actual ET due
to the resistances between the land surface and atmo-
sphere, Rs and Ra have been introduced to relate ETequ to
the actual ET. One well-known formula is the following
Penman–Monteith equation based on the big-leaf concept
(Monteith 1995; also see Fig. 1) derived from both energy
conservation principle (energy balance) and aerodynamic
method (mass transfer):

lET ¼ Δ Rn � S � Gð Þ þ rCpde=Ra

Δþ g 1þ Rs=Rað Þ ð3Þ

The Penman–Monteith equation embodies the phys-
ical (non-physiological) and the biological (physiologi-
cal) factors to estimate actual ET (the sum of soil
evaporation, interception evaporation, and canopy tran-
spiration). The variable of Rs depends mainly on the
vegetation surface condition (e.g., soil moisture and
surface temperature) and plant physiology (e.g., stomatal
behavior), and Ra is strongly controlled by wind speed
and plant architecture.
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2.4 Indicators for surface energy partitioning

The Priestley–Taylor equation (Priestley and Taylor 1972)
relates the ratio of ET to ETequ to the Priestley–Taylor
coefficient (α):

lET ¼ a lETequ ð4Þ

α is widely used to evaluate the evapotranspiration rate
because it permits a comparison of the evapotranspiration
data obtained under different meteorological conditions
(Baldocchi et al. 2000; Komatsu 2005).

The Penman–Monteith equation (Eq. 3) has been
algebraically inverted by Jarvis et al. (1976) to examine
the relative control of available energy, atmospheric water
vapor, and physiological resistance on evapotranspiration.
Jarvis et al. (1976) expressed the Bowen ratio β as follows:

b ¼ 1þ Rs=Rað Þ � Ri=Rað Þ
"þ Ri=Rað Þ ð5Þ

where ε (=Δ/γ) is a functional parameter depending on
atmospheric temperature and water vapor. Further, α can be
related to β by the following equation (Brutsaert 1982;
Holtslag and Van Ulden 1983):

a ¼ 1þ 1="ð Þ
1þ b

; b ¼ 1=a"þ 1=a � 1 ð6Þ

By following the big-leaf concept of the Penman–Monteith
equation, α (or β) can be described by the meteorological
factors and resistance parameters and can be used as an
energy partitioning indicator.

2.5 Normalization of Rs

The importance of the parameter Rs on regulating surface
energy exchanges is well documented (Kelliher et al. 1995;
Saigusa et al. 1998). Indeed, Rs depends significantly on the
phenological responses to interannual and diurnal meteoro-
logical changes (Wilson and Baldocchi 2000; Li et al.
2006). However, Rs in the Penman–Monteith equation is an
ill-defined quantity (see the discussion in Finnigan and
Raupauch 1987; Baldocchi 1994) because Rs conceptually
encompasses the entire surface boundary condition related
to vapor transfer from land surface to atmosphere (see
Fig. 1). Thus, it is difficult to directly measure Rs. In the
practical application, Rs is usually derived by inverting
Eq. 3 and using measured LE, Ra, and meteorological
variables (Brutsaert 1982). Numerous previous modeling
studies (e.g., Kelliher et al. 1995; Raupach 1995; Baldocchi
and Meyers 1998) have shown that there exists a
relationship between Rs and stomatal (physiological) resis-
tance. However, Rs can also be affected by the non-
physiological processes (Komatsu et al. 2005) because it

is a parameter conceptualized to represent the entire
vegetated surface rather than just the canopy or soil surface
itself.

Wilson et al. (2002) showed a positive correlation
between Rs and Ri for several types of vegetated surfaces.
A high Ri under warm and dry atmospheric conditions
induces a high Rs because of active physiological processes
and increase in evaporation demand (Raupach 2000). Isaac
et al. (2004) reported that Rs depends on several meteoro-
logical parameters as well as Ri, and Todorovic (1999)
presented an evapotranspiration model of which the
parameter Rs is normalized by Ri.

Based on the combined Penman–Monteith equation, a
formula in which Rs depends on microclimatic variables has
been introduced by Rana et al. (1997) as follows:

Rs

Ra
¼ k0 þ k

ffiffiffiffiffiffi
Ri

Ra

r
ð7Þ

where k0 and k (dimensionless) in Eq. 7 are empirical
calibration coefficients to be determined experimentally,
both depend on plant physiology and soil water conditions
(Rana et al. 1997; Perez et al. 1999). This empirical
approach implies that Rs is proportional to

ffiffiffiffiffiffiffiffiffiffi
Ri Ra

p
. In this

paper, we denote Rs=
ffiffiffiffiffiffiffiffiffiffi
Ri Ra

p
as the “normalized Rs (Rs

*)” to
identify the physiological process more clearly by elimi-
nating the aerodynamic and meteorological effects on Rs of
the entire surface. Eq. 5 can be mathematically converted to
a linear equation containing the β and Rs

*:

b ¼ mR
»

s � b; m ¼
ffiffiffiffiffiffiffiffiffiffi
Ri Ra

p
ð"Ra þ RiÞ ; b ¼ ðRi � RaÞ

ð"Ra þ RiÞ ;

R
»

s ¼
Rsffiffiffiffiffiffiffiffiffiffi
Ri Ra

p

ð8Þ

This equation originated from the Penman–Monteith
equation implies the relation of Rs

* to β. Therefore, in this
study, we will analyze the processes of energy partitioning
empirically by means of the Rs

* using Eq. 8.

3 Data

Baldocchi et al. (2001) emphasized the importance of
conducting field experiments in various ecosystems with
different land–atmosphere coupling characteristics. How-
ever, micrometeorological observational towers are dis-
tributed unevenly throughout the world. In an effort to
compile surface flux data, the FLUXNET, as the “global
network of regional networks,” has been established to
coordinate global analysis of the exchanges of carbon
dioxide, water vapor and energy (Aubinet et al. 1999;
Baldocchi et al. 2001). These exchanges are mainly
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governed by the partitioning of energy under different
climatic and surface conditions. In response to temporal
and spatial variations, the flux database updated from
more than 500 FLUXNET tower sites (as of year 2010)
across five continents are extending in terms of a long-
term observation (http://www.daac.ornl.gov/FLUXNET/
fluxnet.html). In addition, the FLUXNET sites typically
measure not only flux data but also above-canopy
meteorological data.

In this study, we used fluxes and meteorological data
obtained from 25 FLUXNET sites over 60 site-years
(see Table 1) as compiled by Wilson et al. (2002). Those
sites are well known and discussed widely in the literature,
among FLUXNET sites (e.g., Wilson and Baldocchi 2000;
Wilson et al. 2002; Bonan 2008), and located in various
vegetation types (e.g., deciduous forest, coniferous forest,
grassland, Mediterranean, crop, and tundra) (see Fig. 2).
The data compiled by Wilson et al. (2002) cover the
periods ranging from late spring to summer (number of
days: from 165 to 235), and they are limited only to
daytime fluxes. The measured parameters were mean
midday Ta, mean midday vapor pressure deficit, mean
midday Ra, Rs and Ri, daytime α and β. Rs was calculated
using the inverted Penman–Monteith equation during
midday (from 1,000 to 1,430 local standard time). Ra

was represented as the sum of u/u*
2 (resistance to

momentum transport), where u is the mean wind speed
and u* is the friction velocity. Ri was computed using
midday estimation of δe and Rn (see Eq. 1). In the
calculation of Rs and Ri, S and G are neglected for
convenience because both are not substantial at most sites.
In fact, there exists the useful approximation, G+S=0.1
Rn. However, except Rn, G is governed by total plant area
(Choudhury et al. 1987), and S is changed by total
biomass, bole (or foliage) temperature, and canopy
wetness (Aston 1985). Therefore, the ratio of (G+S) to
Rn will not be constant between sites having various
vegetation types in this study. The cumulative β was
evaluated from mean diurnal trend, excluding the nocturnal
periods (see Wilson et al. (2002) for more details).

Eddy covariance system is strongly recommended by
the FLUXNET since it is most direct micrometeoro-
logical technique for measuring surface energy fluxes
(Meyers and Baldocchi 2005). However, measured
fluxes usually do not show a closure of surface energy
balance (Verma et al. 1986; Sánchez et al. 2010) even
over relatively flat and homogeneous surfaces as well as
short vegetation areas where are presumably an ideal
condition for the application of eddy covariance method
(Foken and Oncley 1995). Nevertheless, it would not
affect our analysis results with β because previous studies
reported the systematical underestimation of both H and LE
by similar relative fractions at daytime (Turnipseed et

al. 2002). Furthermore, in order to avoid the effect of
underestimated LE in α (see Eq. 4), we recalculated α
from Eq. 6 by using the information of site elevation, β
and Ta data (see Appendix A) instead of α data compiled
by Wilson et al. (2002). The values of α in Wilson et al.
(2002) are slightly lower than the recalculated ones in
this study (see Fig. 3), which is consistent with the
tendency of underestimation of LE in the eddy covari-
ance system.

Some recalculated α values are greater than 1.0. In
fact, even though air passing over a wet surface may tend
to become vapor saturated under the “minimal advec-
tion” conditions in the sense of λETequ (Eq. 2), such
conditions hardly ever occur due to the vertical transport
of heat and water vapor caused by entrainment of dry air
at the top of the convective boundary layer (Brutsaert
1982). In this case, λET will be in excess of λETequ
predicted by Eq. 2 (Priestley and Taylor 1972; McAneney
and Itier 1996; Monteith and Unsworth 2008; Komatsu
2005).

4 Results and discussion

To demonstrate the influence of Rs on energy partitioning,
Bagayoko et al. (2007) examined the relationship between
β and surface conductance (1/Rs) and found a negative
exponential relation between them. Similarly, in Fig. 4
constructed using Eq. 8, it shows that there exists a positive
trend between β and Rs

* for various vegetated surfaces. β
generally has a larger value for a smaller physiological
activity of vegetation and relatively drier ground (a high Rs

value) (Fraedrich et al. 1999). It is consistent with the
positive trend of β and Rs

*. However, considering a
negative relation between Rs

* and Ri in Eq. 8, the general
behavior of Ri, a larger β value under a warmer and drier
climate for high Ri (Beringer et al. 2005), does not
contribute the positive trend in Fig. 4. Ra also cannot
strongly lead the positive trend because of unclear
relationship between β and Ra (see Eq. 5). Therefore, while
the positive trend between β and Rs

* is strongly caused by
the relationship between β and Rs, the relation between β
and Rs

* is not exactly proportional due to the functions of
Ri and Ra implied in Rs

*, particularly if β is larger than 1.
In fact, microclimatic variables that are weather and
canopy structure dependent affect not only the physical
energy exchange but also the physiological behavior, and
they have often been regarded as the main factor in
determining the characteristics of energy partitioning in
previous field experiments (e.g., Wilson et al. 2002). Thus,
it is reasonable to express the slope (m) and intercept (b)
of the linear Eq. 8 in terms of microclimatic parameters Ri

and Ra.
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Table 1 Summary of site information and tower measured parameters during the period between days 165 and 235 for each site year

Site Year V Elev. δe Ta ε Ra Rs Ri β α

Harvard 1992 D 320 854 22.4 2.54 15 59 43 0.49 0.94

1993 D 320 1,077 22.7 2.58 12 70 36 0.38 1.01

1994 D 320 754 23.1 2.63 15 56 31 0.43 0.96

1995 D 320 951 23.3 2.66 15 65 35 0.43 0.96

1996 D 320 832 20.9 2.34 13 63 33 0.46 0.98

1997 D 320 968 21.0 2.35 14 70 38 0.38 1.03

1998 D 320 838 22.2 2.51 14 64 31 0.56 0.90

1999 D 320 1,149 23.3 2.66 12 80 38 0.55 0.89

Walker Branch 1995 D 283 1,465 27.6 3.31 22 101 50 0.43 0.91

1996 D 283 1,188 26.8 3.18 24 75 40 0.28 1.03

1997 D 283 1,200 27.1 3.23 24 74 39 0.31 1.00

1998 D 283 1,312 28.0 3.38 23 93 44 0.42 0.91

1999 D 283 959 27.4 3.28 26 67 33 0.33 0.98

2000 D 283 789 26.1 3.06 25 47 27 0.24 1.07

Gunnarsholt 1996 D 78 393 12.6 1.43 30 68 32 0.11 1.53

1997 D 78 426 13.6 1.52 33 96 34 0.54 1.08

Tharandt 1996 C 380 995 19.3 2.16 13 82 40 0.69 0.87

1997 C 380 803 17.4 1.95 11 81 33 0.75 0.86

1998 C 380 1,028 19.0 2.13 12 96 41 0.76 0.84

Norunda 1996 C 43 973 18.0 1.94 13 94 45 0.79 0.85

1997 C 43 1,333 21.4 2.33 13 132 53 0.9 0.75

1998 C 43 743 16.9 1.82 12 74 39 0.54 1.01

Flakaliden 1996 C 226 891 17.3 1.90 19 105 42 0.79 0.85

1997 C 226 1,027 18.6 2.04 23 151 45 1.07 0.72

1998 C 226 563 15.0 1.67 18 70 31 0.9 0.84

WeidenBrunnen 1996 C 765 619 13.4 1.63 15 109 21 2.02 0.53

1997 C 765 759 16.6 1.95 16 130 33 1.12 0.71

1998 C 765 836 17.1 2.01 15 97 32 0.87 0.80

Hyytiälä 1996 C 170 689 16.2 1.78 17 88 33 0.64 0.95

Duke Forest 1998 C 176 1,874 29.1 3.53 17 178 67 0.65 0.78

1999 C 176 2,076 30.9 3.86 18 142 66 0.52 0.83

Bordeaux 1996 C 60 1,787 25.3 2.86 16 157 63 1.18 0.62

1997 C 60 1,315 25.3 2.86 17 81 49 0.46 0.92

North Boreas 1994 C 260 1,319 19.3 2.13 17 140 53 1.55 0.58

1995 C 260 1,103 18.0 1.99 16 140 50 1.3 0.65

1996 C 260 1,220 18.6 2.05 15 137 48 1.65 0.56

1997 C 260 1,122 18.0 1.99 15 148 43 1.77 0.54

Aberfeldy 1997 C 340 652 16.0 1.79 21 190 36 2.2 0.49

1998 C 340 625 14.7 1.67 18 177 36 1.92 0.55

Niwot Ridge 1999 C 859 910 14.8 1.78 17 81 33 0.86 0.84

Little Washit 1998 G 360 2,973 33.2 4.41 29 563 106 1.91 0.42

1999 G 360 1,455 30.2 3.81 30 180 49 0.76 0.72

Shidler 1997 G 350 1,092 28.6 3.51 42 97 37 0.34 0.96

Fort Peck 1999 G 634 1,679 24.7 2.97 37 135 66 0.53 0.87

Blodgett Forest 1997 M 1,315 1,870 23.1 2.96 26 116 60 0.47 0.91

1999 M 1,315 1,814 22.4 2.86 27 179 47 0.92 0.70

Metolius 1996 M 915 2,385 24.0 2.96 16 271 65 1.51 0.53

1997 M 915 1,806 21.4 2.58 15 235 49 1.7 0.51

Castelporziano 1997 M 68 957 23.0 2.54 15 222 28 2.25 0.43
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If the positive trend in Fig. 4 is represented using by a
single linear regression, the correlation coefficient will be
low with constant m and b values (β=0.21 Rs

*+0.01; R2=
0.65). However, as plotted in Fig. 5, the relationship
between m and Ta can be well represented by an
exponential regression curve (R2=0.97), especially when
Ri is relatively high due to low actual water vapor pressure
and Ra is low due to high aerodynamic transfer of vapor
and heat. Generally, a higher temperature in the boundary
layer implies greater average internal energy, mainly
because that the transfer of heat energy to the boundary
layer is influenced by Ta. Thus, the relation between β and
Rs

* is governed by the amount of energy in the near-surface
atmosphere. However, the energy fluxes in the near-surface
boundary layer are also largely affected by the aerodynamic
moment transfer. Therefore, the point with a relatively high
Ra (low aerodynamic conductance) shows a deviation from
the general pattern of the relation between Ta and m (as
shown by the triangles in Fig. 5).

Assuming β approaches zero (β→0), Rs
* in Eq. 8

approaches (Ri−Ra). Since both Ri and Ra have an
influence on the surface boundary layer, (Ri−Ra) relates
to Ta particularly at lower δe (cross marker shown in
Fig. 6a). Furthermore, the quadratic relationship between
Ta and (Ri−Ra) is more clear than that between Ri versus
Ta (not shown here) although Ri has a theoretical
relationship with Ta (see Eq. 1). Despite the fact that the
aerodynamic roughness characteristics show no clear
relationship with Ta (Mölder and Lindroth 1999), Ta has
effects on Ra, apart from the extent of its influence,
through the diffusion rate by the atmopsheric stability as
the function of Ra (Verma 1989). At a higher δe, (Ri−Ra)
positively increases with Ta since (Ri−Ra) is strongly
controlled by the variation of Ri due to the much smaller
value of Ra than Ri. Meanwhile, as an extension of the

relationship between Ta and ðRi � RaÞ; b ¼ ðRi�RaÞ
ð"RaþRiÞ

� �
has a

quadratic relationship with Ta and mainly governed by Ra

when Ri is lower than approximately 55 sm−1 (see

Table 1 (continued)

Site Year V Elev. δe Ta ε Ra Rs Ri β α

Sky Oaks (O.) 1997 M 1,429 3,862 30.9 4.48 18 900 102 5.2 0.20

Sky Oaks (Y.) 1997 M 1,429 3,505 29.5 4.17 21 2,995 93 164.2 0.01

1998 M 1,429 3,212 28.9 4.05 27 317 85 0.86 0.67

Bondville 1997 Cr 300 1,200 26.2 3.09 37 82 45 0.4 0.95

1998 Cr 300 1,046 27.1 3.23 47 44 38 0.25 1.05

1999 Cr 300 1,064 26.5 3.13 28 55 37 0.28 1.03

Happy Valley 1994 T 298 645 15.9 1.78 54 106 45 0.77 0.88

1995 T 298 528 14.5 1.64 60 83 38 0.74 0.93

Atqasuk 1999 T 15 461 11.6 1.34 43 80 30 1.05 0.85

Barrow 1998 T 1 113 7.3 1.04 43 48 9 1.21 0.89

1999 T 1 150 6.3 0.98 48 37 10 1.18 0.93

This table is basically modified from Tables 1 and 2 in Wilson et al. (2002). However, in this study, Elev. is cited from FLUXNET homepage, ε is
recalculated (See Appendix A), and α is re-estimated using by Eq. 6

V vegetated lands, D deciduous forests, C coniferous forests, G grasslands, M Mediterranean climates, Cr crops, T Tundra, Elev. elevation (m), δe
mean midday vapor pressure deficit (Pa), Ta mean midday air temperature (°C), ε Δ/γ calculated from Ta and Elev., Ra mean midday aerodynamic
resistance (s m−1 ), Rs bulk surface resistance (s m−1 ), Ri climatology resistance (s m−1 ), β the daytime Bowen ratio, α the daytime Priestly–Taylor
coefficient

Fig. 2 The locations of
25 FLUXNET measurement
sites used in this study
(see Table 1)
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Fig. 6b). However, when Ri is higher than ∼55 sm−1, b is
relatively constant in a changing Ta (Fig. 6b).

Moreover, Figs. 5 and 6b consistently imply that the
ratio of β to Rs

* is to a certain degree influenced by Ta, as
well as Fig. 4. Under high (low) temperatures, β is less
(more) sensitive to Rs

*, which is an indicative of vegetation
physiological behaviors. The direct correlation between β
and Ta is plotted in Fig. 7. According to Eq. 6, it can be
expected that the relationship between β and Ta is negative
because ε is a function of temperature. The relationship
between β and Ta also depends on α (see Fig. 7): β is less
(more) sensitive to Ta when α is high (low). In previous
studies, α is mostly controlled by Rs. For example,
Baldocchi (1994) showed that the dependence of α on Rs

will change once a threshold value of Rs is exceeded.
Monteith (1995) developed an empirical equation to
estimate α by using the parameter Rs. Lhomme (1997)
described α values of greater than 1.0 using the function of
Rs/Ra to understand how the entrained energy cooperates

with a conservative faction of A at the surface. In addition,
Rs

* in this study also has a negative relationship with α,
which indicates the land surface condition (see the
exponential line in Fig. 8). Finally, we can also observe
that the characteristics shown in Fig. 7 are similar to that
obtained by using the proposed semi-empirical approaches
defined by Eq. 8.

Fig. 4 Relationship between the normalized surface resistance (Rs
*)

and Bowen ratio (β) for various vegetated surfaces

Fig. 3 Comparison of two estimates of the Priestley–Taylor coeffi-
cient (α). Measured α is taken from Wilson et al. (2002) (a ¼ lET

lETequ
)

while the one calculated is based on Eq. 6 of this study

Fig. 5 Relationship between m in Eq. 8 and mean midday air
temperature (Ta) for the data of Ri≤Ra (s m−1) and Ri>Ra (s m−1),
respectively. The exponential regression line is derived with respect to
the data of Ri>Ra

Fig. 6 a Relationship between (Ri–Ra) and mean midday air temper-
ature (Ta) for δe≤1,500 Pa and δe>1,500 Pa, respectively. b Behavior of
b with respect to m in Eq. 8 for Ri≤55 s m−1 and Ri>55 s m−1. The
second-order polynomial regression lines are derived with respect to the
data of δe≤1,500 Pa
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5 Conclusions

In this study, it is found that surface energy partitioning, as
indicated by the Bowen ratio (β), is strongly governed by
temperature. The sensitivity of energy to temperature is
highly dependent on the surface conditions which can be

expressed in terms of the normalized Rs (R
»
s ¼ Rsffiffiffiffiffiffiffi

Ri Ra
p ) or the

Priestley–Taylor coefficient (α). For a high Rs
* or a low α,

the temperature sensitivity of β increases. In this case, high
Rs

* and low α imply the boundary layer condition of a less
vegetated surface, low vapor pressure deficit, low received
radiative energy, and weak wind speed. Thus, warm
environmental conditions in a well-watered reference
surface involve relatively higher LE than H.

Owing to global warming effects, it is generally
expected that warm air will become drier, and
evaporation from terrestrial water storage will increase
(Held and Soden 2006). However, observations over the
past 50 years have revealed a decrease in terrestrial
evaporation (Roderick and Farquhar 2004; Yang et al.
2006). Roderick and Farquhar (2002) attributed this to

the decrease in the radiation received on the terrestrial
surfaces. Decreased radiation generally results in low α
(DeBruin and Keijman 1979; Sumner and Jacobs 2005),
which produce higher sensitivity between Ta and β
according to the result of this study. In other words, Ta
has a critical effect on energy partitioning (i.e., β) under
the boundary layer condition of low α that correspond to
the wet vegetated surface and dry air condition (DeBruin
and Keijman 1979; Crago 1996). In this study, a positive
relationship between Rs

* and β is shown, and the
sensitivity between them is found to be a function of Ta.
In addition, a negative relationship between α and Rs

* is
also represented. These relations among β, α, Rs

*, solar
radiation, and Ta imply that the main evidence of recent
LE change is not only caused by the radiation change but
also by the changes in temperature and surface con-
ditions.

It is important to understand the critical control of
surface energy partitioning since LE is the single
significant process in transporting heat and water vapor.
A warmer atmosphere greatly enhances the partitioning
of solar radiation into LE than a cooler atmosphere
(Chang and Root 1975). The spatio-temporal effects of Ta
on surface energy partitioning will be different according
to the biome types and the climatic zones, as shown by our
results. Our findings in this study are based on the data
from only a limited amount of measurement sites. Further
analyses of more available measurement data are neces-
sary to identify more significant characteristics of the
sensitivity of energy partitioning to Ta. It is anticipated that
the empirical findings of this study will enhances
scientific understanding of surface energy and water
balance.
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Appendix A

ε can represented by the ratio of Δ to γ. γ can be simply
calculated with atmospheric pressure, P (Pa).

g ¼ Cp P

Rair l
¼ 664741:8P ð9Þ

where Cp is 1,013 (J kg−1°C−1) for moist air at constant
pressure, λ is 2.45×10−3 (J kg−1) at 20°C, and the ratio of
molecular weight of water vapor divided by that of dry air

Fig. 8 Relationship between the normalized surface resistance (Rs
*)

and the Priestley–Taylor coefficient (α) for various vegetated surfaces

Fig. 7 Relationship between air temperature and Bowen ratio for
different intervals of α. The linear regression lines follow are derived
individually with respect to the data in each α interval
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(Rair) is 0.622. P can be expressed with the elevation above
the sea level z (m).

P ¼ 101; 300
293� 0:0065z

293

� �5:26

ð10Þ

Moreover, Δ (Pa°C−1) is the function of Ta (°C).

Δ ¼
4; 098; 000 0:6108 exp 17:27Ta

Taþ237:3

� �h i
Ta þ 237:3ð Þ2 ð11Þ
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