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ABSTRACT
Many meteorological and air-quality models require land characteristics as inputs. A field experiment was
conducted to study the surface energy budget of a rice paddy in Taiwan. During the day, the energy balance
ratio measured by an eddy covariance (EC) system was found to be 95% after considering the photosynthetic and local advected heat fluxes. The observations by the EC system suggest that the Bowen ratio was
about 0.18 during the daytime. The EC system also measured the daytime absorbed carbon dioxide flux.
The equivalent photosynthetic energy flux was about 1% of the net solar radiation. A reference table
describing the land characteristics of rice paddies for use in meteorological and air-quality models is listed
that shows that the albedo and the Bowen ratio measured over rice paddies were lower than those listed in
many state-of-the-art models. This study proposes simulating latent heat flux by assigning proper values for
canopy resistance rather than by assigning constant values for Bowen ratio or surface moisture availability.
The diurnal pattern of the canopy resistance of the rice paddy was found to be “U” shaped. Daytime canopy
resistance was observed to be 87 s m⫺1, and a high canopy resistance (⬃900 s m⫺1) should be assigned
during nighttime periods.

1. Introduction
Many state-of-the-art meteorological and air-quality
models, such as the fifth-generation Pennsylvania State
University–National Center for Atmospheric Research
Mesoscale Model (MM5; Grell et al. 1995), the
Weather Research and Forecasting (WRF) Model
(Dudhia et al. 2005), the American Meteorological
Society–Environmental Protection Agency Regulatory
Model (AERMOD; USEPA 2004), and the Comprehensive Air Quality Model with Extensions (CAMx;
ENVIRON 2006), require land characteristics such as
albedo, Bowen ratio, surface moisture availability, and
area heat capacity for the calculations of mixing length,
stability class, dry deposition, and surface energy com-
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ponents (Kitada and Regmi 2003). However, many of
the reference tables describing the characteristics of agricultural land covers in these models were derived
from sites in western countries that are largely based on
values typical for cereal crops, such as winter wheat and
corn, that dominate both the U.S. and west European
agricultural sector.
In south and east Asia, rice is the major food staple
and major crop (Simmonds et al. 1999). For example, in
Taiwan, 42% of plain terrain (elevation ⬍200 m above
sea level)—12% of land—is utilized for rice paddies
(TWCOA 2006). Rice is very different from other
crops, in that it is grown under flooded conditions over
most of the growing season. The fact that it is flooded
substantially affects surface energy balance components over a rice paddy relative to other nonirrigated
crops, or even crops that are irrigated only at certain
times during the growing season (Terjung et al. 1989).
In addition, more than 80% of freshwater resource development projects in Asia are used for irrigation, and
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FIG. 1. Schematics of the surface energy components of a rice paddy.

about half of the total irrigation water is used for rice
production (Bhuiyan 1992). The water-fed rice paddy
field may modify the surface energy budget, water
cycle, runoff, groundwater storage (Wu et al. 2001), and
possibly climate (Simmonds et al. 1999) of the region.
For accurately quantifying the water usage of a rice
paddy, better knowledge of the mass, momentum, and
energy exchange between rice paddies and the atmosphere is therefore necessary.
Observations of the energy exchange between rice
paddies and the atmosphere are still sparse. There have
been only a few studies in the United States (Campbell
et al. 2001), China (Gao et al. 2003), and Japan (Harazono et al. 1998; Leuning et al. 2000; Yoshimoto et al.
2005). To the author’s knowledge, no study in Taiwan
has been reported. This study, therefore, tries to report
data observed at a rice paddy site in Taiwan. However,
in this country it is very difficult to find a site with
sufficient fetch where the horizontal heterogeneity can
be neglected, because of the presence of buildings,
roads, and trees near most rice paddy sites. Moreover,
many field experiments show that the surface energy
budget fails to close, such as in Gao et al. (2003), in the
International Rice Experiment (Harazono et al. 1998),
and at many of a global network of micrometeorological flux measurement sites that measure the exchanges
of carbon dioxide, water vapor, and energy between the
biosphere and atmosphere (FLUXNET) sites (e.g.,
Wilson et al. 2002a,b; Meyers and Hollinger 2004).
They indicate that there is a general lack of closure at
most sites, with energy balance ratios (EBRs) ranging
from 70% to 95%. More careful treatments of horizontally advected fluxes and minor flux terms are therefore
needed.

The purposes of this study are to 1) evaluate the
surface energy closure by incorporating more energy
exchange components between a rice paddy and the
atmosphere, and 2) determine the characteristics of rice
paddies that can be used for meteorological and airquality models. Section 2 describes the characteristics
of the experimental site. Section 3 presents the method
and the instrumentation used in this study. Section 4
shows the observed results of the surface energy components, carbon dioxide (CO2) flux, and evapotranspiration from the rice paddy. Sections 5 and 6 report the
land characteristics of the rice paddy and compare with
other study sites. Conclusions are made in section 7.

2. Method
The surface energy budget is based on the fundamental principle of conservation of energy. It can be shown
that the sum of surface latent heat and sensible heat
flux should be equivalent to all other energy sinks
and sources (e.g., Wilson et al. 2002b), as illustrated in
Fig. 1 as
V ⬅ Rn ⫺ G ⫺ S ⫺ W ⫺ F
⫽ LEc ⫹ Hc ⫹ C ⫹ A
⫽ LE ⫹ H,

共1兲
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共7兲

where V is the available heat flux for turbulent heat
fluxes at the surface. It is defined as the sum of Rn ⫺
G ⫺ S ⫺ W ⫺ F. Here, Rn is the net radiation (positive
downward); G is the ground heat flux measured by the
heat flux plate sensors (positive downward); S is the soil
heat storage between the soil surface and the depth of
the heat flux plate sensors (e.g., Tsuang 2005); W is the
heat storage in the paddy water; C is the canopy heat
storage between the land surface and the height of the
eddy covariance system (e.g., Garratt 1992); A is the
local advected heat flux (Brutsaert 1982; Guo and
Schuepp 1994); F is the photosynthetic energy flux
(positive downward); LEc is the latent heat flux at the
canopy height (positive upward); Hc is the sensible heat
flux at the canopy height (positive upward); H is surface
sensible heat flux; LE is surface latent heat flux; Rs is
the incoming solar radiation (positive downward); Rsr is
the reflected solar radiation (positive upward), Rld is
the atmospheric longwave radiation (positive downward); Rlu is the terrestrial longwave radiation (positive
upward); CCO2 is the energy required for each mole of
CO2 fixed by photosynthesis (⫽422 kJ g mole⫺1; Nobel
1999); MCO2 is the molecular weight of CO2; FCO2 is the
flux of CO2 measured by the eddy covariance (EC)
system (plus upward); g, a, and w are density of the
wet soil, the air, and the water, respectively; cp and cg
are specific heat capacity of the air and the wet soil,
respectively; L is the latent heat of vaporization;  is
potential temperature; q is specific humidity; Tg and Tw
are soil temperature and water temperature, respectively; zg is the depth from the land surface to the heat
flux plate sensor; hc is the height of the EC system
installation; zw is the depth of water in paddies; and u
and  are wind components in x direction and y direction, respectively.
Surface sensible heat flux H and surface latent heat
flux LE can be parameterized (e.g., Brutsaert 1982;
Garratt 1992) as

冉

冊

⭸q
⭸q
⭸q
⫹ aL hc u
⫹
,
⭸t
⭸x
⭸y

共9兲

where the second and the third terms on the right-hand
sides of Eqs. (8) and (9) are storage and local advected
heat fluxes between the height hc and the surface, respectively.

a. Examination of energy balance closure
Energy balance closure is examined using three
methods in this study. The first method is to derive
regression coefficients from the ordinary least squares
(OLS) relationship between the hourly sums of the turbulence heat fluxes (LE ⫹ H ) and the available heat
flux (V; Wilson et al. 2002b). Note that the OLS regression is technically valid only if there are no random
errors in the independent variable. The second method
is to evaluate the EBR (Wilson et al. 2002b) between
the sum of the turbulence heat fluxes (LE ⫹ H ) and
the available heat flux (V ) over a specific time period,
that is,

EBR ⬅

兺共LE ⫹ H兲 .
兺共V兲

共10兲

The third method is to quantify the discrepancy between the available heat flux (V ) and turbulence heat
flux (LE ⫹ H ). The discrepancy provides information
about whether the turbulence heat flux observed by
the EC system could be overestimated or underestimated. The residual heat flux R of the energy closure is
defined as
R ⬅ V ⫺ H ⫺ LE,

共11兲

where the residual heat flux should be equal to zero
when the surface energy budget is closed.

b. Bowen ratio, canopy resistance, and surface
moisture availability
Once surface sensible heat and latent heat fluxes are
obtained, its Bowen ratio can be determined according
to its definition (e.g., Brutsaert 1982) as
B⬅

H
.
LE

共12兲
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FIG. 2. (left) Elevation and (right) farmland fraction distribution around the study site in central Taiwan, where
the cross represents the study site and the triangles are meteorological stations around the site. The solid lines
represent the borderlines of nearby counties.

In addition, adopting the concept of resistance to
heat and vapor transferred to the atmosphere, the surface sensible latent heat fluxes can be determined
(Monteith 1965) as
H⬅

acp共Ts ⫺ Ta兲
and
ra

共13兲

LE ⬅

aL 关q*共Ts兲 ⫺ qa兴
,
ra ⫹ rc

共14兲

where ra is aerodynamic resistance for heat, rc is canopy
resistance for evapotranspiration, Ts is the skin temperature of paddy surface, Ta is air temperature, q*(Ts)
is the saturated specific humidity at Ts, and qa is specific
humidity of air. By rearranging Eqs. (13) and (14), ra
and rc can be determined as
ra ⫽

acp共Ts ⫺ Ta兲
and
H

共15兲

rc ⫽

aL 关q*共Ts兲 ⫺ q兴
⫺ ra.
LE

共16兲

In addition, once aerodynamic resistance is determined,
the potential latent heat flux PE can be determined
from Eq. (14) by setting rc ⫽ 0 (e.g., Grell et al. 1995) as
PE ⬅

aL 关q*共Ts兲 ⫺ qa兴
.
ra

共17兲

Surface moisture availability m is defined as the ratio
between actual and potential evapotranspiration (Grell
et al. 1995). As a result, surface moisture availability
can be determined as
m⬅

LE
ra
⫽
,
PE ra ⫹ rc

共18兲

where the second equality is derived by putting Eqs.
(14) and (17) into the first equality.

3. Characteristics of rice paddy and site
description
The study site is located at the Taiwan Agricultural
Research Institute (TARI) (24°01⬘N, 120°41⬘E, 50 m
above sea level) in the Taichung basin in central Taiwan (Fig. 2). The purpose of the institute is to improve
the cultivation technique for agricultural products, investigate plant pathology, and conduct research in the
field of agricultural micrometeorology. Soil at the experimental site was predominantly loam, of which the
volumetric heat capacity gcg is set at 2.99 ⫻ 106 J m⫺3
K⫺1 for wet soil (Hillel 1982).
In central Taiwan, there are two growing seasons for
rice paddies—one beginning in February and the other
in July. From sowing to harvest, it usually takes 120
days for the first rice crop and 100 days for the second
rice crop. The rice (Japonica rice cultivar Tainung 67)
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FIG. 3. Photograph taken facing north, from 80 m south of the study site (star) in Wufeng,
Taichung County, Taiwan, on 1 May 2005.

was transplanted to the study site on 8 March 2005 and
was harvested at the end of June 2005 (Fig. 3). The rice
was cultivated following the rules of “precision agriculture,” set up by TARI. Flux measurements were carried
out from 5 April to 19 May 2005, which was from about
the maximum tillering stage to the end of the booting
stage. During the experimental period the canopy
height increased about from 26.1 to 73.7 cm. The rice
field was flooded throughout the entire experiment.
The depth of the water layer during the flooded period
ranged from 2 to 6 cm. The distance between rice plants
was 30 cm ⫻ 15 cm. Several patches of similar rice
paddies composed a rectangular paddy field, about 0.45
km in the north–south direction ⫻ 0.2 km in the east–
west direction. The experiment site was almost completely surrounded by farmlands (CTCI 2003).
An EC system and a micrometeorology station were
set up at nearly the center of the paddy field. The measured items included incoming solar radiation, reflected
solar radiation, atmospheric longwave radiation, terrestrial longwave radiation, atmospheric pressure, wind
speed and direction, air temperature, relative humidity,
soil temperature, and ground heat flux. The results are
shown in Fig. 4. During the study period, wind directions alternated between day and night. It is likely part
of a valley–mountain wind system, regularly observed
in the basin (Tsai and Tsuang 2005).
Carbon dioxide flux, sensible heat flux, and latent
heat flux were measured directly from an EC system.
The EC system consists of a three-dimensional sonic

anemometer (CSAT3; Campbell Scientific, Inc.) to
measure the fluctuations of wind velocity components
(i.e., u, , and w) and virtual temperature, a fine-wire
thermocouple (FW05) to measure the fluctuations of
air temperature, and an open-path CO2/H2O fastresponse infrared gas analyzer (LI7500; Li-Cor, Inc.) to
measure fluctuations in CO2 concentration and water
vapor density. The open-path analyzer with a 0.125-mspan open path was installed at the same height as the
sonic anemometer with a horizontal separation of
about 0.20 m. All sensors were mounted on a mast at a
height of 5 m above ground level. All of the signals of
the sensors were sampled at 20 Hz and were averaged
over 10-min periods. Note that the ratio of the fetch to
the measurement height of a fingerprint area is about
28 (Horst 1999; Tsai and Tsuang 2005). That is, the
minimum fetch required for the flux measurements
from the rice paddy by the EC system is 140 m. Note
that the EC system was mounted at 5-m height. Because the rice paddy was about 0.45 km in the north–
south direction ⫻ 0.2 km in the east–west direction, it
implies that the fetch of the rice paddy was sufficient
for either the north or south wind direction, but less
sufficient for either the east or west wind direction.
A Solar Infrared Radiation Station (SIRS) system
was used in this study to measure each component of
the radiation balance. The SIRS consisted of four individual sensors, including both upward and downward
pyranometers (PSPs), and both upward and downward
pyrgeometers (PIRs), manufactured by the Epply
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FIG. 4. Cloud fraction, surface air temperature (Ta), specific humidity (q), precipitation
(ppt), wind speed (ws), wind direction (wd), and CO2 concentration, from 5 Apr to 19 May
2005.

Laboratory, Inc. Each component of this system was
mounted on a mast at a height of 5 m above ground
level. In addition, a net radiation sensor Q*7.1 [made
by Radiation and Energy Balance Systems (REBS)]
was also used to double check the net radiation determined from the SIRS.

Ground heat flux G was obtained using the mean
value of two soil heat flux plate sensors (REBS’ HFT3.ls), buried at a depth of 8 cm. The soil temperature
between the soil heat flux plate sensors and the surface
was measured using the averaging soil thermocouple
probe (TCAV), which consisted of four thermocouple
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FIG. 4. (Continued)

junctions divided into two groups and buried at depths
of 3 and 6 cm, respectively. The distance between the
two groups in the same level was 1 m. The mean values
of TCAV served as the mean soil temperature (Tg)
between the instruments and the surface.

4. Surface energy components
Figure 5 shows the daily variation of each surface
energy component during the study period. During the
experiment, there were three overcast periods (12–17
April, 26–29 April, and 6–15 May 2005). It can be seen
that during the overcast periods, the magnitudes of solar radiation, latent heat flux, sensible heat flux, and
CO2 flux were much lower than in partial cloud or
clear-sky days. Note that there were gaps in the figure
for various reasons. The LI7500 eddy covariance system failed under rainy and foggy conditions, and there
were several rain events before the end of the measuring period. Hence, data of latent heat flux and CO2 flux
under these conditions have been discarded. Soil temperature was not measured until 11 April. A pyrgeometer battery failed during the gaps. During the period
from 16 to 25 April 2005, there was no rainfall, the data
were more complete, and the winds were northern or
southern dominated (Fig. 4). From these two wind directions, the fetch of the rice paddy was sufficient at the
measurement height of the EC system. Therefore, only
data during this period were used for detailed analysis
and to derive the characteristics of the rice paddy.
The net radiation measured by the SIRS was slightly
lower than that measured by the Q*7.1 with the bias at

⫺25 W m⫺2, the RMSE at 46 W m⫺2, and the correlation coefficient at 0.99. The sensible heat flux derived
from the perturbation of virtual temperature observed
by CSAT3 was slightly higher than that of temperature
observed by the FW05 thermocouple with the bias at
1 W m⫺2, the RMSE at 6 W m⫺2, and the correlation
coefficient at 0.95. Observations from the SIRS and
CSAT3 were used in the rest of the paper. Note that the
SIRS is generally considered to be the standard. This
implies that using the other combinations (Q*7.1
plus FW05) would increase the residual heat flux by
26 W m⫺2.
Figure 6 shows the diurnal composite of each energy
component during the period. Ranging from 0 to 600 W
m⫺2, Rn, Rs, Rld, and Rlu belong to the highest magnitude group. LEc belongs to the second highest group
ranging from ⫺50 to 500 W m⫺2. The magnitude of Hc
was lower than that of LEc and close to those of heat
storage components S and W, and ground heat flux G;
A, C, and F belong to the lowest group ranging from ⫺5
to 10 W m⫺2. Note that the magnitude of the residual
heat flux R is close to W. Table 1 summarizes the results
and expresses each budget component as a ratio of
available heat flux. During the daytime, net radiation
was the dominant contributor to the surface and latent
heat flux was the main receiver from the surface. During the nighttime, ground heat flux and soil heat storage
were the dominant energy contributors, and net radiation and latent heat flux were the major receivers.
The rice paddy during the experiment was filled with
water ranging from 2 to 6 cm deep. The wet soil storage
is determined according to Eq. (3). The paddy water
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correction, 4) advected heat flux correction, and 5) photosynthetic energy correction.

a. Coordinate rotation correction
The latent heat flux and the sensible heat flux observed from the EC system can be hindered because of
the tilt of the instrument and the slope of the terrain.
Over flat terrain, the long-term mean vertical velocity
should be zero. Under the assumption of the mean vertical velocity being zero, two-axis coordinate rotation is
applied to all EC estimates to correct the nonzero vertical velocity according to Wilczak et al. (2001). After
the coordinate rotation correction, the sensible heat
flux decreased slightly but latent heat flux increased by
about 8%. As a result, the daytime EBR and the slope
of OLS relationships increased by 7% and 0.07, respectively (Table 2).

b. Webb correction
Webb et al. (1980) showed that the eddy flux of heat
should be corrected for density fluctuations in calculating the fluxes of water vapor and CO2. Therefore, the
corrections for the effects of density fluctuations, owing
to the transfer of sensible heat on the water vapor and
CO2 fluxes, were carried out.
After turbulence heat fluxes were corrected according to Webb et al. (1980) for the effect of density fluctuations, the daytime EBR improved by 2% and the
slope of OLS relationship increased by 0.04 (Table 2).

c. Photosynthetic heat flux (F), canopy heat storage
(C), and advected heat flux (A) corrections
FIG. 5. Displayed are Rn, Hc, LEc, Rs, Rsr, Rld, Rlu, G, S, W, F,
C, and A. Both R and CO2 flux measured at a rice paddy site in
Taiwan from 5 Apr to 19 May 2005.

heat storage is determined according to Eq. (4). During
the day, the ground heat flux, the soil heat storage, and
the paddy water storage consisted of 12%, 16%, and
7% of available heat flux, respectively (Table 1).
Table 2 and Fig. 7 show the EBRs and the regression
coefficients from the OLS relationship between the
sums of the turbulence heat fluxes (LE ⫹ H ), against
the available heat flux (V ) of various corrections. It can
be seen that both the EBRs and the regression coefficients of the OLS relationship become closer to 1 after
each correction. The corrections include 1) coordinate
rotation correction (e.q. Wilczak et al. 2001), 2) Webb
correction (Webb et al. 1980), 3) canopy heat storage

The photosynthetic heat flux, canopy storage, and
local advected heat flux are usually neglected in the
energy budget equation (e.g., Harazono et al. 1998;
Twine et al. 2000; Wilson et al. 2002a; Gao et al. 2003).
Nonetheless, at the study site, these three minor terms
were examined.
As described by Meyers and Hollinger (2004), an
estimate of the energy used in photosynthesis is obtained from the energy that is required to break the
bonds of the reactants and those in forming glucose and
oxygen, that is, 6H2O ⫹ 6CO2 ⇒ 6O2 ⫹ C6H12O6. The
solar energy stored in the bonds of carbohydrate is
about 422 kJ of energy per mole of CO2 fixed by photosynthesis. This constant is used to compute the photosynthetic energy from the CO2 flux measured by the
EC system (Nobel 1999), as described in Eq. (7). During the day, the photosynthetic heat flux consists of 2%
of the available heat flux (Table 1). This ratio is close to
that of Oke (1987); he suggested the photosynthesis is
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FIG. 6. As in Fig. 5, but for their diurnal composites from 16 to 25 Apr 2005.
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TABLE 1. Summary of energy components and Bowen ratios measured in a rice paddy in Taiwan from 16 to 25 Apr 2005; daytime:
0800–1800 LT, nighttime: 1900–0600 LT, sunrise/sunset: 0600–0800/1800–1900 LT, and V ⫽ Rn ⫺ G ⫺ S ⫺ W ⫺ F [W m⫺2 (%V )].
Subtotal

Daytime

Nighttime

Sunrise/sunset

Full day

Rs
Rsr
Rld
Rlu
Rn
C
G
S
W
A
F
Hc
LEc
Bc ⫽ Hc /LEc
H
LE
B ⫽ H/LE
H ⫹ LE
G
V
R

446 (179%)
38 (15%)
345 (138%)
410 (164%)
342 (137%)
1.1 (0.4%)
30 (12%)
40 (16%)
18 (7%)
1.9 (1%)
5 (2%)
34 (14%)
200 (80%)
0.17
36 (14%)
202 (81%)
0.18
238 (95%)
88 (35%)
249 (100%)
12 (5%)

0 (0%)
0 (0%)
328 (1571%)
373 (1787%)
⫺45 (⫺217%)
⫺0.8 (⫺4%)
⫺25 (⫺119%)
⫺28 (⫺134%)
⫺12 (⫺58%)
1.1 (5%)
⫺1.2 (⫺6%)
⫺2 (⫺11%)
7 (34%)
⫺0.33
⫺2 (⫺10%)
7 (35%)
⫺0.30
5 (24%)
⫺65 (⫺311%)
21 (100%)
16 (76%)

52 (100%)
6 (12%)
331 (638%)
379 (729%)
⫺1.1 (⫺2%)
⫺0.2 (⫺0.4%)
⫺18 (⫺35%)
⫺24 (⫺46%)
⫺10 (⫺20%)
1.6 (3%)
⫺0.4 (⫺1%)
0.1 (0.3%)
23 (44%)
0.01
1.3 (3%)
23 (44%)
0.06
24 (47%)
⫺53 (⫺101%)
52 (100%)
28 (53%)

192 (161%)
17 (14%)
335 (281%)
389 (326%)
121 (102%)
0.1 (0.1%)
⫺1.2 (⫺1.0%)
1.1 (0.9%)
0.5 (0.4%)
1.5 (1.2%)
1.3 (1.1%)
13 (11%)
90 (75%)
0.15
14 (12%)
90 (76%)
0.16
104 (87%)
0.1 (0%)
119 (100%)
15 (13%)

typically on the order of 1%–2% of the available heat
flux. The EBR increased by 0.02 after the incorporation
of the photosynthetic heat flux during the daytime. In
addition, the slope of OLS increased by about 0.02 after
the correction (Table 2).
The canopy heat storage term is the rate of energy
storage per unit area between the surface and the
height (hc ⫽ 5 m) where the sensible and latent heat
fluxes were measured by the EC system. The canopy
heat storage is determined according to Eq. (5). During
the day, the canopy heat storage term consisted of 0.4%
of available heat flux (Table 1). The EBR increased by
0.004 after the incorporation of the term during the
daytime. In addition, the slope of the OLS relationship
increased by 0.008 after the correction (Table 2).

The heterogeneity of temperature and wetness of the
land surface will generate horizontal transports of heat
and moisture, the so-called local advection, when wind
flows cross it (Brutsaert 1982). In this study, there are a
few buildings and trees distributed around the study
area (Fig. 3). Therefore, local advection heat flux was
estimated using Eq. (6), which is the simplified, steadystate, two-dimensional, mean thermodynamic equation.
The upwind numerical scheme is used for the calculation of advected heat flux (e.g., Griebel et al. 1998). The
horizontal temperature (specific humidity) gradients
are determined using the temperatures (specific humidities) interpolated at locations 1 km north, south,
east, and west from the study site. The inverse-distanceweighting technique (Scire et al. 2000; Tsuang 2003a)

TABLE 2. EBR and the regression coefficients from the OLS relationship between the hourly sums of the turbulence heat fluxes
(LE ⫹ H ) against the available heat flux (V ) from 16 to 25 Apr 2005. Coord indicates the coordinate rotation correction.
Y

X

Step

H ⫹ LE

V

Full day

Daytime

Slope

Constant

r2

I
II
III
IV
V
VI
VII
VIII
IX

Raw
I ⫹ Coord
I ⫹ Webb
I ⫹ Coord ⫹ Webb
III ⫹ W ⫹ S
V⫹F
VI ⫹ C
VI ⫹ A
VI ⫹ C ⫹ A (final)

S
S
S
S
S

0.77
0.82
0.78
0.84
0.85
0.86
0.86
0.87
0.87

0.67
0.74
0.69
0.75
0.93
0.94
0.95
0.95
0.95

0.56
0.63
0.60
0.65
0.88
0.89
0.90
0.90
0.90

25
24
22
23
⫺3
⫺4
⫺5
⫺3
⫺4

0.92
0.91
0.94
0.92
0.89
0.88
0.89
0.88
0.88

Rn
Rn
Rn
Rn
Rn
Rn
Rn
Rn
Rn

⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺

G
G
G
G
G
G
G
G
G

⫺
⫺
⫺
⫺
⫺

EBR

⫺
⫺
⫺
⫺
⫺

W
W
W
W
W

⫺
⫺
⫺
⫺

F
F
F
F

OLR
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␣ and solar zenith angle z at this rice paddy site is
determined to be
␣ ⫽ 0.0802 cosz⫺0.2633.

FIG. 7. Turbulence heat flux measured by the EC system (LE ⫹
H ) as a function of V from 16 to 25 Apr 2005, where (I) (diamond) denotes energy balance closure for raw data, (IV) (square)
denotes the closure after coordinate rotating correction and WPL
correction, and (IX) (triangle) denotes the closure after all corrections. See Table 2 for details.

was used for the interpolation from nearby stations.
There were nine meteorological stations located within
15 km from the study site (Fig. 2). These stations are
maintained with routine quality assurance and quality
control. During the day, the local advected heat flux
consisted of 0.8% of available heat flux (Table 1). The
EBR increased by 0.008 after the incorporation of the
term during the daytime. In addition, the slope of the
OLS relationship increased by 0.001 after the correction (Table 2).

5. Land characteristics of rice paddies
The daytime EBR of this study is as high as 95%,
which is higher than previous studies over rice paddies
(e.g., Gao et al. 2003). Therefore, parameters derived
from the experimental data may be of value for determining mass, momentum, and energy exchange rates
between rice paddies and the atmosphere. Major characteristics of the study site are listed in Table 3, along
with characteristics of other rice paddy sites reported in
literature. The derived parameters listed in the table
include albedo, Bowen ratio, aerodynamic resistance,
canopy resistance, surface moisture availability, surface
emissivity, and area heat capacity.

a. Albedo
The albedo (the ratio between reflected solar radiation and incoming solar radiation at the site), was observed to vary from 0.07 to 0.19. The majority of this
variation is due to a strong diurnal variation in albedo,
as shown in Fig. 8. Note that over a water body, it is well
known that the albedo is a function of solar zenith angle
(e.g., Arya 2001). The relationship between the albedo

共19兲

The above equation has a correlation coefficient at 0.75
and RMSE at 0.015. Because a few meteorological
models use a single solar zenith angle–independent
value for albedo of a given land type, it may introduce
errors for net solar radiation estimation during the sunrise and sunset periods. The represented albedo at the
site is determined to be 0.09, which is the ratio between
the accumulated reflected solar radiation and the accumulated incoming solar radiation during the study period. This value lies in the range between soil and water
(Arya 2001). The value of 0.09 is close to that of other
rice paddies (Gao et al. 2003), ranging from 0.08 to 0.17,
but is lower than the value of 0.14 used in AERMOD
and the value of 0.18 used in both MM5 and WRF
(Table 3).

b. Surface emissivity
Surface emissivity  is the ratio of radiation emitted
by a surface and the theoretical radiation of a blackbody. It is defined (e.g., Brutsaert 1982) as
⬅

Rlu

T s4

,

共20兲

where  is the Stefan–Boltzmann constant and Ts is the
land skin temperature (K). Nonetheless, it is very difficult to measure Ts , especially for a rice paddy, which
consists of the skin temperature of rice itself, exposed
wet soil, and exposed water surface. However, from Eq.
(13), it can be inferred that the signs of “Ts ⫺ Ta”
should be the same as those of surface sensible heat
fluxes. Rearranging the above equation, we can determine Ts from the observed terrestrial longwave radiation Rlu as
Ts ⫽

冑
4

Rlu
.


共21兲

Figure 9a shows that the upward sensible heat flux occurs from 0600 to 1700 LT. From Eq. (13), it can be
inferred that Ts ⫺ Ta should be positive during the
same period. Figure 9b shows Ts ⫺ Ta with Ts calculated using various values for the emissivity. It can be
seen that by choosing a surface emissivity of 0.86, the
positive period of Ts ⫺ Ta coincided with the positive
period of the observed sensible heat flux. In addition,
the simulated diurnal range of the skin temperature was
reasonable when compared with those of observed surface air temperature and soil temperature (Fig. 9c).
Note that it is well known that the diurnal range of skin
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2.2 m
0.72 m
3.1

0.16–0.65 m
—
0.08–0.17
0.23 (local noon)

0.06 (full day)

0.39–0.54 m
0.5–1.1
0.09 (0.07–0.19), or Eq. (19)
0.18 (daytime)

⫺0.30 (nighttime)

885 s m⫺1 (nighttime)
0.43 (daytime)
0.86
2.8 ⫻ 105 J m⫺2 K⫺1

Moisture availability
Surface emissivity
Area heat capacity
0.96 (assume)

* Cultivated land.
** U.S. Geological Survey Irrigated Crop Pasture Land type.

82 s m⫺1 (daytime)

Canopy resistance rc

0.33 (daytime)

0.04 (flooded conditions)
(daytime)
91 s m⫺1 (daytime)

—
0.08 (drained condition)

5–16 Aug 1996
300 m ⫻ 300 m

3m

Height of eddy
covariance system
Vegetation height
LAI
Albedo
Bowen ratio

10 Jun–20 Jul 2001
600 m ⫻ 600 m

16–25 Apr 2005
450 m in the north–south direction;
200 m in the east–west direction
5m

Okayama, Japan
(34°50⬘N, 134°E)

Harazono et al.
(1998)

Date
Area

Anhui, China
(32°30⬘N, 119°07⬘E)

Gao et al.
(2003)

Taichung, Taiwan
(24°01⬘N, 120°41⬘E, 50 m MSL)

This study

Location

Variable

—

50–200 s m⫺1
(daytime)

0.6–1 m
0.57–3.95

—

Iwate, Japan
(39°40⬘N, 141°00⬘E,
200 m MSL)
May–Sep 2000
—

Yoshimoto et al.
(2005)

TABLE 3. Characteristics of rice paddies reported in the literature.

0.14 (spring)
0.30 (spring,
daytime,
wet condition)

AERMOD
(USEPA 2004)*

0.50 (summer)
0.92 (summer)
2.5 ⫻ 105 J m⫺2 K⫺1

0.18 (summer)

MM5 and WRF
(Dudhia et al. 2005)**
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FIG. 8. Time series of albedo measured at the study site from 16 to 25 Apr 2005, and its
diurnal composite.

temperature is larger than those of surface air temperature and soil temperature (e.g., Carslaw and Jaeger
1959; Tsuang 2003b; Prigent et al. 2003; Aires et al.
2004). Furthermore, daytime Ts should be higher than
the temperatures of surface air and subsurface soil, but
nighttime Ts should be lower than those temperatures.
Using the other values for the emissivity, the positive
period of Ts ⫺ Ta was less similar to that of the sensible
heat flux. Nonetheless, there was still about 18% of the
data for which the signs of Ts ⫺ Ta were not the same
as those of the sensible heat fluxes (Fig. 9d). The value
of 0.86 for the emissivity was lower than the values of
0.92 used in MM5 and WRF, and the value of 0.96
assumed in Gao et al. (2003; Table 3).

tent heat flux observed by the EC system and modified
according to Eqs. (18) and (19) (Fig. 10). During the
daylight hours, the mean value of the ratio was 0.18,
with a standard deviation of 0.05 (Tables 3 and 4). This
value was slightly higher than those of other rice paddies (Gao et al. 2003; Harazono et al. 1998), ranging
from 0.07 to 0.15, but lower than the value of 0.30 used
in AERMOD. During the nights the Bowen ratio became negative, but had extremely high standard deviations when both components of the surface sensible and
latent heat fluxes were smaller than the residual heat
flux. Therefore, the eddy covariance may not be able to
measure the ratio between the fluxes correctly during
the nights (Wilson et al. 2002b).

c. Bowen ratio

d. Surface moisture availability

The Bowen ratio is determined according to Eq. (12)
using the surface sensible heat flux and the surface la-

Surface moisture availability is used in meteorological models (MM5 and WRF) for determining the actual
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FIG. 10. Time series of B and m from 16 to 25 Apr 2005, and
their diurnal composites.

FIG. 9. (a) Diurnal composite of surface sensible heat flux (H )
from 16 to 25 Apr 2005; (b) diurnal composites of Ta ⫺ Ts, where
Ts is calculated using various values for surface emissivity; (c)
diurnal composite of Ta, Ts, and Tg of the time series, where Ts is
determined from the observed terrestrial longwave radiation assuming the surface emissivity at 0.86; and (d) the ratio of the sign
of (Ts ⫺ Ta) is consistent to H as a function of surface emissivity.

evapotranspiration rate from the potential evapotranspiration rate. It can be calculated according to Eq. (18)
from the derived aerodynamic resistance and the
canopy resistance. The results are shown in Fig. 10. The
highest composite mean of 0.68 occurred in the early
afternoon when canopy resistance reached its minimum, and the lowest value of 0.05 occurred during the
night when canopy resistance reached its maximum
(Fig. 10). In general, the daytime values were higher
than the value of 0.5 as prescribed in MM5 and WRF
(Table 3), but the nighttime values were lower than 0.5.
The daytime mean was 44 ⫾ 8%, which is significantly
higher than the value of 34 ⫾ 7% observed in Harazono
et al. (1998; Tables 3 and 4).
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Height
(cm)

39
41
42
44
46
47
49
51
52
54
47
5

72
72
72
72
72
72
72
0
sites

Time

16 Apr 2005
17 Apr 2005
18 Apr 2005
19 Apr 2005
20 Apr 2005
21 Apr 2005
22 Apr 2005
23 Apr 2005
24 Apr 2005
25 Apr 2005
Mean
Std dev

7 Aug 1996
8 Aug 1996
9 Aug 1996
10 Aug 1996
11 Aug 1996
12 Aug 1996
Mean
Std dev
Mean of the two
3.1
3.1
3.1
3.1
3.1
3.1
3.1
0.0

0.5
0.6
0.6
0.6
0.7
0.8
0.9
0.9
1.0
1.1
0.8
0.2

LAI

32.3
31.9
31.8
32.6
32.2
32.2
32.2
0.3

26.1
24.9
26.5
27.2
26.8
27.3
28.0
27.8
26.6
27.8
26.9
0.9

Ta
(°C)

2.2
2.4
1.8
2.4
3.0
3.7
2.6
0.7

1.7
1.6
2.4
1.9
1.9
1.6
1.9
2.2
1.7
2.2
1.9
0.3

ws
(m s⫺1)

357
378
373
443
373
425
392
34

344
133
465
393
316
296
411
332
332
396
342
89

Rn
(W m⫺2)

29
28
33
30
20
25
28
5

36
8
46
40
26
26
38
26
25
30
30
11

G
(W m⫺2)

257
274
249
289
293
313
279
24

Harazono et al. (1998)
0
28
0
30
7
37
30
17
⫺1
22
24
25
14
23
13
13

LE
(W m⫺2)
206
92
255
214
185
192
243
203
193
233
202
45

H
(W m⫺2)

This study
18
32
8
9
22
61
21
45
18
28
17
27
22
37
14
32
18
45
19
46
18
36
4
14

W
(W m⫺2)

0.11
0.11
0.15
0.06
0.00
0.08
0.08
0.05
0.13

0.16
0.09
0.24
0.21
0.15
0.14
0.15
0.16
0.23
0.20
0.18
0.05

B

2190
2140
1900
2480
2530
2350
2265
236

1278
856
916
1078
1125
1184
1268
992
1039
1026
1076
140

D
(Pa)

52
48
59
48
39
31
46
10

81
57
67
74
73
55
75
68
50
55
66
11

ra
(s m⫺1)

101
93
78
83
93
100
91
9
87

85
143
60
82
86
94
71
70
99
73
82
23

rc
(s m⫺1)

118
108
88
111
133
110
111
15

103
180
53
76
98
112
85
77
83
68
86
35

ri
(s m⫺1)

34%
34%
43%
37%
29%
24%
34%
7%
39%

49%
28%
53%
48%
46%
37%
51%
49%
34%
43%
44%
8%

m
(obs)

TABLE 4. Paddy height, LAI, and daily daytime means (from 0800 to 1800 LT) of Ta, horizontal wind speed (ws), Rn, G, W, H, LE, B, D, ra, rc, ri, m, and Beq during the
observation period.

0.24
0.24
0.25
0.24
0.24
0.24
0.24
0.00

0.33
0.35
0.32
0.31
0.32
0.31
0.30
0.30
0.32
0.30
0.31
0.02

Beq
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FIG. 11. As in Fig. 10, but for ra and rc. Note that the diurnal composites are determined
from the hourly data by the geometric means, where the high–low bars denote std dev and the
missing low bars denote the values of geometric mean minus std dev of less than 0.

e. Aerodynamic and canopy resistances for
evapotranspiration
Figure 11 shows both the aerodynamic and canopy
resistance, determined according to Eqs. (15) and (16)
based on atmospheric variables observed at the site,
respectively. The diurnal patterns of both resistances
were “U” shaped. The minimum values occurred
around local noon when solar radiation reached its
maximum, and the maximum values occurred during
the night from 1900 to 0700 LT. These are reasonable.
During the night, the atmosphere is stable, causing
higher aerodynamic resistance, and the stomata are
closed, causing a higher canopy resistance. At local
noon, the atmosphere is the most unstable, causing a

lower aerodynamic resistance, and the stomata are
fully opened, causing a lower canopy resistance. In the
early afternoon, canopy resistance reached its minimum of 40 s m⫺1; during the night the resistance could
potentially be higher than 1000 s m⫺1. The range of
daily daytime canopy resistance was between 60 and
143 s m⫺1 (Table 4). These values were close to those
for rice paddies in Yoshimoto et al. (2005), ranging
from 50 to 200 s m⫺1, and close to those in Harazono et
al. (1998), ranging from 78 to 100 s m⫺1.

f. Area heat capacity
Area heat capacity is used in meteorological models
(MM5 and WRF) for determining land skin tempera-
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FIG. 12. Surface ground heat flux, as a function of the changing rate of land skin temperature at 3 h ahead, dTs(t ⫺ 3 h)/dt.

ture. It can be determined, as long as land skin temperature and surface ground heat flux Gs are available
(Tsuang 2005), as

冑

Gs共t兲 ⫽ scs

ks ⭸Ts共t ⫺ 3 h兲
,

⭸t

共22兲

where Gs ⬅ G ⫹ S⫹ A; s , cs , and ks are the density (kg
m⫺3), specific heat (J kg⫺1 K⫺1), and heat diffusion
coefficient (m2 s⫺1) of land surface, respectively; and 
is the earth’s angular velocity (⫽2/24 h⫺1). In addition, scs公ks / is defined as the area heat capacity of
a land surface (A. Arakawa and Y. Mintz 1974, personal communication).
Figure 12 shows the time series of Gs(t) and Ts(t ⫺
3 h)/t and the x–y plot between them from 16 to 25
April 2005. Using the OLS relationship, the area heat
capacity scs公ks / was determined to be 278 700 ⫾
9500 J m⫺2 K⫺1 and scs公ks was determined to be

2376 J m⫺2 K⫺1 s⫺1/2 with a correlation coefficient of
0.88. The area heat capacity was slightly higher than the
value of 2.5 ⫻ 105 J m⫺2 K⫺1 as prescribed in MM5 and
WRF (Table 3). The value of scs公ks was slightly
larger than that of wet loam at 2189 J m⫺2 K⫺1 s⫺1/2 but
is lower than that of water at 5926 J m⫺2 K⫺1 s⫺1/2
(Tsuang 2005). This is reasonable because the derived
value was between those of water and wet loam, and
close to that of wet loam. Note that the surface of rice
paddy consists of paddy water fraction, exposed wet
loam fraction, and rice plant surface fraction; the representative value should be close to the harmonic average of these fractions (Tsuang 2005).

6. Discussion
From the above discussions, it can be seen that except for the Bowen ratio and surface moisture availability, the land characteristics measured in this study
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TABLE 5. Statistics of calculated surface sensible heat flux, surface latent heat flux, Bowen ratio, canopy resistance, and surface
moisture calculated by three methods comparing with observations. The methods include simulation using a 1) constant daytime Bowen
ratio of 0.13, 2) constant daytime canopy resistance of 87 s m⫺1, and 3) constant daytime surface moisture availability of 0.39. Here
MAE is mean absolute error.

Variable

Obs

Calculated

H (W m⫺2)
LE (W m⫺2)
B
rc
m

34
253
0.14
88
0.40

33
254
0.13
81
0.44

H (W m⫺2)
LE (W m⫺2)
B
rc
m

34
253
0.14
88
0.40

36
251
0.15
87
0.40

H (W m⫺2)
LE (W m⫺2)
B
rc
m

34
253
0.14
88
0.40

Bias

MAE

Constant daytime Bowen ratio method
⫺1
12
16
1
12
16
⫺0.01
0.05
0.06
⫺7
21
24
0.04
0.07
0.09

Correlation
coef

Slope

Constant

0.24
0.98
—
0.86
0.94

0.13
0.89
0.00
1.75
1.68

29
28
0.13
⫺72
⫺0.23

0.94
0.98
0.86
—
0.88

1.60
0.99
1.70
0.00
0.59

⫺17
0
⫺0.08
87
0.16

Constant daytime surface moisture availability method
33
0
25
31
0.82
254
0
25
31
0.94
0.16
0.02
0.11
0.13
0.84
91
3
29
33
⫺0.40
0.39
⫺0.01
0.08
0.09
—

2.19
1.16
2.38
⫺0.46
0.00

⫺40
⫺40
⫺0.17
131
0.39

Constant daytime
3
⫺3
0.01
⫺1
0.00

canopy resistance method
11
13
11
13
0.06
0.08
13
18
0.03
0.05

are close to those observed in other rice paddies. Table
4 lists data observed in Japan (Harazono et al. 1998)
and Taiwan (this study) during the daytime period
(from 0800 to 1800 LT). From the table, it can be seen
that values of both the Bowen ratio and surface moisture availability at the Japanese site were statistically
significantly lower than those of the Taiwanese site.
The mean Bowen ratio at the Japanese site was 0.08 ⫾
0.05, while that at the Taiwanese site was 0.18 ⫾ 0.05;
the mean surface moisture availability at the Japanese
site was 34 ⫾ 7%, while that at the Taiwanese site was
44 ⫾ 8%. It would be interesting to know which site
value is more representative for rice paddy. On the
other hand, their daytime canopy resistances were close
to each other. The mean daytime canopy resistance at
the Japanese site was 91 ⫾ 9 s m⫺1, while that at the
Taiwanese site was 82 ⫾ 23 s m⫺1. Their difference was
not statistically significant.
The canopy resistances between the Japanese and
the Taiwanese sites were not statistically significantly different. Using the mean daytime canopy resistance
of the two sites (the Japanese site and the Taiwanese
site) of 87 s m⫺1, the surface moisture availability can
be determined from Eq. (18), and the Bowen ratio can
be determined (e.g., Jarvis et al. 1976; Wilson et al.
2002a) as
B⬅

RMSE

1 ⫹ 共rc ⫺ ri兲Ⲑra
H
⫽
,
LE 共1ⲐBeq兲 ⫹ 共ri Ⲑra兲

共23兲

where ri is climatological resistance and Beq is the equilibrium Bowen ratio when evaporation is at thermodynamic equilibrium under the conditions rc ⫽ ri ⫽ 0.
They are defined as
ri ⬅
Beq ⬅

L 关q*共Ta兲 ⫺ qa兴
and
V

共24兲

cp
1
.
L ⭸q*Ⲑ⭸T

共25兲

The above equation shows that Beq decreases with air
temperature because q*/T increases with air temperature.
Table 5 and Fig. 13 show the calculated Bowen ratio
and surface moisture availability for each day at the two
paddy sites during the daytime periods when setting
daytime canopy resistance at the mean of the two sites.
It can be seen that at the two sites, the general trends of
the Bowen ratio and surface moisture availability are
well captured with correlation coefficients of 0.86 and
0.88, respectively. This implies that the differences of
the Bowen ratio and surface moisture availability between the Japanese and the Taiwanese sites were not
because of their difference in canopy resistance, but
because of their differences in the other variables listed
in Eqs. (18) and (23). At the Japanese site, the wind
speeds were higher than the Taiwanese site, creating
lower aerodynamic resistances. Note that the mean
wind speed at the Japanese site was 2.6 ⫾ 0.7 m s⫺1,
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FIG. 13. Comparisons of the daytime Bowen ratio and daytime surface moisture availability
between calculations using a constant canopy resistance at 87 s m⫺1 and observations at rice
paddy sites in Japan (Harazono et al. 1998) and Taiwan (this study).

while that at the Taiwanese site was 1.9 ⫾ 0.3 m s⫺1. As
a result, the surface moisture availability became lower,
according to Eq. (18). At the Japanese site, the air temperatures were higher, causing higher q*/T. Note that
the mean air temperature at the Japanese site was 32.2 ⫾
0.3°C, while that at the Taiwanese site was 26.9 ⫾
0.9°C. As a consequence, the Bowen ratios were lower
at the Japanese site, according to Eq. (23). Therefore, it
can be inferred that the discrepancies of the Bowen
ratio and surface moisture availability at the Japanese
and the Taiwanese sites were mainly due to the difference in meteorological conditions during their study
periods, not difference in their canopy resistances. The

same conclusion has been found for other land types
(Wilson et al. 2002a).
With respect to surface sensible and latent heat
fluxes, they can be determined if any one of the Bowen
ratio, canopy resistance, or surface moisture availability
variables is known. For partitioning sensible and latent
heat fluxes, it will be interested to understand which of
the following parameterization is more accurate: 1) the
constant Bowen ratio method, as used in AERMOD, 2)
the constant canopy resistance method, as suggested by
Monteith (1965), or 3) the constant surface moisture
availability method, as used in MM5 and WRF. If the
values of available heat flux and Bowen ratio are avail-
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FIG. 14. Comparisons of daytime Hs and LEs between calculations and observations at rice
paddy sites in Japan (Harazono et al. 1998) and Taiwan (this study). Three calculations are
conducted using a constant B at 0.13, a constant rc at 87 s m⫺1, and a constant m at 0.39.

able, surface sensible and latent heat fluxes can be determined as
H⫽
LE ⫽

B
V and
1⫹B

共26兲

1
V.
1⫹B

共27兲

If surface moisture availability is known, canopy resistance can be determined by rearranging Eq. (18) as
rc ⫽

冉

冊

1
⫺ 1 ra.
m

共28兲

In addition, if the Bowen ratio is known, canopy resistance can be determined by rearranging Eq. (22) as

rc ⫽

冉

冊

B
⫺ 1 ra ⫹ 共B ⫹ 1兲ri.
Beq

共29兲

Figure 14 and Table 5 show comparisons of surface
sensible heat flux and surface latent heat flux between
calculations and observations. The calculations use the
mean characteristics of the Japanese site and the Taiwanese sites for the simulation. The following three
methods are conducted: 1) calculation using a constant
daytime Bowen ratio of 0.13, 2) calculation using constant daytime canopy resistance at 87 s m⫺1, and 3)
calculation using constant daytime surface moisture
availability at 0.39. From the table, it can be seen that
among the three methods, the constant canopy resistance method is preferred because it has the lowest

Unauthenticated | Downloaded 01/09/23 05:47 AM UTC

NOVEMBER 2007

1899

TSAI ET AL.

RMSE and the highest correlation coefficient for the
simulations of surface sensible heat flux and surface
latent heat flux.
Nonetheless, canopy resistance for a rice paddy in
fact is not a constant; it depends on transpiration resistance in rice stomata and evaporation resistance within
the rice canopy for paddy water to evaporate (Tsuang
and Tu 2002). For example, it can be seen that on 17–18
April 2005 at the Taiwanese study site, both the Bowen
ratio and the surface moisture availability are not well
reproduced by setting the canopy resistance at 87 s m⫺1
(Fig. 13). For the entire study period, on 17 April the
solar radiation was the weakest, whereas on 18 April
the solar radiation was the strongest. It is well known
that transpiration resistance decreases with solar radiation (Blondin 1988). Therefore, during the 2 days the
canopy resistances were departed from the mean daytime value at 87 s m⫺1. A further study on the mechanisms of canopy resistance of rice paddy is suggested.

7. Conclusions
A field measurement was conducted to examine the
surface energy balance closure over rice paddies at the
study site using the eddy covariance system. The observed energy components are listed in Tables 1 and 2.
It can be seen that the energy balance ratios and the
regression coefficients of the OLS relationship become
closer to 1 after the corrections of the 1) coordinate
rotation correction, 2) Webb et al. (1980) correction, 3)
canopy heat storage correction, 4) advected heat flux
correction, and 5) photosynthetic energy correction.
The EBR reached 95% and the residual heat flux decreased to 12 W m⫺2 during the day. Observations from
the SIRS and CSAT3 are used for the evaluation.
Other combination of instruments might increase the
residual heat flux by 26 W m⫺2.
Major characteristics observed at the rice paddy are
listed in Table 3. Major differences between observations and model default values are for albedo, Bowen
ratio, surface moisture availability, surface emissivity,
and area heat capacity. The albedo was observed at
0.09, the surface emissivity was observed at 0.86, and
the area heat capacity was observed at 2.8 ⫻ 105 J m⫺2
K⫺1. These values are suggested to replace the default
values in meteorological or air-quality models for rice
paddies. For choosing a proper value of aerodynamic
roughness for rice paddy in the aforementioned models, please refer to Tsai and Tsuang (2005) for details. It
is expected that the climate in rice paddy–dominated
regions, simulated by a model that adopts our suggestions, would become hotter and more humid than before this cultivation, because the albedo and Bowen

ratio measured over rice paddies are lower than those
of cultivated land, as listed in many air-quality and meteorological models. Nonetheless, nonlinearity in the
modeling system may be against the inference.
On the other hand, this study does not suggest using
the constant Bowen ratio or surface moisture availability measured in this study to replace the default values
in the models because those value are air temperature
and wind speed dependent, respectively. Alternatively,
this study suggests simulating sensible and latent heat
fluxes by assigning proper values for canopy resistance
(Monteith 1965). The error and correlation simulated
by this suggestion are found to be better than those
simulated by setting either the Bowen ratio or surface
moisture availability to be constant. The representative
daytime canopy resistance at two rice paddy sites was
observed to be 87 s m⫺1. During the nighttimes, a high
canopy resistance (⬃900 s m⫺1) should be assigned.
Nonetheless, daytime canopy resistance varies with solar radiation. A further study on the mechanisms of
canopy resistance of rice paddy could advance the current suggestions.
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