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ABSTRACT
During approximately 80% of its growing season, lowland flooded irrigated rice ecosystems in southern
Brazil are kept within a 5–10-cm water layer. These anaerobic conditions have an influence on the partitioning
of the energy and water balance components. Furthermore, this cropping system differs substantially from
any other upland nonirrigated or irrigated crop ecosystems. In this study, daily, seasonal, and annual dynamics
of the energy and water balance components were analyzed over a paddy rice farm in a subtropical location in
southern Brazil using eddy covariance measurements. In this region, rice is grown once a year in low wetlands
while the ground is kept fallow during the remaining of the year. Results show that the energy budget residual
corresponded to up to 20% of the net radiation during the rice-growing season and around 10% for the
remainder of the year (fallow). The energy and water balance analysis also showed that because of the high
water table in the region, soil was near saturation most of the time, and latent heat flux dominated over
sensible heat flux by up to one order of magnitude in some cases. The estimate of evapotranspiration ET using
the crop coefficient multiplied by the reference evapotranspiration KcETo and the Penman–Monteith
equation ETPM, describing the canopy resistance through leaf area index (LAI) obtained by remote sensing,
represent well the measured evapotranspiration, mainly in the fallow periods. Therefore, using a specific crop
parameter like LAI and crop height can be an easy and interesting alternative to estimate ET in vegetated
lowland areas.

1. Introduction
Rice (Oryza sativa L.) constitutes the staple food for
about half of the world’s population. About 150 million
ha of land are annually planted with rice worldwide, with
a total production of about 590 million tons. Nearly 75%
of the rice production comes from flooded irrigated rice
paddies. Brazil is among the top 10 rice-producing
countries and is the largest outside Asia, producing
about 12 million tons of rice annually over 2.4 million ha
of land (Conab 2013).
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In Brazil, 60% of the rice is produced in the lowlands
of the Rio Grande do Sul state and comprises an area
of approximately 1 million ha. This subtropical climate
region is located in the southernmost portion of the
country (308–328S, 518–578W). A typical agronomic
timeline consists of the following steps: 1) conventional
preparation by tilling the dry soil (dry tillage) for good
seedbed preparation during austral spring (October–
November); 2) ‘‘dry’’ (aerobic) soil sowing during
November; and 3) flood irrigation keeping a 5–10-cm
water layer above soil surface, starting at the onset of
tilling (about 30 days after sowing) until 15 days before
harvest in early austral fall (March–April). Therefore,
most of the growing season (which comprises 80% of the
total time), takes place under anaerobic water-saturated
soil conditions (Streck et al. 2011). From April to October,
the lowland areas are kept fallow, the soil is water saturated
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(anaerobic) most of the time, and crop residue is either
incorporated into the soil (tillage) or kept as mulch (no
tillage). Such a rice production timeline differs from
the practice in Asia, where rice is produced during two
growing seasons along one calendar year (Tsai et al.
2007; Alberto et al. 2011).
A lowland flooded irrigated rice ecosystem differs
greatly from any other upland nonirrigated or irrigated
crop ecosystem because of the continuous water layer
above the soil surface, which strongly affects the surface
energy balance components (Tsai et al. 2007; Maruyama
and Kuwagata 2010; Alberto et al. 2011; Hatala et al.
2012; Hossen et al. 2012). Furthermore, rice paddies
are usually part of a larger area of lowlands within
a river basin, creating a microclimate with large water
availability for evapotranspiration ET, which in turn
increases the atmospheric specific humidity near the
surface. Therefore, understanding and describing the
energy partitioning variability over flooded rice paddies is
essential for a good performance of surface–atmosphere
interaction models in lowlands, especially considering
that agricultural irrigated areas are usually not represented well in such models (Noilhan and Planton 1989;
Foley et al. 1996; Walko et al. 2000; Ek et al. 2003).
Evapotranspiration is also important for a better understanding of the hydrological and biogeochemical
cycles as well as the surface energy balance in agricultural
and other ecosystems. Moreover, evapotranspiration is
typically the largest component of the water balance in
agricultural areas (Suyker and Verma 2008) as well as
a great consumer of available solar energy, especially in
irrigated agricultural areas, consuming 60%–80% of the
net radiation during crop-growing seasons (Wilson and
Baldocchi 2000).
Being a major component of the water consumption in
rice paddies, an accurate estimate of ET is important for
several purposes. One of them is to improve the efficiency of water resources management and irrigation
requirements in irrigated rice fields where water consumption may be 2–3 times greater than in other crops
growing in uplands (Vu et al. 2005). The majority of rice
evapotranspiration studies have been conducted over
regions with two annual growing seasons (Alberto et al.
2011; Hossen et al. 2012). Consequently, the ET contribution, during the fallow period, to the annual evapotranspiration and its annual variability in subtropical
regions with only one annual rice-growing season has not
been fully addressed. Such lack of knowledge becomes
critical in rice-based agroecosystems with a long fallow
period, for example, southern Brazil. Recent studies have
shown the important role of the nongrowing season or
fallow periods to the energy flow (Kucharik and Twine
2007). Nonetheless, more efforts need to be devoted to
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fully understand the dynamics of the energy balance
components on an annual basis, especially in flooded
rice ecosystems.
Accordingly, a discussion regarding year-round energy eddy covariance flux measurements in a flooded
rice paddy in southern Brazil is presented in this work
with the following goals: 1) to quantify the seasonal and
annual distribution of the energy balance components;
2) to examine how environmental variables influence
the seasonal distribution of these fluxes; 3) to evaluate
the growing season and fallow periods’ contribution
to the annual ET totals and to quantify the variation of
crop coefficient Kc throughout the growing season; and
4) to evaluate the performance of the Penman–Monteith
equation, based on surface factors over rice crops in
lowland areas.

2. Materials and methods
a. Site description
Field measurements were taken over a 50 ha farm
with flooded irrigated rice in southern Brazil. The experimental site is located in the vicinity of the city of
Paraíso do Sul (298440 39.600 S, 53880 59.800 W; 108 m), in the
state of Rio Grande do Sul, Brazil. The site is part of
a broader lowland area, which has been cultivated with
irrigated rice since the early 1980s (Fig. 1). The local
climate is humid subtropical, like the majority of rice
zones in the state. Furthermore, most of the freshwater
used for the rice fields’ irrigation in this region comes
from small creeks and artificial reservoirs.
The study period is from 22 July 2003 to 21 July 2004,
whereby rice was sown on 25 November 2003 and harvested on 4 April 2004. During the fallow period, the
surface remained covered with just short vegetation
composed by wild grasses and other weedy plants, for
example, Heterenthera reniforis, Echinochloa crusgalli,
Brachiaria plantaginea, Digitaria sp., and Luziola
peruviana. From late December through mid-March,
soil was kept flooded with approximately 10-cm water
depth. The rice cultivar grown during the 2003/04 season
was IRGA 417, a modern, well-adapted, and widely
grown rice cultivar in Rio Grande do Sul.
The soil type at the experimental site is Humic
Planosols [Food and Agriculture Organization (FAO)]
or Typic Albaqualf (Soil Survey Staff 1999), a typical
flooded soil where rice is grown in Rio Grande do Sul.
Furthermore, the particle-size distribution and some
other physical properties in the upper 1-m layers of the
soil are listed in Table 1. It is noteworthy that the permanent wilting point for all soil layers is lower than the
measured soil water availability. Nevertheless, the top

Unauthenticated | Downloaded 01/09/23 09:08 AM UTC

OCTOBER 2014

1977

TIMM ET AL.

FIG. 1. Paraíso do Sul experiment site located in southern South America. The delimited area
represents the rice paddy cultivation and the fetch of the ﬂux tower. The ﬁgure was not obtained
in the period of the experiment analyzed in this study.

layers become more vulnerable to saturation because of
smaller soil field capacity values when compared to the
deeper layers.

b. Eddy covariance and meteorological data
Sensible and latent heat fluxes were measured using
eddy covariance techniques. From high-frequency wind
speed, temperature, and humidity measurements, the
vertical fluxes of a given scalar are given by the covariance between fluctuations of vertical wind velocity
and of the respective scalar. The sensor set includes a 3D
sonic anemometer (CSAT3; Campbell Scientific Inc.,
Logan, Utah) for turbulent wind component measurements and an infrared open-path gas analyzer (LI-7500;
LI-COR Inc., Lincoln, Nebraska) to measure H2O
concentrations, at 10-m height and sampled at a 16-Hz
frequency. Additionally, sensors for temperature and
relative humidity (HMP45C-L; Campbell Scientific
Inc., Logan, Utah), pressure (CS105; Vaisala, Vantaa,
Finland), precipitation (TB4 Rain Gauge; Campbell
Scientific Inc., Logan, Utah), and net radiation
(NR LITE; Kipp & Zonen, Delft, The Netherlands)

were installed at 10-m height for 1-Hz atmospheric
measurements.
Soil parameters were also collected at 1 Hz, including
soil moisture at 0.2-m depth (PR1; Delta-T Devices,
Cambridge, United Kingdom); soil temperature at 2-, 5-,
and 10-cm depths (STP01; Hukseflux Thermal Sensors,
Delft, The Netherlands); and ground heat flux at 7 cm
(HFP01SC-L; Hukseflux Thermal Sensors, Delft, The
Netherlands). Further details including instrument errors, measurements uncertainties, and site characteristics can be found in Acevedo et al. (2006, 2009).
Soil heat flux G has been estimated through the sum of
ground heat flux Fg and the soil and water heat storage
DG. Because of the lack of water temperature measurements, the temperature variation at 2-cm depth was
used to compute water heat storage. Thus, soil and water
heat storage were estimated as follows:
DG 5

cs DT5 dzs ca DT2 dza
1
,
dt
dt

(1)

where cs is the volumetric soil heat capacity and ca is the
volumetric water heat capacity (4.186 MJ m23 8C21);

TABLE 1. Physical properties of the soil at the experimental site in the paddy rice in Paraíso do Sul, Brazil.
Depth
(cm)

Sand
(%)

Clay
(%)

Silt
(%)

Field capacity
(%)

Permanent wilting
point (%)

Water
available (%)

Macroporosity
(%)

Microporosity
(%)

10
20
30
40
60
100

23.70
20.30
14.05
11.70
30.05
23.25

14.90
16.50
13.40
20.30
16.80
26.60

61.40
63.20
72.55
68.00
53.15
50.15

0.37
0.35
0.38
0.40
0.39
0.54

0.14
0.17
0.19
0.14
0.16
0.18

0.22
0.18
0.19
0.26
0.24
0.36

0.08
0.04
0.03
0.02
0.05
0.07

0.39
0.36
0.39
0.41
0.40
0.58
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DT5 and DT2 represent the soil temperature variation at
5- and 2-cm depths, respectively; dt is the time step (dt 5
3600 s); dzs is the soil layer above the soil temperature
sensor; and dza is the depth of the water layer. The
second term in Eq. (1) appears during the soil flooding
(i.e., when soil moisture at 0.2 cm exceeds 0.5 m3 m23).
A sensitivity analysis using saturated clay and sandy soil
following Oke (1987) was firstly performed in order to
estimate cs. Nevertheless, the differences between the
annual averaged soil and water heat storage were on the
order of 1024 W m22. Consequently, the mean value of
saturated clay and sandy soil (3.03 MJ m23 8C21) suggested by Alberto et al. (2011) was adopted for this study.

c. Eddy covariance data processing, gap filling, and
energy balance
Before computing the turbulent fluxes, the raw data
undergo a quality-control stage (Baldocchi et al. 1988;
Wyngaard 1990; Aubinet et al. 2000), which comprises inadequate sensor frequency response correction, despiking,
coordinate rotation, and air density adjustments.
The turbulent fluxes were calculated over 1-h windows, allowing low-frequency processes, which in turn
represent a relevant contribution to the energy budget
closure (Sakai et al. 2001; Cava et al. 2008). Moreover,
periods that contained physically inconsistent data (i.e.,
latent heat flux LE values ,250 or .1000 W m22, sensible heat flux H values ,2200 or .1000 W m22) were
discarded. Including missing data due to instrument
malfunction, the total gap in the data, after applying the
quality-control procedure, was approximately 22%.
Nonetheless, this data gap is relatively low when compared to other eddy covariance measurements (Alberto
et al. 2011), consequently resulting in a high-quality dataset.
Data gaps shorter than 2 h were filled using a simple
interpolation method, whereas in data gaps longer than
2 h, LE and H were estimated as a function of the available energy. For the latter, linear regression between
hourly values of LE or H and available energy (Rn 2 G;
where Rn is the net radiation flux density at the crop
surface) was computed using 15-day moving windows
before filling in the missing flux data. This regression
slope also gives an estimate of the energy balance closure.
The energy balance closure was calculated for three
distinct periods: Fallow 1, comprising 126 days from
22 July to 24 November 2003 (austral winter/spring);
Rice, comprising 132 days (i.e., from sowing to harvest)
from 25 November 2003 to 4 April 2004 (austral spring/
summer); and Fallow 2, comprising 108 days from 5 April
to 21 July 2004 (austral autumn/winter).
The residual available energy RAE calculated using
the energy balance available components (HernandezRamirez et al. 2010),

RAE 5 Rn 2 G 2 H 2 LE ,
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(2)

was used to correct H and LE in order to close the
energy balance. Furthermore, the percentage of RAE
to be distributed between H and LE was computed
through the use of the Bowen ratio.
To obtain the measured daily ET, the corrected LE
(MJ m22 day21) was used in the equation
 
LE
,
(3)
ET 5 1029
ra l
where l is the latent heat for vaporization (2.45 3
106 J Kg21) and ra is the air density (998.21 Kg m23),
both at the standard temperature (208C). In Eq. (3), ET
is in units of millimeters per day. Daily ET values were
accumulated to obtain seasonal values.

d. The evapotranspiration using Penman–Monteith
equation
The Penman–Monteith equation combines aerodynamic and thermodynamic aspects, including the
resistance to the sensible heat and atmospheric water
vapor, and surface resistance to estimate the flow of water
vapor between the surface and the atmosphere. The estimated evapotranspiration using the Penman–Monteith
equation (hereafter named ETPM ) is defined as
9
8
(es 2 ea )>
>
>
>
>
>
= 1000
<D(Rn 2 G) 1 ra cp r
a



, (4)
ETPM 5
rs
>
>
lrw
>
>
>
>
D
1
g
1
1
;
:
ra
where Rn is the net radiation flux density at the crop
surface (W m22), G is the soil heat flux density (W m22),
ra is the mean air density at constant pressure (kg m23),
cp is the specific heat of air (J kg21 K21), es is the saturation vapor pressure (kPa), ea is the actual vapor pressure (kPa), (es 2 ea ) is the saturation vapor pressure
deficit (kPa), D is the slope of the vapor pressure curve
(kPa 8C21), g is the psychometric constant (kPa 8C21),
rs is the bulk surface resistance (s m21), ra is the aerodynamic resistance (s m21), l is the vaporization of latent
heat (J kg21), and rw is the water density (kg m23).
Equation (4) thus yields the evapotranspiration (mm s21)
and the daily integration (mm day21). The aerodynamic
resistance can be defined as
!
!
z2d
z2d
ln
ln
z0
z0
m
h
ra 5
,
(5)
2
k uz
where z is the height at which wind speed is measured,
d is the displacement height, z0m is the roughness height
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for momentum, z0h is the roughness height for water
vapor, k 5 0.4 is the von Kármán constant, uz is the
horizontal wind speed at the sensor height z, and zy is the
vegetation height. The definitions for d, z0m , and z0h are,
respectively,
2
(6)
d 5 zy ,
3
z0 5 0:1zy ,

and

tall, canopy resistance of 70 s m21, and albedo of 0.23, is
similar to the evapotranspiration from a large grass area.
To estimate the canopy resistance [Eq. (9)], this method
uses an active LAI, that is, just the upper half of dense
clipped grass is actively contributing to the surface heat
and vapor transfer. The FAO Penman–Monteith equation for calculating daily ETo (mm day21) using average
daily data (24-h time step) is (Allen et al. 1998):

(7)

m

z0 5 0:1z0 .
h

(8)

m

ETo 5

0:408D(Rn 2 G) 1 g(900/T 1 273)U2 (es 2 ea )
,
D 1 g(1 1 0:34U2 )
(10)

The surface or canopy resistance can be written as
rs 5

rl
,
LAI

(9)

where rl is the stomatal resistance and LAI is the leaf
area index. In Eq. (4), LAI and zy represent the surface
effects.
In this study, LAI was obtained by remote sensing from
the Moderate Resolution Imaging Spectroradiometer
(MODIS) Collection 5 (MOD15A2) global products.
The product is composed every 8 days at 1-km resolution
on an integerized sinusoidal (IS) 108 grid. Daily values for
LAI were calculated from a simple linear interpolation
method. Although zy was not measured in the experiment, it was estimated as a linear function from sowing
until the maximum LAI. We assumed a maximum zy 5
0.8 m in the rice-growing season, and in the fallow periods
we set zy 5 0.1 m to represent a plowed land or the
spontaneous vegetation.

e. The FAO reference Penman–Monteith equation
and crop coefficient
Reference evapotranspiration ETo multiplied by Kc
is one of the most widely used approaches for calculating ET and water consumption in irrigated crops (de
Medeiros et al. 2005). According to Grismer et al. (2002),
about 50 methods are available for estimating ETo, often
generating inconsistent results. The FAO Penman–
Monteith method has been used as a standard method
for calculating ETo from meteorological data because it
incorporates both physiological and aerodynamic parameters (Allen et al. 1998; de Medeiros et al. 2005; Vu
et al. 2005). The method was published in FAO Irrigation and Drainage Paper 56 (FAO-56). Nevertheless,
a few studies have evaluated the FAO-56 method for
estimation of evapotranspiration and for evaluation of
crop coefficient for rice fields (Shah and Edling 2000;
Tyagi et al. 2000; Bethune et al. 2001; Lage et al. 2003;
Lecina et al. 2003; Alberto et al. 2011).
The reference evapotranspiration rate, calculated using Eq. (4), from a hypothetical reference crop, 12 cm

where T is the air temperature at 2-m height (8C) and
U2 is the wind speed at 2-m height (m s21). In this study,
the wind speed at 2-m height was calculated from the
measured wind speed at 10-m height. The velocity
profile is affected by several factors, including surface
and vegetation type, which are difficult to estimate.
Allen et al. (1998) suggested the logarithmic profile of
wind speed as
U2 5

4:87Uz
,
ln(67:8z 2 5:42)

(11)

where z is the height above the surface and Uz is the
observed wind speed.
Daily values of Kc were calculated from the ratio of
measured ET [Eq. (3)] and ETo [Eq. (10)] during the
rice-growing season (from sowing to harvest):
Kc 5

ET
.
ETo

(12)

3. Results and discussion
a. Environmental conditions
Daily variation of the meteorological variables
throughout the year (from 22 July 2003 to 21 July 2004) at
the study site are shown in Fig. 2. The highest air temperature values occurred from January to mid-February
(Fig. 2a), with mean daily values around 278C, whereas
the lowest values occurred during July (about 78C).
During the rice-growing season (from 25 November 2003
to 4 April 2004), the temperature variation was not large,
favoring crop growth and development. The vapor pressure deficit (VPD) followed the variation of air temperature, and the values were less than 1 kPa in most of days,
characterizing an atmosphere with low water demand
for plant transpiration or soil evaporation (Kiniry et al.
1998). Relative humidity, as expected, showed an opposite pattern (Fig. 2b) varying from 54.4% to 98.1%
on a daily-average basis, often between 65% and 93%.
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FIG. 2. Daily values of weather variables during the study period from 22 Jul 2003 to 21 Jul 2004 in Paraíso do Sul,
Brazil: (a) mean air temperature and VPD, (b) relative humidity, (c) wind speed, (d) volumetric soil water content at
20-cm depth, (e) precipitation, and (f) soil temperature at 2-cm depth.

Daily-averaged wind speed (Fig. 2c) reached 6.0 m s21,
with an average value near 3.0 m s21.
The 20-cm soil water content varied from 0.3 to
0.6 m3 m23, with constant maximum values from early
January to late March, during the flooded period in the
growing season (Fig. 2d). Precipitation was generally
well distributed throughout the year (Fig. 2e), although
accumulated precipitation from October to December
corresponded to 40% of the total rainfall. The total precipitation during the 366 days was 1630 mm, and during
the 134-day-long growing season the rainfall summed
477 mm. The two days with the most intense precipitation

occurred 20 and 21 September 2003 (122 and 119 mm,
respectively).
The highest soil temperature values for the top 2-cm
layer occurred between January and February, with
average daily values around 288C (Fig. 2f). However, in
this period, the daily cycle did not show as large a variation as the other periods (data not shown), which is
associated with the greater water heat capacity that
maintains the soil warmth. The values for the deeper
layers (5- and 10-cm depth) were not shown here because the daily average does not differ substantially for
these layers.
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FIG. 3. Scatterplots of the half-hour energy balance closure: Rn vs the sum of H and LE soil heat fluxes computed for (a),
(b) Fallow 1; (c),(d) Rice; and (e),(f) Fallow 2 in a rice paddy in Paraíso do Sul, Brazil. The soil heat ﬂux was estimated
using Fg (left) or the sum of Fg and DG (right). Dashed red line represents the linear fit of the data. For reference, the 1:1
line is also shown (solid black line).

In this flooded rice paddy, the environmental conditions, especially VPD, are similar to those reported by
Alberto et al. (2009), who compared a flooded rice field
to an aerobic field in the Philippines. They concluded
that the former had significantly lower VPD than the
latter, from tilling to flowering. The permanent water
depth above soil surface plays an important role in the
moisture supply to the near-surface atmosphere during
the rice-growing season.

b. Energy partitioning
The effect of the soil and water heat storage on the
hourly energy balance closure was examined by comparison of the slope of the linear fit between net radiation (i.e., Rn) and the energy budget components
(H, LE, Fg, and DG; Fig. 3). When DG was not included,
the slope of the linear regression was 0.64, 0.56, and 0.62,
with R2 of 0.85, 0.79, and 0.77, for Fallow 1, Rice, and

Unauthenticated | Downloaded 01/09/23 09:08 AM UTC

1982

JOURNAL OF HYDROMETEOROLOGY

TABLE 2. Daily values of energy balance components for the
three periods (Fallow 1, Rice, and Fallow 2) on a rice paddy area in
Paraíso do Sul, Brazil.

Rn (MJ m22 day21)
LE (MJ m22 day21)
H (MJ m22 day21)
G (MJ m22 day21)
DG (MJ m22 day21)
RAE (MJ m22 day21)
LE/Rn
H/Rn

Fallow 1
(126 days)

Rice
(132 days)

Fallow 2
(108 days)

7.79
5.34
1.23
0.28
0.05
0.90
0.69
0.16

12.54
7.97
1.47
0.39
20.02
2.73
0.64
0.12

3.89
3.68
1.22
0.37
0.29
20.94
0.94
0.31

Fallow 2, respectively, indicating that in none of the
periods is the net radiation accounted for by the total
energy fluxes measured (Figs. 3a,c, e). When the storage
term [Eq. (1)] is included in the energy balance closure,
the slope was 0.75, 0.75, and 0.81 with R2 of 0.85, 0.80,
and 0.79, for Fallow 1, Rice, and Fallow 2, respectively
(Figs. 3b,d,f). For the entire period, the slope was 0.75
(data not shown), the same coefficient reported by
Hossen et al. (2012) for a rice paddy. Also in a rice paddy
study, Hatala et al. (2012) found 0.65 as a slope for
hourly energy balance closure. These authors suggest
that the lower energy balance closure at the rice paddy is
due to the rough approximation of the heat storage in the
water column, as the change in water temperature was
measured solely at a single depth in the water column. In
our case, we estimate the storage energy in water using
the temperature in the upper soil layer (2-cm depth).
However, it is difficult to make accurate measurements of
DG when soil heat capacity varies with depth because of
variation in soil moisture and/or of large spatial and
temporal variability in soil heat fluxes across a measurement site (Leuning et al. 2012). Several experimental and
numerical studies found a surface imbalance ranging
from about 10% to 30%, typically related to an underestimation of surface energy fluxes measured by the eddy
covariance technique at a single measurement point
(Tsvang et al. 1991; Kanemasu et al. 1992; Aubinet et al.
2000; Wilson et al. 2002; Kanda et al. 2004).
Table 2 shows the daily values of the energy balance
components and energy partitioning (LE/Rn and H/Rn)
during Fallow 1, Rice, and Fallow 2. Net radiation was
mostly explained by LE, representing 69% of Rn during
Fallow 1, 64% during Rice, and almost 100% during
Fallow 2. Latent heat flux was nearly 80% greater than
sensible heat flux during Fallow 1 and Rice periods and
65% greater during Fallow 2. These results suggest that
there is large water availability for evapotranspiration
during the fallow periods in this region and as well as
the low VPD throughout the entire year (Fig. 2a). The
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magnitude of Rn and LE was significantly different
during the three periods, whereas H and Fg remained
nearly constant, although Fg was negative in Fallow 2,
suggesting that soil surface warming occurred. The soil
and water heat storage between the surface and the flux
plate was almost zero during Fallow 1 and Rice periods
and on the same order of magnitude as of the ground
heat flux, albeit with the opposite sign in Fallow 2. Thus,
the energy transferred from the subsoil during Fallow 2
was almost entirely used for heating the surface layer.
The RAE resulting from the energy balance closure was
0.90 MJ m22 day21 (representing 10% of Rn) during Fallow 1 and 31.54 W m22 (representing 20% of Rn) during
the Rice period, and during Fallow 2 the residual was
below zero, that is, 20.94 MJ m22 day21 (representing
220% of Rn). These results suggest that the soil was the
main source of energy to the atmosphere during Fallow 2,
which is reasonable as this period was during austral fall
and winter.
Figure 4 shows the mean daily cycle of the energy
budget components (Rn, LE, H, Fg, and DG) for the
three periods. During Fallow 1, the soil had a reduced
vegetation cover, so that most of the solar radiation
reached the wet surface. Consequently, Fg and H had
similar daily cycles, whereas DG represents a greater soil
warming in the morning and cooling in the afternoon.
During the Rice period, as the plant canopy covers the
soil surface, intercepting solar radiation, less energy is
available in the soil surface. Furthermore, as the rice
paddy remains irrigated during most of the period, the
saturated soil and the water layer above the soil surface
are additional reducing factors for the soil heating,
therefore contributing to delaying the daily Fg cycle. In
this period, DG is considered as the sum of the energy
stored above the flux plate and the energy stored in the
water layer. Notwithstanding the daily average in this
period is close to zero (Table 2), there is a greater increase in the magnitude of DG during the morning and
decrease during the afternoon, when compared with
Fallow 1. During Fallow 2 (Fig. 4e), the postharvesting
straw left on the ground combined with the austral fall/
winter low temperatures contributed to the high soil
moisture accumulation (see Fig. 2d) when compared to
Fallow 1. Such high soil moisture contributes to the shift
of the maximum Fg from midday (Fallow 1) to midafternoon (similar to the Rice period). The shifting in
the peak of Fg occurs because of the high water heat
capacity, which delays the energy transport from surface
toward deeper soil layers. Moreover, H is greater than
Fg throughout most of the daily cycle, except toward the
end of the afternoon (Fig. 4e). Because of high soil water
availability during all periods, most of the available
energy was partitioned into LE, reaching 300 W m22 at
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FIG. 4. Mean daily cycle of the components of (left) energy balance and (right) RAE computed for the (a),(b) Fallow 1;
(c),(d) Rice; and (e),(f) Fallow 2 periods in a rice paddy in Paraíso do Sul, Brazil.

noon during the Rice period. On average, the Rice period presented 40% more LE than the fallow periods.
The daily pattern of residual energy is consistent in all
three periods (Figs. 4b,d,f), with energy missing during
daytime and a surplus of energy with respect to net radiation at nighttime, similar to the patterns found by
Cava et al. (2008). During the Rice period, daytime residual energy is larger in magnitude than during both
Fallow periods, partially because of the energy stored

within the canopy that is not accounted for by the measurement instruments. That is to say, part of the energy
that enters the system is not computed in the energy
balance equation.
The Bowen ratio (b 5 H/LE) calculated from dailymean sensible and latent heat fluxes is shown in Fig. 5.
The b pattern during Rice occurred because of the high
values of LE when compared to H. There was greater b
variability during Fallow 2 (austral fall and winter) than
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FIG. 5. Seasonal variation of Bowen ratio during the rice-growing
and fallow periods for the rice paddy in Paraíso do Sul, Brazil. The
vertical dotted lines indicate the ﬂooded period.

FIG. 6. Daily-mean ET (blue line) and daily LAI (red line) in
a rice paddy in Paraíso do Sul, Brazil, from July 2003 to June 2004.
The vertical dotted lines represent the ﬂooded period.

during Fallow 1 (austral winter and spring) and a strong
decrease as the crop emerged and the canopy fully developed. At the end of the crop-growing season, as the
rice crop senesced, b steadily increased. The Bowen
ratio averaged over the entire Fallow periods was significantly higher (b 5 0.25) than during the Rice period
(b 5 0.15), indicating a greater proportion of Rn being
used to warm the atmosphere in the surrounding region.
These results for the Rice period agree with previous
studies, such as Alberto et al. (2009), who found b values
of 0.14 for flooded rice fields and 0.25 for aerobic rice
fields, and Tsai et al. (2007), who found 0.16 over a rice
paddy in Taiwan, both using the eddy covariance system.
According to Suyker and Verma (2008) these trends
reflect the well-watered conditions and the control of
leaf area on energy partitioning during the crop-growing
season.

semiarid conditions on the Indian subcontinent 9 weeks
after rice transplanting (roughly 13 weeks after planting)
by Sandhu et al. (1982). More recently, Tyagi et al.
(2000), also using lysimeters, reported a maximum ET
of 6.61 mm day21 at week 11 after rice transplanting under semiarid conditions in Karmal, India. From week 12
after planting to the end of the rice-growing period (week
19 after planting), a steady decrease in ET from 5.41 to
2.27 mm day21 was observed (Fig. 6). This reduction in
ET occurred mainly because of a drastic decrease of LAI
due to leaf senescence during crop maturation, when irrigation was no longer performed.
Over the Rice period (132 days), integrated ET was
562 mm. Alberto et al. (2011) obtained the growing rice
ET value in the range of 400–556 mm. Tyagi et al. (2000)
reported an evapotranspiration of 587 mm during the
Rice period, whereas Sandhu et al. (1982) obtained an
ET of 701 mm using the water balance approach. These
values are 5% and 20% greater than our ET, respectively.
Vu et al. (2005) also calculated evapotranspiration in
three Rice cultivars from lysimeters for four different
experiments in Japan: in the years 1998 and 1999 at
Tsukuba and in 2002 and 2003 at Tokyo. The results from
Vu et al. (2005) indicate that ET may have considerable
variability among different cultivars, depending on plant
height, canopy architecture, length of developmental
cycle, leaf stomata opening, leaf density, and structure,
among other traits that may affect crop evapotranspiration. Furthermore, different accumulative ET was observed for the same cultivar, indicating that interannual
variability of climate may also affect ET. Hirasawa (1995)
reported that environmental conditions such as vapor
pressure deficit, solar radiation, air temperature, and
wind speed, among others, affect ET through an influence
on water evaporation at the leaf–air interface.

c. Evapotranspiration
The Bowen ratio was also used to correct LE as a
means to generate the experimental ET, as described in
section 2c. Annual ET and LAI seasonality is shown in
Fig. 6. Evapotranspiration reached almost 7 mm day21
during the Rice period, when the crop was at the end of
the reproductive phase (flowering) and LAI was at its
peak (4.57 m2 m22). During the twelfth week following
the planting period, in the beginning of February, LAI
reached its highest values. Hatala et al. (2012), using the
eddy covariance method in a rice paddy, found daily
evaporation up to 10 mm day21. In northern India, at
Dehra Dun, Bhardwaj (1983) carried out experiments
with lysimeters and observed a maximum value of ET of
6.5 mm day21 at week 6 after transplanting, which corresponds to week 10 after planting in semiwet conditions.
A maximum ET value of 7.2 mm day21 was reported in
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FIG. 7. Daily variation of Kc during the rice-growing period in
Paraíso do Sul, Brazil, for the 2003/04 growing season.

During the Fallow 1 and Fallow 2 periods, the accumulated values of ET were 305 and 131 mm, respectively.
Adding ET values in both Fallow periods and the Rice
period, the total evapotranspiration throughout the year
was 998 mm, with each Fallow period contributing 30%
and 1.4% to the annual evapotranspiration, respectively.
This is very close to the annual ET value found by Hossen
et al. (2012) in a year for a double-rice-crop paddy field
and around 150 mm lower than that found by Hatala et al.
(2012) in a year for a single rice crop.

1) CROP COEFFICIENT
The ETo from Eq. (10), also used to estimate the crop
coefficient, provides average daily evaporation and is
widely used in planning and water optimization for irrigated fields. Crop coefficients values varied from 0.6 to
1.3 throughout the growing season (Fig. 7), although
during the first 30 days, mean Kc was 0.98 (60.29). Low
LAI values (less than 1.0) during the first period resulted
in soil evaporation being the major component of ET.
As a crop grows and develops, the exposure of the soil
surface to the incoming solar radiation decreases and
transpiration from leaf area increases, increasing Kc ,
which, on average, was 1.05 (60.20). As the end of the
growing season approaches, decrease in Kc is expected,
confirmed by the average 0.99 (60.18) during crop
maturation. Results for Kc presented in this study are
within the range of the values reported by the FAO for
rice and by Alberto et al. (2011).

2) COMPARISON OF ESTIMATES OF
EVAPOTRANSPIRATION FROM KCETO
AND ETPM
An estimate of evapotranspiration was performed
using the Penman–Monteith equation from Eq. (4) with

the aerodynamic and surface resistance estimated
through the specific crop height and LAI from remote
sensing, as explained in section 2d. The surface resistance
in Eq. (9) was the same used in ETo calculation. Measured ET was then compared against ETPM and an estimation using the reference evapotranspiration (ETFAO;
Fig. 8). During the rice period, ETFAO 5 KcETo, where
FAO Kc was used [Kc 5 1.05, 1.2, and 0.9 for initial, mid-,
and end season periods, respectively (Allen et al. 1998)].
During the fallow periods, ETFAO 5 ETo. For each period analyzed, we compared the slope of the linear fit
between experimental (ET) and estimated (ETPM and
ETFAO) evapotranspiration rate. In general, ETFAO and
ETPM represented the ET well in the Fallow periods.
During these periods, the surface cover in the study region was similar to the hypothetic surface that ETo represents (section 3c), and with no water deficit. During the
Rice period, ETPM increased as the crop developed, being more evident after the paddy was flooded, and kept
that way onward (data not shown). The integrated values
of ETPM and ETFAO (593 and 596 mm, respectively) were
very similar and overestimate experimental ET. During
the Rice period, the slope of the linear regression between estimated and experimental ET was 0.78 for ETPM
and 0.73 for ETFAO. Therefore, using some specific crop
parameters like LAI and crop height can be an easy and
interesting method to estimate ET in lowland regions. In
this particular case, LAI was estimated from satellite data
that were easily accessible. Crop height is also not very
difficult to describe during the growing season, as modern
semidwarf rice cultivars used in southern Brazil do not
differ greatly in plant height.

4. Summary and conclusions
Energy and water balance components were analyzed
over a paddy rice farm in a subtropical location in
southern Brazil. Experimental data were obtained using
an eddy covariance system from 22 July 2003 to 21 July
2004 (366 days), comprising three distinct periods with
respect to soil use: Fallow 1, Rice, and Fallow 2. From late
December through mid-March, within the Rice period,
the soil was covered (flooded) by a 5–10-cm water layer.
As presented in previous studies using eddy covariance measurements, the results over the entire experiment period show that net radiation could not be
only explained by sensible, latent, and soil heat fluxes.
The percentage of residual energy with respect to the
total available energy (Rn) is associated with the amount
of soil water content, varying from 10% during the drier
Fallow period to up to 20% during the flooded period,
indicating that the remaining energy was stored in the
canopy. The majority of Rn was explained by the latent
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FIG. 8. Scatterplots of measured and estimated ET for (a) Fallow 1, (b) Rice, and (c) Fallow 2 in Paraíso do Sul,
Brazil. The dashed (blue) and dotted (red) lines represent the linear ﬁt of the data for ETFAO and ETPM, respectively;
the solid black line is the 1:1 line.

heat flux (68%, 64%, and ’95% for Fallow 1, Rice, and
Fallow 2 periods, respectively), whereas the sensible heat
flux remained almost constant during the entire period.
Consequently, the Bowen ratio variability was mostly
explained by the variations in the LE, in particular during
the Rice period, when it exceeded H in almost one order
of magnitude. During Fallow 1 and Fallow 2, the Bowen
ratio was approximately 0.25, whereas during Rice it did
not exceed 0.15, indicating that the majority of the net
radiation was converted into latent heat flux.
As a complementary source of information, environmental measurements (i.e., meteorological forcing such
as air temperature, wind speed, relative humidity, surface
pressure, etc.) were used to corroborate the relationship
between eddy covariance and plant measurements. For
instance, over the study region, the atmosphere with low
water demand for plant transpiration or soil evaporation
resulted in VPD values lower than 1 kPa during most of
the days. Furthermore, rice paddies are usually embedded in a larger area of lowlands within a river basin,
creating a microclimate with a large amount of water

available for ET, which increases the atmospheric specific
humidity (and consequently, relative humidity) near the
surface. However, variables such as relative humidity
have to be used with care, in particular when averaged
over the day since it could result in high bias because of
the nighttime values. For future work, it is suggested to
assess the statistics computation for the atmospheric
variables and how the results could be affected by data
uncertainty.
Crop coefficients for flooded rice grown in subtropical
regions are not available by the FAO. Therefore, this
study lays groundwork for crop coefficient estimation
over a subtropical lowland flooded paddy rice. Nonetheless, the crop coefficient values found during the ricegrowing period are within the ranges reported by FAO
for tropical regions.
Estimates of evapotranspiration using the reference
ET and the Penman–Monteith equation (ETPM), with
aerodynamic and surface resistance estimated using
specific crop height (zy) and LAI from remote sensing,
showed similar results during the Fallow periods. It
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suggests that these similarities result from the site location, in a lowland zone where, in general, soil water
content is high and there is virtually no water deficit.
During the Rice period, ETPM yielded better results,
suggesting that the use of specific crop parameters is
a viable alternative for ET estimation over vegetated
lowland regions.
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