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Abstract

A new canopy model having a simple parameter is here presented for estimating the diurnal or seasonal
variations of the heat balance, employing meteorological data of temperature, wind, humidity, precipitation,
and solar radiation gathered by AMeDAS near the experimental field. The calculated results were compared
with observations over the rice paddy field for the two-year period of 1993 and 1994. Simulations using the
presently developed canopy model agreed well with the daily-mean observed values. The rms error in the
daily mean values between the observed and calculated values of surface temperature, sensible heat flux,
and latent heat flux were 1.7°C, £13 Wm™2, and +16 Wm ™2, respectively, during the overall observational
period. The annual evapotranspiration was evaluated as about 600 mmy~!. This value is found between
the values for shallow water (564 mmy™!) and forests (692 mmy~'). The ratio of rainfall interception to
evapotranspiration during the vegetated periods are about 18 % and 9 % for the year 1993 (cool summer)
and 1994 (hot summer), respectively. The precipitation amount in 1993 is large, while evapotranspiration

from the vegetation is small, resulting in a large rate of rainfall interception.

1. Introduction

As vegetation types adapt to given climatic condi-
tions, plant life has a great influence on the climate.
A realistic representation of the energy exchange be-
tween a vegetated area and the atmosphere is one of
the most important issues in considering a climatic
variation on a landscape scale.

The bulk transfer method for estimating the en-
ergy flux is mainly developed for the ocean, snow,
and bare soil surface. The bulk transfer coefficient
of the sensible heat flux Cg and the latent heat flux
CE are required to evaluate the simultaneous calcu-
lated values of the surface temperature, the sensible
heat flux, and the latent heat flux. The value of
Cy and Cg for a vegetated surface has been phys-
ically investigated and determined from the plant
height, leaf area index, and the roughness length
(Kondo and Watanabe, 1992). However, a heat bal-
ance model for the vegetated area considering these
analyses is not conducted to simulate the energy ex-
change between the vegetated area and the atmo-
sphere over a long period. In the present study,
by employing a new canopy model combined with
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the bulk transfer equation, the daily and seasonal
variation of heat balance over a long period is sim-
ulated. The advantage of the present model is that
the estimation of heat balance can be conducted by
using only the daily averaged meteorological data,
when the value of Cy and Cg are given using vege-
tation parameters. In this study, input data for the
model simulation is routine meteorological data that
is easy to obtain, as opposed to the detailed data
from the experimental field, and the leaf bulk trans-
fer coefficient for latent heat flux ¢, that is the most
important parameter for estimation of Cg is simply
represented by a function of solar radiation and min-
imum stomatal resistance, although the value of ¢, is
dominated by complex plant physiology and meteo-
rological conditions. The object of the present study
is to see how the accuracy of this model with the use
of a simple routine meteorological data and simple
parameterization compares to observed results.

In this paper, the seasonal variation of evapo-
transpiration in a paddy field has been simulated
over the two-year period of 1993 and 1994, employ-
ing routine meteorological data (AMeDAS; Auto-
mated Meteorological Data Acquisition System, op-
erated by the Japan Meteorological Agency, about
1300 stations distributed in Japan). The simulated
results were then compared with the micrometeo-
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rological observations. The routine meteorological
variables required for the calculations are the daily
amount of precipitation, the duration of sunshine,
the diurnal maximum, minimum and averaged air
temperatures, and the daily means of wind speed,
specific humidity of the air. Parameters required
for the calculations are the canopy height, leaf area
index, surface albedo, individual leaf transfer co-
efficients, and roughness lengths of the underlying
ground surface.

In Section 2, we describe the observational data
of the heat balance in a paddy field. In Section 3,
the presently developed canopy model and param-
eterizations are discussed. In Section 4 and 5, the
observed values of the heat balance are compared
with the model calculations for diurnal and seasonal
variations, respectively.

2. Heat balance observational data

The observations by Ishida et al. (1997) were
conducted at Kitaura (38°33'N, 141° 02'E), about
35 km north of Sendai in Miyagi Prefecture, Japan
(Fig. 1). A horizontally homogeneous rice paddy
field surrounds the observation site. The observa-
tional data were continuously obtained during the
period from 1 December 1992 to 31 October 1994,
a total of 700 days. The periods of irrigation, rice
planting, and harvesting in 1993 and 1994 are listed
in Table 1.

The elements observed to determine the heat bal-
ance were the surface temperature T, air temper-
ature T, specific humidity of air ¢, wind speed U,
solar radiation S |, downward longwave radiation
L |, upward longwave radiation L 1, and the soil
heat flux G, the sensible heat flux H and latent heat
flux {E. The value of Ts was estimated by the fol-
lowings equation,

Lt=eoTi+ (1-¢)L |, (1)

where the value of L 1 was observed by a pyrgeome-
ter in the overall infrared region. ¢ is the emissivity
and assumed as unity in this study, and ¢ the Stefan-
Boltzmann constant (5.67 x 1078 Wm™2K~4). Val-
ues of T and ¢ were observed at elevations of 0.5,
1.8, 3.8, and 10 m. Values of U were observed at el-
evations of 1 m, 3.6 m, and 10 m. The surface fluxes
H and [E were estimated by the gradient method
using all elevations data of T, ¢ and U in which
atmospheric stability was considered (Ishida et al.,
1997).

The definition of B is given by the following equa-
tion as

B=(1-ref)Sm{+(Lpml-Lnut)
—(Hp +1Ep + Gap). (2)

Here refis the albedo of the rice paddy, Sy 4, Las 4,
Lar 1, Hp, LEp6, and Gy are the daily means of
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Fig. 1. A map showing the location of
the observation and AMeDAS sites in
Miyagi Prefecture, Japan.

solar radiation, downward longwave radiation, up-
ward longwave radiation, sensible heat flux, latent
heat flux, and soil heat flux, respectively. The ob-
served values of H and I[F may have some errors
when the absolute value of B exceeds 30 Wm™2.
These erroneous data of observed flux values under
these conditions are not used in the present analysis.

3. Model of heat balance simulation

In this chapter, the presently developed canopy
model for the heat balance simulation, employing
simple routine meteorological data, and suitable pa-
rameterizations for this model are described.

8.1 Principal equations (single source model)
The basic equation for the heat balance of a land
surface is given as

R| -G =0T+ H+IE, (3)
where
Rl=(1-ref)SL+L]. (4)

Here, R | is the total incident radiation. The fluxes
H and [FE can be expressed by the bulk transfer
equations as

H = c,pCyU(Ts - T), (5)
and
lE = ZPCHUﬁ{QSat (Ts) - Q}, (6)
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Table 1. Agricultural calendar for the years 1993 and 1994

1993

1994

Irrigation 5 May (125)

Rice planting 12 May (132)

Harvest 31 October (304)

8 May (128)
20 September (263)

5 May (125)

Irrigation period

Vegetated period

where ¢, and p are the specific heat and air density,
respectively, and Cg is the bulk transfer coefficient
for sensible heat. The variables U, T', and ¢ are the
wind speed, temperature, and specific humidity at
reference level z, respectively, £ is the surface mois-
ture availability, and gsq¢(7) the saturation specific
humidity at the temperature 7. Substitution of
Egs. (5) and (6) into Eq. (3) yields an equation for
Ts, given as

Ry -G — 0T} — c,pCyU(Ts — T)
— 1pCrUB{gsat(Ts) — q} = 0. (7

In Eq. (7), it is assumed that the canopy and ground
can be regarded as a single palne surface.

The calculation of G will be explained later in
this paper (see Appendix C). The solution of T can
be found through successive approximations of Eq.
(7), with the fluxes H and lE evaluated from Egs.
(5) and (6) (Kondo and Watanabe, 1992). In the
present study, the time interval used in the calcula-
tion is 30 minutes.

3.2 Meteorological data required for the simulation
The meteorological data required for the simula-
tion (T, H, and [E) are:

(1) the sunshine duration N (hour)

(2) the daily-mean air temperature, the daily max-
imum and minimum air temperatures Tjs,
’TMax: vaﬁny respectively

(3) the daily-mean wind speed Ups
(4) the daily-mean specific humidity gas

(5) the daily amount of precipitation Pr.

Two meteorological stations (AMeDAS) located
near the experimental field site are Kashimadai and
Furukawa (see Fig. 1). The average values of the
meteorological variables at the two stations are used
for the simulation. The specific humidity, however,
is not observed at AMeDAS sites. Therefore, it is
evaluated from the daily-mean vapor pressure e ob-
served at the Sendai meteorological observatory.

For the model simulation, diurnal variations of
meteorological data are required. In this model,

these are estimated using daily meteorological data
(AMeDAS), as follows.

3.8 Solar radiation and downward flux of longwave
radiation

The duration of sunshine N is observed at
AMeDAS sites. According to Kondo (1994), the
daily mean of solar radiation Sps | can be estimated
by the empirical formulae (see Appendix A for more
details).

Using Spr [, the time series of the diurnal varia-
tion of solar radiation S | is given as (Kondo and
Xu, 1997).

S (t) =Sm L [1+ 8 cos(wt) + Sz cos(2wt)
+S5 cos(3wt) + Sy cos(dwt)], (8)

where t is the local time, w = 0.727x 1074571, §; =
—1.503, So = 0.584, S3 = —0.058, and S4 = —0.023.

For the albedo of the rice paddy ref, the observed
value obtained by Ishida et al. (1997) is used. Figure
2a shows the seasonal variation of albedo for the year
1993.

Calculated methods of the daily-mean downward
longwave radiation Lps | is given by Kondo and Xu
(1997). It is assumed that the daily variation of
downward longwave radiation is small and negligi-
ble when atmospheric conditions change only to a
slight degree, since the usual amplitude of the diur-
nal variation is as small as 10 Wm™2.

8.4 Diurnal variation of the air temperature

Using values of Tas, Taraz, and Tagin, the diurnal
variation of air temperature is given as (Kondo and
Xu, 1997).

T(t) = Tar + By cos(wt — a1) + Bz cos(2wt — as).
(9)
where the coeffients are determined by
B, = _(TMG,I - TMin)/Q.OQ,
B, = —0.2B;,

and
gy =a2:7r/4

In this model, wind speed and specific humidity
are assumed to be constant. The estimated result of
the diurnal average fluxes is about the same as the
result when the diurnal variation of these are given
(Kondo, 1994). When a strict diurnal variation of
the fluxes is calculated, this model should be applied
making use of the detailed hourly data sets.
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Fig. 2. The seasonal variation of (a) the albedo ref, (b) the leaf area index LAI and (c) the canopy
height h. The legends within the panels indicate the years the observations were taken.

3.5 Bulk transfer coefficients for sensible heat Cy,
latent heat Cg, and surface moisture availability
B
The values of Cy, Cg, and 3 have seasonal varia-
tion. In this model, the season is divided into three
stages, that is, the vegetated period, the irrigation
period, and periods before rice planting or after har-
vest. In the following discussion, the parameteriza-
tion of Oy, Cg, and B is described at every stage.

3.5.1 Vegetated period of the rice paddy

Based on numerical experiments (Kondo and
Watanabe, 1992), Watanabe (1994) proposed that
the zero-plane displacement d, the roughness lengths
for momentum zp, sensible heat zr, and latent heat
zg, can be parametrized by the empirical formulae
(see Appendix B). The formulae employ the vege-
tation parameters, that is, the leaf area index LAT,
plant height A, and the individual leaf transfer co-
efficients for momentum cg4, sensible heat ¢, and
water vapor c.. Also used are the roughness lengths

of the underlying ground surface for momentum zy;,
sensible heat zr,, and water vapor zg.

The values of LAI and h in the calculations are
obtained from observation. Figures 2b and 2c show
the seasonal variation of LAI and h, respectively.
It should be noted that the curves of ref, LAI, and
h shown in Fig. 2 are for the year 1993. In 1994,
the agricultural calendar (the days of rice planting,
harvest, etc.) differed from that in 1993.

Table 2 lists the typical values of cg4, ci, 295, and
zps that can be found in numerous vegetation types
(e.g., Baldocchi and Meyers, 1998; Yamazaki et al.,
1992; Kondo and Watanabe, 1992). Estimated by
the values of d, zg, and z7, the seasonal variation of
the bulk transfer coeflicient for sensible heat Cg can
be obtained from the following equation, expressed
as

k2
T In[(z = d)/z0)In[(z — d)/27]’

where £ is the Von Karman constant (= 0.4).

Cu (10)
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Table 2. Parameters required for the model calculation

Element

(a) Vegetated period
Canopy hight A (m)
Leaf area index LAJ
Albedo ref
Leaf drag coefficient c4: 0.2
Leaf bulk heat transfer coefficient cx: 0.06
Leaf bulk vapor transfer coefficient c.: Eq. (13)
Roughness length of the ground surface

941

For momentum zos (m): 0.001
For sensible heat zp. (m): 0.001
For specific humidity z4s (m): 0.001

(b) Irrigation period
Roughness length

For momentum zp (m): 0.001
For sensible heat zr (m): 0.001
Surface moisture availability 8: 1.0

(c) Except for (a), (b)
Roughness length

For momentum zg (m): 0.01
For sensible heat 27 (m): 0.001
Surface moisture availability 8: 0.6

Equation (10) is valid for the case of neutral at-
mospheric stability. In fact, atmospheric stabil-
ity should be considered when fluxes are calculated
in the hourly times interval. The stability of the
lower atmosphere, however, is not considered in the
present study, since the simultaneous calculated val-
ues of the surface temperature and heat balance
components by the principal equation (Eq. (7)) are
not sensitive to CyU (Kondo and Watanabe, 1992).
For instance, when the value of CyxU is doubled, the
daily averaged latent heat flux | Eps have an increase
by 45 Wm~2.

The underlying ground surface value of z;, re-
quired for calculating z, is taken from Table 2. For
a rice paddy field, it can be assumed that 27, = zgs,
since the soil surface is sufficiently wet during the
vegetated period.

In calculating z,, the value of ¢, (individual leaf
transfer coeflicient for water vapor) is important.
The relationship between the resistances and the
transfer coeflicient are written as

1
C‘eU(annopy) = m’ (11)
1
ChU(zcanopy) = T_, (12)

where r, is the aerodynamic resistance of the leaf
surface, rs the stomatal resistance and zcanopy the
representative heights for the wind speed within the
canopy. Hsiao et al. {1973) verified that the stomatal
aperture of C3 plants such as rice reaches a maxi-
mum when the intensity of solar radiation is about
10 Wm~2. The aperture then remains constant un-

der conditions of increased solar radiation. In fact,
c. is dominated by various conditions (plant phys-
iology and meteorological conditions). Dickinson
(1984), Sellers et al. (1986) and Sellers et al. (1995)
parametrized stomatal resistance considering these
conditions in detail. In this research, however, the
diurnal variation of ¢, is simply given as a function
of solar radiation and ¢, in midday, and can be de-
scribed by

1
ce = 0.048 [1 1+ tanh(0.2S i)} . (18)
Using this equation, the maximum value of c. in
midday is 0.024, while the minimum stomatal resis-
tance T, is about 50 sm~!. The maximum value
of c. in midday was estimated by substituting the
observed data of § into empirical formulae (see Ap-
pendix B). The solution for c¢. in midday can be
found through successive approximations, with the
use of Appendix B, so that the calculated value of 3
agree with the observed values. The values assigned
for these estimates are listed in Table 2.

Using the value of c., z, is calculated similar to
the calculation for zp. The bulk transfer coefficient
for latent heat Cg is calculated using the value of
zq by the following equation, given as

k2
In{(z —d)/2]In[(z - d)/z,]

The moisture availability 8 is calculated using
Eqgs. (10) and (14), expressed in the following equa-
tion as

Cgp= (14)
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Fig. 3. The seasonal variation of (a) the bulk transfer coefficient for sensible heat Cy, and (b) the surface
moisture availability 8 in the rice paddy field for the year of 1993.

=G
[ is the moisture availability for the overall canopy,
not for individual leaf.

g (15)

3.5.2 Periods before rice planting, during irrigation,
and after harvest

The observed values of roughness lengths (zp and
z7), estimated from the wind speed and air temper-
ature profiles by Ishida et al. (1997), are adopted
for the periods before the rice planting, during irri-
gation, and after the harvest, as listed in Table 2.

For the period prior to the rice planting and af-
ter the harvest, rice straw is found scattered over
the entire paddy. The rice paddy field can not be
regarded as a completely bare soil surface, and con-
sequently the value of 3 is difficult to determine.
According to observations by Ishida et al. (1997),
there is a great deal of complexity about 3 for this
period. For this reason, the calculation of the heat
balance for this period is conducted by assuming (3
as a constant (= 0.6) that is averaged value of 3 for
this period.

During periods of irrigation, the value of 3 is re-
garded as unity, since the soil surface is covered by
water. Strictly speaking, the value of § has not
reached unity because the roughness lengths for sen-
sible heat and water vapor are not the same, but
the difference is negligible (Kondo and Watanabe,
1992).

Figures 3a and 3b show the seasonal variation of
Cy and j (for the year of 1993), respectively, calcu-

lated from Eqgs. (10) and (15).

8.5.3 Calculations under conditions of nocturnal
condensation

When condensation occurs (gsq¢(7s) < gq) during
nighttime, the results are recalculated with the value
of 3 being set to unity.

8.6 Calculation for soil heat flur G

The soil heat flux G is an unknown quantity when
estimating Ts, H, and [E using Egs. {(5)—(7). In the
present paper, the value of G is defined as

G = Gp + Gy, (16)

where Gp and Gy are the diurnal and seasonal vari-
ations of the soil heat flux, respectively.

The value of G can be analytically determined
using meteorological data, bulk transfer coefficient
Cy, evapotranspiration efficiency 3, albedo ref, and
soil parameters (see Appendix C).

3.7 Rainfall interception
The interception of rainfall by the leaves is defined
as following;

(1) evaporation from wetted leaves during rainfall
duration

2 evaporation of water storage on leaves S, after
g
the precipitati(m.

In these conditions, the calculation of the heat bal-
ance is conducted by assuming f as unity. In the
case of (2), assumption of 3 = 1 is applied to only
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Fig. 4. Algorithm for the presently developed canopy model.

when S > 0, that is,the calculation is conducted as
B = 1 until the value of S equals zero.

Water storage of the leaves S is evaluated as a
function of precipitation (Kondo et al., 1992), as

S = Sumaz [1 — exp(—=Pr/Swaz)], (17)
where
Saraz = 0.15- LAIL (18)

Here, Sprax is the maximum water storage of the
leaves of vegetation, and Pr the precipitation rate
(mm d~'). The coefficient of 0.15 in Eq. (18) can
be adopted for many types of vegetation. Rainfall
duration 7(hr) can be statistically expressed by the
following equation (Kondo and Xu, 1997), as

7= 1.67Pr%° (19)

In Eq. (19), 7 = 12(hr) when Pr = 50 mmd~!. In
this study, it is assumed that it begin to rain at
midday when Pr < 50 mmd~!, and at midnight
when Pr > 50 mmd .

The flow chart for this calculation is shown in Fig.
4. In this study, Eq. (7) can be rewritten as

(1= ref)SL (1) + Las 4 —G(t) — 0T, (t)*
= cppCrUnm (Ts(t) — T(t))
= 1pCrUpmB{gsat(Ts(t)) — qrr} = 0.

4. Calculated results for diurnal variations

(20)

In this section, the diurnal variations for 13 days,
from 2 July to 14 July 1994, are examined. Figure
5 shows a comparison between the observed (open
circles) and calculated (solid lines) values for various

quantities. It should be noted that a rigid calcula-
tion of diurnal variation can not be conducted by
using diurnal averaged data, since the input data
{solar radiation and air temperature) are given as
trigonometric functions having four and two tem-
poral harmonics. When calculating a strict diurnal
variation of the heat fluxes, this model should be ap-
plied, making use of the detailed hourly data sets.
First, an examination is made of the diurnal vari-
ations of solar radiation S | (Fig. 5 top panel). The
time series used in the calculation is represented by
a trigonometric function having four temporal har-
monics, as in Eq. {(8). The harmonics vary smoothly
compared with the observed midday values. On
cloudy days, observed values fluctuate only slightly,
with the diurnal average of the calculated values co-
inciding with observed values. On fair weather days,
however, the diurnal variation is large and the cal-
culated values almost coincide with those observed.
Next, the surface temperature 75 (Fig. 5, mid-
dle panel) is examined. The calculated values of T}
are somewhat overestimated when compared with
observed values, being within an error of 2.2°C. It
is considered that this overestimation is caused by
the hemispherical radiometric temperature of the
surface differing from the aerodynamic surface tem-
perature based on the definition of Cy in this pa-
per. The hemispherical radiometric temperature
was evaluated by a measurement using a dome-type
pyrgeometer of the entire infrared region with an ad-
justment to account for the surface emissivity and
downward longwave radiation (Eq. (1)).
Concerning the soil heat flux G (Fig. 5 second
panel), the sensible heat flux H (Fig. 5, second panel
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Fig. 5. Diurnal variations of the solar radiation S [, the soil heat flux G, the surface temperature T,
the sensible heat lux H, and the latent heat flux {E during day 183 to day 195 (2 July to 14 July
1994). Open circles denote observed values, and solid lines the calculated values.

from bottom), and latent heat flux {E (Fig. 5, bot-
tom panel), the trend of the diurnal variation of the
calculated values almost agrees with those observed.

5. Calculated results for seasonal variations

5.1 Comparison with observations

Figures 6a and 6b show the seasonal distribnutions
of the observed (open circles) daily means of solar ra-
diation Sps }, downward longwave radiation Ly |,
air temperature Ty, and the daily precipitation rate
Pr for 1993 and 1994, respectively. For the Sas |
(top panels) and Ljs | (second panels from top), the
calculated values (solid lines) are also shown. The
rms errors between the observed Sps | and calcu-
lated Sas | are within +26 Wm~2 and 422 Wm~?

for 1993 and 1994, respectively. On the other hand,
those for Lps | are £15 Wm~2 and +16 Wm™2,
respectively.

The year 1993 exhibited more days of successive
low temperatures compared with that of 1994. In
particular, there were summer (July to August) days
when the daily averaged temperature T3y was under
20°C. These cool days resulted in unusual agricul-
tural damage. In contrast, the summer period of
1994 was hot, with no unusual damage occurring.

Figures 7a and 7b show a comparison of the ob-
served (open circles) and the calculated (solid lines)
values of the daily averaged surface temperature
Tsm (top panels), the daily averaged sensible heat
flux Hps (middle panels), and the daily averaged la-
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Fig. 6. The seasonal variation of the daily mean values Sas |, Lar |, T, and daily amount of precipita-
tion Pr for the year (a) 1993 and (b) 1994. The open circles indicate observed values of Sar |, Las |,
and T, while the solid straight lines denote Pr (bottom panel). Solid lines represent calculated

values of Sas | and Ly |.

tent heat flux {E (bottom panels) for 1993 and
1994, respectively. For the winter period (day 1 to
124 and 304 to 365 in 1993; 1 to 124 and 263 to
365 in 1994), the calculations were performed with
£ held constant (= 0.6).

Figures 8a and 8b show a comparison of the ob-
served and calculated values for the period from rice
panting to harvest, ¢.e., day 132 to 303 in 1993 (Fig.
8a) and 128 to 262 in 1994 (Fig. 8b).

The values of the calculated surface temperature
Tspm (Figs. 7 and 8, top panels) are overestimated
in both yearly periods. The rms error between the
observed and calculated Ty during the vegetated
period are within 1.2°C and 1.3°C, while those over

the entire year are within 1.4°C and 1.9°C, for the
periods of 1993 and 1994, respectively. As previ-
ously mentioned, it is considered that the observed
values of T s are different from the calculated values
that are based on the bulk transfer coefficient Cg
defined in this paper. That is, the leaf temperature
has a vertical profile within the canopy. Matsushima
and Kondo (1997) indicated that a range of opti-
mum viewing angles exist for the measurement of
canopy surface temperature by a thermal infrared
radiometer, based on a simulation with a multi-
layer canopy model. The optimum viewing angle
was found to be between 50° and 70° of the nadir
angle. In the future, estimated results should be
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Fig. 6 (Continued)

compared with observation using a thermal infrared
radiometer.

The daily mean observed sensible heat flux Hjs
(Fig. 7 middle panels) is about 20-30 Wm™?2 over
the two year period. The rms error between the
observed and the calculated values of Hps during
the vegetated period are £9 Wm~2 and 11 Wm™2,
while those over the entire year are £10 Wm~? and
+15 Wm~2, for 1993 and 1994, respectively.

The latent heat flux [Ej; values are shown in
the bottom panels of Figs. 7 and 8 for the entire
year and vegetated period, respectively. The rms
errors between the observed and calculated values
are £14 Wm~2 and 417 Wm™? for the vegetated
period of the year 1993 and 1994, respectively. Fur-
thermore, those during the overall yearly experimen-
tal periods are £14 Wm~2 and £17 Wm™?, respec-

tively. At the present time, values of the diurnal
averaged latent heat flux by various observational
methods (gradient method, Bowen ratio method,
and so on) may have an error of about £20 Wm™2.
This result shows that the calculated error is within
the observational error.

5.2 The rate of rainfall interception

In this section, the rate of rainfall interception to
rainfall is examined. With respect to evapotranspi-
ration, rainfall interception is also included.

Table 3 indicates that the ratio of rainfall inter-
ception to evapotranspiration during the vegetated
periods are about 18 % and 9 % for the years 1993
(cool summer) and 1994 (hot summer), respectively.
The precipitation amount in 1993 is large, while
evapotranspiration from the vegetation is small, re-
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Fig. 7. The seasonal variation of the daily mean values Tsar, Har, and {Eas for the year (a) 1993 and
(b) 1994. Open circles denote observed values, and solid lines the calculated values.

sulting in a large rate of rainfall interception.

The amount of interception loss has been reported
as about 246 mmy~! for an annual rainfall amount
of 2000 mmy~' in a typical Japanese (LAl = 6)
located in Sendai (Kondo et al., 1992). The results
in Table 3 indicate that the rate of interception to
annual rainfall was about 5 %, being less than that of
the forest by 7 %. This results from the fact that the
vegetation does not exist after the autumn harvest
in the rice paddy field. In order to explain this in
greater detail, the rate of interception to the rainfall
during the vegetated period is also considered. It
was found that the rate for the paddy field during
the vegetated period is less than that of the forest
by 4 %. The constant in Eq. (22) was determined as
0.15 being less than that in the forest. This results
from the fact that not only the leaves, but also the
trunk and branches of trees can easily intercept the
raindrops in the forest. It should be noted that this
constant was determined to be about 0.3 to 0.4 in
typical Japanese forests.

5.8 Annual evapotranspiration

The annual evapotranspiration in the rice paddy
field is about 600 mmy ~! as listed in Table 3. Kondo
and Kuwagata (1992) and Kondo et al. (1992) con-
ducted a comparison of the annual evapotranspira-
tion from the Japanese forests with that from shal-
low bodies of water. It was reported that these val-
ues become large, on the order of 564 mmy~! for
shallow water and 692 mmy ~? for forests. The value
of evapotranspiration from the rice paddy field is
found between the values for shallow water and for-
est. The rice paddy value is less than those in the
forest by about 100 mm. As previously mentioned,
this occurs from the fact that the evaporation rates
are relatively large due to the rainfall interception
in the forests.

The total annual rainfall was large in 1993, while
the annual evapotranspiration was less by 143 mm
compared with those in 1994. This result reflects the
fact that 1993 was a year with a cool moist summer
in which agricultural damage occurred.
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6. Conclusions

In the present study, a new canopy model is pre-
sented for estimating the diurnal or seasonal vari-
ations of heat balance. Our main objective with
this study is to evaluate the heat balance by model
calculation with the use of simple routine meteoro-
logical data, and to evaluate the applicability of this
model. The calculated results were compared with
observations over a paddy field.

The accuracy of heat balance on an hourly ba-
sis is not good when the cloud amount varies, since
the diurnal variation of solar radiation and air tem-
perature is approximated by a trigonometric func-
tion having temporal harmonics. When calculat-
ing a strict diurnal variation of the heat fluxes, this
model should be applied, making use of the detailed
hourly data sets.

On a daily basis, however, the daily averaged heat
balance can be well estimated by using simple rou-
tine meteorological data. The rms error in the daily
mean values between the observed and calculated
values of surface temperature T3y, sensible heat flux
Hy, and latent heat flux { F'ys during vegetated peri-

ods were 1.3°C, £10 Wm~2 and £16 Wm~?2, respec-
tively, while those over the entire two year period
were 1.7°C, £13 Wm™2, and £16 Wm™2, respec-
tively. These results indicate that seasonal varia-
tions of evapotranspiration can be simulated within
the observational error, although simple routine me-
teorological data is used.

In this model, required parameters for calcula-
tion are plant height A, leaf area index LAI, surface
albedo ref, individual leaf transfer coefficients ¢4, cx,
Ce, and roughness lengths of the underlying ground
surface zgs, 275, and z4s. With regard to the values
of ca, cn, zos, 275, and zgs, the typical values that
can be found in numerous vegetation types are used,
while, the maximum value of ¢, in midday is deter-
mined by observation as 0.024 (minimum stomatal
resistance = 50 sm~!). The diurnal variation of ¢,
is simply represented by a function of solar radia-
tion. In fact, the stomatal resistance is dominated
by various conditions (air humidity, CO2 concentra-
tion etc.). The results, however, indicate that the
evapotranspiration from a wet area like a paddy field
can be estimated even if a simple parameterization
is conducted.
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Fig. 8. Comparison of observed and calculated values of Tsa, Ha, and [Ea during the vegetated

periods for the year (a) 1993 and (b) 1994.

The percentage of the rate of interception to the
annual rainfall in a paddy field was about 5 %
and less than that in a forest by 7 %. The an-
nual evapotranspiration in the rice paddy field was
about 600 mmy~!, and had a value found between
those for shallow water (564 mmy~!) and forests
(692 mmy~1).

How general is this study for other vegetation?
The same calculations have been conducted on a
sorghum field (C4 plant) during the summer of 1994
in the Tottori sand dunes (Kimura et al., 1997). The
result shows that the value of ¢, in midday is 0.026
(minimum stomatal resistance 75, = 63 sm™!), and
the rms error in the daily mean values between the

observed and calculated values of Tspr, Hps, and
lEp were 1.2°C, 425 Wm™2, and £17 Wm™2, re-
spectively. These results are almost as same as those
in the present study.

Can we use these results to calculate global land
surface fluxes from standard routine meteorological
observations? In the future, we would like to eval-
uate the heat balance of a large area using simple
routine meteorological data, by accumulating model
simulations.
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Table 3. Values of precipitation, evapotranspiration, and
rainfall interception for the years 1993 and 1994

1993 1994

Overall period {day) 365 365
Rainfall days (day) 145 114
Precipitation (mm) 1253 991
Evapotranspiration {(mm) 559 702
Vegetated period 172 135
Rainfall days (day) 50 27
Precipitation (mm) 860 495

Evapotranspiration (mm) 361 438
Rainfall interception (mm) 66 41

Except for vegetated period 193 230
Rainfall days (day) 95 87
Precipitation (mm) 393 496
Evaporation (mm) 198 264

Appendix A

Solar radiation

According to Kondo and Xu (1998), the daily
mean of solar radiation Sp; | can be estimated by
the use of the following equations

N
0< = <1,

m =a + bm, for ND (A].)
AT
=¢, for V- 0, (A2)
where
L _2%¢
No = 52618’
‘ - As 1/2
sin({/2) = (m) ’ (A3)
. fm  d=b+r\ . (T S—=b6-7
A5-51n(4+ 5 )sm(4 5 >,
Io (do\* (Ad)
Som 4 = — (—-)
T \ d
(¢sin¢sind + cosgpcosdsing), (AD)
¢ = cos™!(~tanptané), (A6)
2
(@> = 1.00011 + 0.034221 cosn
+0.00128 sinn 4 0.000719 cos 2n
+0.000077 sin 27, (A7)
5 = sin™*(0.398sinas), (A8)
az = 4.871 + 1 + 0.033sin 7, (A9)
and
n = (27 /365)day. (A11)

In the above, Spas | is the daily-mean solar radi-
ation at the top of the atmosphere, N the duration

Vol. 76, No. 6

of sunshine (hr), Ny the duration of possible sun-
shine (hr), ¢ the hourly angle from sunrise to merid-
ian transit time in which a correction r(= 0.01rad)
is considered, ¢ the latitude, and é the solar decli-
nation. The coeflicients a, b, and ¢ have different
values depending on the type of sunshine recorder;
a = 10.244,b = 0.511, and ¢ = 0.118 at the AMeDAS
sites. In addition, Iy is the solar constant, and day
the number of days from 1 January of the given year.

Appendix B

Empirical formulae for the aerodynamic
parameters

1) The zero-plane displacement d

d 1 —exp(—A7")
R T A (B1)
with
C
+ - Y
ar=Ze (B2)
and
C.=cq- LAL (B3)

2) The roughness length for momentum z

( h—d
In
20

)_1 = [1 —exp(—AT)

Z0s\ —1/0.45 N 0.45
+ (—lnT) -exp(—247T) .

(B4)

3) The roughness lengths for sensible heat zr and
water vapor z,

By assigning z; = zr4 (canopy values), z;s =
27s,qs (underlying ground surface values), and F, =
Ch.e/cd, the scalar roughness length for the case of
F, = 0 (represented by z,7), can be calculated by
the following equations as

L h=d o
2T -

1 P P
- ., (BY)
—In{z,*/h) [ P, + At exp(4T)
where
241 0-1 Zps ) 0-22
P1:0.0115( h) expl:S(h) ] (B6)
and
Zpe) 035
Py, = 0.55exp [—0.58 ( : ) ] . (B7)
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Using the value of z}', the scalar roughness length
zz for 0 < F, < 1 can be calculated by the following
equations, given as

-1 ~1
(lnh_d) <1nh_d) = (Cy
) Zz

0.0 1/0.9 0.9
[1 —exp(—P3AT) + (CZO) -exp(—P;A™) ,
(B8)
where
1 h—d h-d
C—(Z)Eln p” In e (B9)
1 2 )% —1
o = ! +8F2) , (B10)
Py = [F, +0.084exp(—15F;)]""°, (B11)
and
Py = 2F}. (B12)

Appendix C
Soil heat Alux

1) Diurnal variation of soil heat flux Gp

Kondo (1994) parametrized the value of Gp by using
the time ¢ as a trigonometric function having four
temporal harmonics for the diurnal variation of the
air temperature and radiation, as in the following
equation. The daily time series of surface tempera-
ture, using the daily averaged surface temperature
Tsm, is given as

4
Ts(t) =Tsm + Z A, cos(nwt — ¢y ).

n=1

(C1)

The time series of Gp can be predicted by the fol-
lowing equation, expressed as

4
T
Gp(t) :;Gngos (nwt—qﬁnl-l— Z) , (C2)
where
G, = A, (nwccp(;)\g)O‘S . (C3)

The volumetric thermal capacity cgps and the
thermal conductivity Ag of the soil in the paddy
field (Ishida et al., 1997) are defined as

cepe = (1 - gsa!)csps + prwa» (04)

where

csps = 1.447 x 10% Jm=3K ™1,
Cwpw = 4.2 x 108 Jm—3K~1,

and
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Ag = 0.25 +0.50%/3 Wm~ 1K~ 1.

Here, csps and cyp are the thermal capacity of
the soil and water, respectively, 0,4, is the saturated
volumetric water content (0.77 m®m~2), and @ the
volumetric water content.

According to Kondo (1994), the amplitude A,
and phase ¢, of the surface temperature for
wavenumber n are calculated by

_ R, cos ¢n =+ Bn‘f COS(O‘n - ¢n)

A, = P , (Ch)
where

R, =(1—-ref)Sn,+ L, (C6)
and

¢n, = arctan(X,,). (C7)

In Egs. (C5) and (C7), the variables are defined as

X, =
TRy, + EBy, [T cosan + (p + Ih) sinay,]
(b + TR, + By [(p+ I'n)cosan — Iysinay)’

(C8)

Iy = (nwegpeAa)™® cos (%) ) (C9)

p = 40Ta® + c,pCrUn + 1pBCHUM A, (C10)

€ = 40Ty" + cppCrUn, (C11)
where

A= (%)TM . (C12)

In this equation, B, and o, are the amplitude and
phase of air temperature, respectively, (defined by
Eq. (9)), Sn is the amplitude of the solar radiation
(Eq. 8)), and L, the amplitude of the downward
longwave radiation (in the present paper, L, is set
to zero). Note that the surface temperature by Eq.
(C1) is used only for estimating the soil heat flux
Gp.

The concept of calculating G is almost same as
those of Brutsaert (1982, p. 145-152). In this study,
estimation of the heat balance, however, is con-
ducted by using the bulk transfer method. Hence,
the salient points of difference between them is to
use Egs. (C5)—(C12) that correspond to the bulk
transfer equation.

2) Seasonal variation of soil heat flux Gy

The values of Gp are calculated under the assump-
tion that the daily averaged value of the soil heat
flux Gy is zero. In fact, Gy actually has a tendency
to vary seasonally by about £10 Wm™2. Using ob-
served values of T, the time series of the seasonal
variation of surface temperature Ty is given as
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Tsy =Tsym + Z Ayn cos(nwyt — ¢y n). (C13) 1997: Estimation of bulk transfer coefficient and sur-

n=1

The values of Gy can then be estimated by the fol-
lowing equation

5

Gy = ; Gy cos (nwyt — dyn + Z—) . (C19)
where

Gyn = Ayn(nwycepara)®?, (C15)
and

wy =1.992 x 1077 571, (C16)

Here, Ay, and ¢y, are the amplitude and phase of
Tsy, respectively.

The daily averaged values Tspr, Hpy, and I Eas can
be calculated by averaging diurnal values obtained
by substituting values of G into Eq. (7). The con-
sideration of incorporating Gps does not seriously
affect the accuracy of lF)y, but raises the accuracy
of Tsps to within about +0.5°C.
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