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Abstract

Canopy resistance is a key parameter for implementing the Penman-Monteith

equation, which is a well-known method of estimating evapotranspiration. In order to

estimate evapotranspiration, it is essential to know the knowledge concerning canopy

resistance. Recent research (Pauwels and Samson, 2006) compared different methods of

estimating the canopy resistance above a wet sloping grassland and showed that Katerji

and Perrier method (Katerji and Perrier, 1983) had better performance on estimating

canopy resistance. In this study, we tried to use the same idea and compared six

methods to estimate canopy resistance, which are the Jarvis type equation (Jarvis, 1976;

Stewart, 1988), the Jarvis-Blanken and Black method (Blanken and Black, 2004), the

Todorovic method (Todorovic, 1999), the Katerji and Perrier method, a new approach

and constant canopy resistance. The study site was located in County Cork, southwest

Ireland (51°59'N 8°46''W), and perennial ryegrass (Lolium perenne L.) was the

dominant grass species in this area. An eddy covariance system was used to measure the

latent heat flux above this humid grassland. The observed canopy resistance was

calculated by rearranging the Penman-Monteith equation combined with the observed

latent and sensible heat flux. Our results showed latent heat flux estimation as being less

sensitive to the accuracy of canopy resistance predictions. We also found that the Katerji
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and Perrier method and the new approach have better performance than other methods

in estimating the canopy resistance and latent heat flux.

Keywords: Evapotranspiration; canopy resistance; humid grassland; Penman-Monteith

equation; new approach
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1 Introduction

Canopy resistance is a required parameter in the Penman-Monteith equation for

estimating evapotranspiration. The level of accuracy in evapotranspiration estimation

may have an impact on management of water resources because evapotranspiration can

account for 60% for terrestrial precipitation in the hydrological cycle (Shiklomanov,

1998). To a better estimation of evapotranspiration, it is necessary to understand canopy

resistance estimation to apply Penman-Monteith equation for such estimation.

In estimating evapotranspiration, Penman (1948) was the first to combine the

concept of using available energy and mass transfer to compute evaporation from an

open water surface. Monteith (1965) modified Penman’s equation by integrating plant

physiological and micrometerological parameters, leading to the well known

Penman-Monteith equation. Canopy resistance is one of the parameters in the equation

that characterizes the stomatal control on transpiration and the effect of the canopy

structure on evaporation. However, it is hard to estimate the stomatal resistance, as it

depends on multiple factors such as temperature, solar radiation, vapor pressure deficit,

carbon dioxide concentration, soil water content, and the position of leaves in the

canopy. Moreover, mechanisms between environmental conditions and plant physiology

have not been elucidated thoroughly yet (Berry et al., 2010; Damour et al., 2010).
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Therefore, the challenges that exist for using the Penman-Monteith equation owe to

unknown parts of canopy resistance knowledge.

Several canopy resistance estimation approaches, which need calibrations for

different vegetation types and climatic conditions, have been proposed. When

estimating the canopy resistance, one would doubt the usefulness of these approaches

due to unknown partions concerning canopy resistance. However, when the specific

vegetation type and climatic conditions are given, reasonable estimations can be

obtained by corresponding typical values of the coefficients. One of the approaches is

the Jarvis multiplicative model (Jarvis, 1976; Stewart, 1988) based on plant

physiological studies. Jarvis multiplicative model showed that canopy resistance was

related to leaf area index and several climatic variables such as solar radiation, vapor

pressure deficit, air temperature and soil moisture content. Another approach is the

Katerji and Perrier method. Katerji and Perrier (1983) developed a linear model to

estimate canopy resistance which depended on climatic variables and aerodynamic

resistance.

Todorovic (1999) proposed a mechanistic approach to compute canopy resistance

that was also a function of climatic variables and aerodynamic resistance, but does not

need to be calibrated. Instead of assigning variable canopy resistance to the

doi:10.6342/NTU201703681



Penman-Monteith equation, a monthly averaged canopy resistance was suggested by

Pauwels and Samson (2006).

Thus far, researchers have compared different approaches that estimate canopy

resistance for different vegetation types under varying weather conditions. Lecina et al.

(2003) concluded that a constant canopy resistance (70 s/m), which was recommended

by Allen et al. (1998), could be used to estimate daily reference evapotranspiration

under a semiarid condition in a river valley with uniform grasses. However, if daily

reference evapotranspiration values were computed by hourly meteorological averages,

the Todorovic model was recommended instead. Blanken and Black (2004) constructed

a series relationship between canopy conductance and climatic variables using the Jarvis

type equation, and showed that canopy conductance could be well parameterized in a

boreal aspen forest. Perez et al. (2006) compared different methods such as the constant

canopy resistance, the Katerji and Perrier method, and the Todorovic method under

semi-arid conditions in a river valley with uniform grasses. The results suggested that

through constant canopy resistance, there may be an underestimate of

evapotranspiration values in the summer and an overestimate in the winter. Furthermore,

the Todorovic method was shown to have performed better than other methods. Pauwels

and Samson (2006) also compared different methods but in their case for a wet sloping
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grassland. The results showed that the Katerji and Perrier method provided better

performance than Todorovic method. In addition, it was shown that using a monthly

averaged surface resistance instead of a constant value would lead to a better estimation

of evapotranspiration at seasonal time scale. Li et al. (2015) compared the Jarvis

multiplicative model, Katerji and Perrier method, Todorovic method, and other surface

resistance models under arid conditions with a dense canopy (maize field) and a partial

canopy (vineyard). Their results showed that both the Jarvis multiplicative model and

the Katerji and Perrier method performed better on dense canopy than partial canopy,

whereas the Todorovic method performed poorly on both cases. Table 1 summarizes the

performance comparison between different canopy resistance estimation methods above.

Though the best parameterization in Blanken and Black (2004) is much simpler

than the Jarvis multiplicative model, it still requires certain parameters not measured in

typical climate stations (e.g., CO, mixing raito). Moreover, Blanken and Black (2004)

showed that the Jarvis type equation, which is simpler than the original Jarvis

multiplicative model, can also provide good performance. In accordance with previous

studies, canopy resistance estimation methods may have different specific responses to

different climatic conditions and vegetated surfaces. Therefore, in this study, our

objectives were to develop a relative simple method for estimating canopy resistance
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whose parameters can be measured in typical climate stations and to compare the
developed method with other methods of estimating the canopy resistance of a humid

grassland.

2 Experiment

2.1 Site description

The study site (Latitude 51°59°N; longitude 8°46°W) is located in 25 km northwest
of County Cork, southwest Ireland. The climate is temperate and humid. The regional
30-year average air temperature is 9.6°C, and average annual precipitation is 1222.7 mm
(Met Eireann, 1970-2000 Cork Airport Meterological Station). Data collection
commenced January 1, 2013 and continued to December 31, 2013. In the study period,
the daily mean temperature was 17.67°C in July and 5.04°C in January; the hourly
maximum net radiation was 747.8 W/m? in July and 217.8 W/m” in January. Annual
rainfall was 1161 mm. The average elevation of the study area is 200 m above sea level.
The dominant plant species is perennial ryegrass (Lolium perenne L.), and the grass
height is varies between 0.2 and 0.45 m during summer. The leaf area index during
summer and winter are about 2.0-2.5 m*m’ and 0.5-1.0 m?m?, respectively. The

grassland consists of individual paddocks which are all intensively managed. Grazing
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occurs during from late March to early October, and fertilizer is applied throughout the

year (Peichl et al., 2011).

2.2 Instrumentation for micrometeorological measurements

Precipitation was measured with a tipping bucket rain gauge (ARGI100,

Environmental Measurements Ltd., UK). Net radiation and solar irradiance were

measured with a net radiometer (CRN1, Kipp and Zonen, Netherlands). Air temperature

and humidity were measured with a temperature and humidity probe (HMP45C,

Campbell Scientific, UK). Ground heat flux was measured with a heat flux plate

(HFPO1, Hukseflux, Delft, Netherlands). These instruments were mounted at 0 m, 4 m,

and 2.5 m above the ground, and also at 0.1 m below the ground. A 1 minute sample

frequency was used for all meteorological measurements, and all data was averaged

every 30 minutes. All average data was logged by a CR23X datalogger (Campbell

Scientific, USA).

In this study, observed surface fluxes, latent heat, and sensible heat flux were

measured using the eddy covariance method. The 3D wind velocity was measured with a

3D sonic anemometer (CSAT3, CS, Logan, Utah, USA). Water and carbon dioxide

concentration were measured with an open path infrared gas analyzer (LI-7500, Licor,

USA). Both instruments were mounted at 5 m above the ground, and all data was logged
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at 10Hz and averaged in 30 minute intervals. Table 2 shows a summary of the

instrumentation.

2.3 Data processing

In order to obtain corrected flux data, data processing followed standard process.
Outliers (+3 ¢ ) in raw data were removed. Wind speed and wind direction were double
rotated to align the coordinate system (Wilczak et al., 2001). Webb correction was
applied to rectify data variations in air density (Webb et al., 1980). Energy closure
correction was applied to the sensible and latent heat flux data by considering the
Bowen ratio measured by eddy covariance (Twine et al., 2000; Wilson et al., 2002;
Sumner and Jacob, 2005; Anderson et al., 2007; Tsai et al., 2007; Wang and Dickinson,
2012).

Filters were used to remove unreasonable data. Foremost, as the eddy covariance
system performed poorly during rainy days, observed values in rainy days were rejected.
Secondly, in order to get accurate data, a canopy resistance filter was used to screen out
unsatisfactory data. Thirdly, since the daytime canopy resistance was a concern, a net
radiation threshold of 50 W/m? and a positive sensible heat flux were set for selecting

daytime data.
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Since the main source of the evapotranspiration is from canopy transpiration under

full canopy conditions, surface resistance can be treated as the canopy resistance

through neglecting soil resistance. In concerning full canopy condition, the dataset

during summer (June, July and August, 2013) were used for this study. The calibration

dataset was determined by the top one third of the dataset, and the validation dataset

was determined by the remaining.
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3 Methods
3.1 Penman-Monteith equation
The Penman-Monteith equation was used to estimate the actual evapotranspiration

from a vegetated surface (Monteith, 1965; 1981). It is expressed as:

LE = S(Rn - G) + Cppaaq/ra
s+y(A+r1./r)

&)

where LE is the latent heat flux density (W/m?), y = Cy/L is the psychrometric
constant (1/K), L is the heat of evaporation (J/kg), s is the rate of the change of
saturated specific humidity with temperature (1/K), R, is the net radiation (W/m?), G
is the soil heat flux (W/m?), C, 1s the specific heat of moist air (J/kg/K), p, is the air
density (kg/mB), 6q is the specific humidity deficit (kg/kg), and 7, is the canopy

resistance. The aerodynamic resistance (7,) can be calculated as (Thom, 1972):

- esptgten
d=§h G)
Zoy = 0.1h 4)
Zog = 0.1z %)

where z is the measurement height (m), d is the zero plane displacement height (m),

h is the canopy height (m), zy is the roughness length for momentum transfer (m),

Zoy 1s the roughness length for heat transfer (m), 1), is the stability correction

9
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function for momentum transfer, ¥y is the stability correction function for heat
transfer, k is the von Karman constant (0.4), and u, is the wind speed at the
measurement height (m/s).

By rearranging equation (1), r. can be computed with observed data as:

PaCp 6q (s )
= — -5—-1 6

where B (= H/LE) is the Bowen ratio and H is the sensible heat flux (W/m?).

3.2 Jarvis multiplicative model
Based on the plant physiological studies, Jarvis (1976) proposed the multiplicative
model for estimating the stomatal resistance/conductance. In 1988, Stewart simplified

the parameterization, and the classical Jarvis multipliacative model can be expressed as:

r. = Tst — a; 7
© T LAl T LAI* f(Ry) * f(Dg) * f(Tg) * £ (6) M
_ Ry(1000 + a,)
f(Rsi) = 1000(Rs; + a,) (8)
f(Da) = exp(_aS * Da) (9)
_ (To = Tp) * (Ty — Tp)* _Ty—a,
f(Ta) - (ag —Tp) * (Ty — a4)t' L= a, — T, (10)
9_9—%
f()_%—ﬂw (1)

where rg is the stomatal resistance, a; is the minimum stomatal resistance observed in

optimal condition (see Appendix B), a,, a; and a, are parameters to be fitted, LAl

10
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is the leaf area index (m®/m?), Ry; is the incoming shortwave radiation (W/m?), T, is
the air temperature (°C), T, is the lower temperature limit to transpiration (0°C was
assumed by Stewart, 1998), Ty is the upper limit to transpiration (40°C was assumed
by Stewart, 1998), D, is the vapor pressure deficit (kPa), 0 is the soil water content
(m’/m’), 0, is the wilting point (m>/m’) and 6; is the field capacity (m*/m?).

In this study, two kinds of the modified Jarvis model were used to estimate canopy
resitance:
3.2.1 Jarvis type model (Jarvis f(Ry;, Da))

In this study the traditional Jarvis multipliacative model (i.e., equation (7)) was

simplified to the following equation:

a,

= TR+ f (Do) (12)

rC
where a; is the minimum canopy resistance in the calibration dataset. a, and aj
were derived from the regression coefficients. The leaf area index was omitted because
land was fully covered and LAI was constant (around 2 m?/m?, Peichl et al., 2011)
during analysis period. Additionally, the air temperature and soil moisture content were

omitted because the data showed no relationship with the canopy resistance at this site.

11
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3.2.2 Jarvis-Blanken and Black method

Blanken and Black (2004) compared several methods and showed that canopy
conductance can be best parameterized by the modified Ball-Woodrow-Berry index
(BWB = A,,/(Dyx§)), where A, is the net CO, assimilation, D, is the leaf level vapor
pressure deficit, and x§ is the CO, mole fraction. However, due to the difficulty for
measuring CO, concentration, another method (which only included vapor pressure

deficit) was proposed, which has the following form:

a,

= F 00 (2

where a; was derived from the regression coefficients. The detailed procedure is

showed as below:

First, an average canopy conductance was calculated at binned 0.25 kPa intervals

of vapor pressure deficit. Then, an exponential regression was fit between these average

canopy conductance values and the corresponding vapor pressure deficit. Finally,

parameters were determined from over 20 equally spaced bins. In order to compare

outcomes to other methods, average canopy conductance was replaced by average

canopy resistance. Thus, this relationship is similar to the Jarvis multiplicative model

but only contains vapor pressure deficit. Due to the humid conditions in this study,

12
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parameters were determined from means of only 6 equally spaced bins, at same binned

0.25 kPa intervals of vapor pressure dificit.

3.3 Todorovic method (TD)

Todorovic (1999) assumed that if the vegetated surface is not fully wet (r.>0), part

of the available energy is required to heat the canopy to extract water. Therefore, this

additional energy would raise the canopy temperature by an amount t, which is the

temperature difference between the mean level (d + zyy) of source or sink for H and LE

and the level in canopy. Assuming that the resistance for heat transferred from canopy to

d+ zgy 1s equal to r,, r, could be estimated by a quadratic equation including

isothermal resistance, also termed as climatological resistance by Todorovic. This

quadratic equation is defined as:

2
a(r—c) +b(£)+c=0
Ti T

where

s+y(r/r) (1
=y ) @
b=-y (:—;)t
c=—(s+y)t

(14)

(15)

(16)

(17)

In equations (14-16), 1; is the isothermal resistance firstly introduced by Monteith

(1965) and defined as:
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paCpdq

YR, - G) (>

Isothermal resistance (rj) is simply the sum of rct+ra under the isothermal condition
(0T,/0z = 0), which H =0 and LE= Rn-G.

A linear relationship between saturation vapor pressure and temperature and neutral
atmospheric conditions were assumed by Todorovic (1999). As a result, the temperature

difference could be defined as:

YDq
s(s+y) (19)
Solving for equation (14), the unknown 1. could be solved as:
re  —bxvb?—4ac 20)

T 2a

and only one positive solution (+r.) would be adopted. Because only climatic variables
are needed, calibration is not needed in this method. Therefore, only a validation dataset

were applied to estimate r..

3.4 Katerji and Perrier method (KP)
Katerji and Perrier (1983) derived a linear relationship between canopy,
aerodynamic, and climatic resistances (r*) based on the experimental studies. This

canopy resistance model can be written as:

Ie re
- = alr_ + a; (21)

ra a

14
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where a; and a, are empirical coefficients to be determined, and r* is the climatic

resistance defined as:

_S+yYpaCpdq s+vy
~ sy R,—G s

*

(22)
Climatic resistance is linked to the isothermal resistance and the term “climatic”
references all factors dependent on climate. In addition, climatic resistance is the critical
resistance when LE equals to the equilibrium evapotranspiration, and then we have
r*=r.. Thus, r* is also termed as “critical” resistance.

By combining equations (21) and (22), it can show that

s+ v PaCpdq 1paCpdq

sY Rn—G 42T TR

T, = a, + a,ry (23)

Comparing equation (23) with (6), a; is the reciprocal of the dimensionless parameter

(see 3.5) proposed by Priestley and Taylor (1972) when (s/y)B —1 (i.e., the third

term in equation (6)) approaches zero, and a, is related to f3.

15
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3.5 New approach
Priestley and Taylor (1972) proposed a method which is based on the assumption
that under humid conditions the contribution to LE by the mass transfer term is smaller
than the energy term, leading to equilibrium evapotranspiration. Equilibrium
evapotranspiration would occur if the near surface is saturated. However, equilibrium
conditions rarely occur. Therefore, a dimesionless parameter, Priestley-Taylor
coefficient (o), was suggested to compensate for the mass transfer term. The LE can be

calculated as

S

LE = aLE¢q =a$+y

(R — G) (24)
By rearranging equation (24), a could be estimated as a coefficient by a linear

relationship between observed LE and LEc,. Then, substituting equation (24) for LE

and Rn-G-LE for H in equation (6), a new method for estimating r. could be expressed

as:

C,6 s+ s+vy—as
_ PalpOd Y (V —1)ra (25)

‘ Yy as(R,—G) ay

In equation (25), only the Priestley —Taylor coefficient (o) is needed.

16
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3.6 Constant canopy resistance

In order to simplify the predicted model, an optimized constant r. was used in this

study. In optimization, the minimum root mean square error (RMSE) between the

observed LE with observed r, derived from equation (6) and predicted LE with constant

r., was tried to find in the calibration dataset. Then, this optimized constant r., which

could minimize RMSE between observed LE and predicted LE, would be applied in the

validation dataset to predict LE. Hseih et al. (2005) recommended about a 100 (s/m) of

canopy resistance value through out the year in this study site.

17
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4 Results and discussion
4.1 Daily pattern of observed r. and LE

Figure 1 and Figure 2 show the observed daytime r. and LE for the specific days
(25-26 June, 2013) and the daytime course of observed mean r, and LE, respectively.
For the mean r, r. remains relatively constant from about 10:00 to 17:00, and then r,
tends to steadily increase since stomata tend to close in the late afternoon. According to
the data, when LE is smaller than 50 W/m?, the mean r. is about 300 s/m. Thus, a r.
value of 300 (s/m) assumes stomata closing to reduce LE. (Lecina et al. (2003)
proposed that r, was 200 s/m during nighttime). Another factor which controls the
magnitude of the LE is the available energy (R,-G). Due to a low available energy
during sunrise and sunset, the magnitude of LE stays low value in the morning and late
afternoon.

Comparing the observed daytime r. in this study to other literatures (see appendix
C), the value of observed r., which range from 10 to 250 s/m, are similar to other results

of grass type, and are different from the result of forest type.

18
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4.2 Calibration of models

Table 3 and Figure 3-5 show the results of the parameters determined by regression
fit for the calibration dataset, which is the top one third of the dataset in the analyzed
period. For the Jarvis type model (Jarvis f(Ry;, Da)), the regression coefficients of a;, a,
and a; are 10.58, 240.10 and 1.94, respectively in equation (7)-(9) and the coefficient of
determination (R”) is 0.32. For the Jarvis-Blanken and Black method, the regression
coefficients of a; and a3 are 38.03 and 1.00, respectively in equation (13) and the R*
value is 0.93, showing a high relationship because only 6 binned values were made for
regression. Nevertheless, this result of the regression coefficients is similar to the
method which only fits a simple exponential regression between original r, and D,
(ro = 38.03/ exp(—1.02 * D,) and the R* value is 0.33). For the Katerji and Perrier
method (KP), the regression coefficients of a; and a, are 0.48 and 0.95, respectively, in
equation (21), and the R? value is 0.18, showing a poor relationship. The reason for the
poor performane for KP method will be discussed in the next section (see 4.3). For the
new approach we proposed, the parameter o in equation (24) is 0.87 and the R? value

1s 0.87 in this study area.
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4.3 Comparison of models in predicting r.

Table 4 and Figure 6-10 show linear regression and statistics of comparison
between the observed r. and the predicted r. calculated by each method, which are the
Jarvis type equation, Jarvis-Blanken and Black method, Todorovic method, Ketriji and
Perrier method, and the new approach we proposed. For all methods, statistic results
show poor estimation for predicting r.. The root mean square errors (RMSE) range from
72.05 to 93.94, and the coefficients of determination (R*) range from 0.20 to 0.37. For
an optimized constant r, value, a 63.26 (s/m) (the average and standard deviation of r,
are 71.94 s/m and 46.14 s/m, respectively) r. value could minimize the RMSE in
calibration dataset.

Reasons for the poor estimation for r. might be result from several factors not
considered in each of the methods. As we mentioned in section 4.1, stomata would close
when r. is greater than 300 s/m. Figure 18 depicts the predicted r. not accurately
estimating when stomata are closing in the late afternoon, because methods we applied
in this study are used to estimate r, when stomata is open. Furthermore, previous studies
(Todorovic,1999, Fig. 7; Perez et al., 2006, Fig. 5; Pauwels and Samson, 2006, Fig. 7)
showed that it is common to have a bad performance on estimating r. regardless of a

monthly or hourly basis.

20
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In the case of the TD method, although TD method is convenient for there is no

need of determining the coefficients a priori, the estimation results are shown to be the

poorest estimations in this study. Katerji et al. (2011) indicated that assumptions in TD

method do not correspond to reality. For example, resistance for heat transferred from

canopy to d + zgy 1is not equal to r, and TD method mainly depends on D, whereas

negligence of the significance from r, and R, occurs. Nevertheless, if the TD method is

still used to estimate r., the irrigated grass with low sensitivity to r. continues as

recommended for the use of the TD method. The TD method can still be adopted for a

LE estimation when the site is an irrigated grassland where evapotranspation is less

sensitive to re.

In the case of KP method, Perez et al. (2006) shows that parameters in KP method

are dependent on Bowen ratio values, which are in the interval [-0.5, 0.5]. During

summer, Bowen ratios in this study are ranges from 0 to 2.5. By considering the

dependence on Bowen ration values, the estimation for r. would be improved (not

shown). However, as the Bowen ratio value is not available in normal experimentation,

other ways to enhance the accuracy of the KP method have to be considered.

In the case of a new approach we proposed, the estimated result is related to the

performance of the parameter () in equation (24). Besides, it also depends on .

21
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Figure 11 depicts that if B is remained in equation (25) (only substitute LE.q for LE),
the performance on estimating r. shows best results, the RMSE and R” are 25.65 and
0.97, respectively.

As for an optimized constant value in the analyzed period, the value (63.26 s/m)
we calculated is lower than the value (100 s/m) Hsieh et al. (2005) recommended.
Because only daytime data are concerned, the constant r, we calculated is reasonable to
be lower than the value calculated for whole day. In addition, the mean and standard
deviation value of 1. in the validation dataset are 75.95 s/m and 90.45 s/m, respectively.
This indicates that there is a difference between optimized r. and the mean value in the

validation dataset.
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4.4 Comparison of models in predicting LE

Table 5 and Figure 12-17 show linear regression and statistics of comparison
between the observed LE and the predicted LE by each method, which are the Jarvis
type equation, the Jarvis-Blanken and Black method, the Todorovic method, the Ketriji
and Perrier method, a new approach, and constant canopy resistance. Instead of poor
results for estimating r., the statistic results demonstrated good LE estimations. The
RMSEs range from 32.16 to 57.84 and the R” ranges from 0.73 to 0.90.

Table 5 demonstrated that constant r. can also predict LE well, but varied r.
calculated by models can improve this estimation by reducing LE RMSE from 53.70 to
32.16 (40% increased) and increase R* from 0.73 to 0.90.

We noticed that even when r. is poorly predicted in the late afternoon, LE is
actually not poorly estimated. This is due to closed stomata with a high value of r, and
can not be predicted well (Figure 18) However, at the same time, the low LE can be
estimated not far away. Also, according to sensitivity analysis carried out from Rana and
Katerji (1998), in the case of well watered crops, canopy resistance is responsible for
10-20% (case of grass) of the LE variation. Therefore, although the r. estimation is poor,

the results of LE estimation are still accurate.
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5 Conclusions

In this study, several methods (the Jarvis type equation, Jarvis-Blanken and Black

method, Todorovic method, Katerji and Perrier method, the new approach, and constant

canopy resistance) are used to estimate r, of a humid grassland. The observed LE, by

eddy covariance method, and the observed r., calculated by rearranging

Penman-Monteith equation, are used to examine the performace of those methods. The

results show that:

(1) each of r. estimated methods shows poor estimations due to closed stomata,

resulting in large r. values in the late afternoon. Our new approach and the Katerji

and Perrier method provide relatively better estimations than the others.

(2) contrary to r. estimation, the results for LE estimation when applied estimated r. in

Penman-Monteith equation show well results.

(3) according to the results for LE estimation, though r. is poorly estimated, the

variable r. estimation is still better than the constant value.

(4) our new approach strongly depends on the performance of the Priestley —Taylor

coefficient (a) and the Bowen ratios ().

(5) among the results for LE estimation, KP method provides the best performance.
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Tables

Table 1. Comparison between different r. estimation methods in the literature

Reference

Climatic
condition

Plant type Methods Performance

Lecina et al.
(2003)

Katerji and
Perrier

Semiarid Grassland X
Todorovic Better

Constant r, For daily use

Perez et al.
(2006)

Katerji and
Perrier

Semiarid Grassland -
Todorovic Better

Constant r,

Pauwels and
Samson (2006)

Humid

temperate

Katerji and
) Better
Perrier
Todorovic
Constant r,
Monthly
Better
averaged

Grassland

Jarvis

Li et al. (2015)

multiplicative  Better (Maize)

Maize and model

Arid ) "
vineyard Katerji and )
. Better (Maize)

Perrier

Todorovic

present study

Jarvis(f(Rg;,D.)) -
Jarvis-Blanken
and Black

) Katerji and
Humid Grassland ] Better
Perrier

Todorovic
Constant 1
New approach
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Table 2. Summary of the instrumentation

Measurement
Variable Instrument ;
height (m)
Open path infrared gas
H,0 (mmol/m’) PERp 8
O, ( ) analyzer 5
m
2 PP (LI-7500)
3D Sonic anemometer
U, v, w (m/s) 5
(CSAT3)
Net radiation (W/m?)
Shortwave incoming radiation Net radiometer (CNR1) 4
(W/m?)
Ground heat flux Heat flux plate (Hfp01) -0.1
Tipping bucket rain gauge
Precipitation (mm) pping satg 0
(ARG100)
Tair (°C) Temperature/humidity probe 5
Relative humidity (%) (HMP45C) '
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Table 3. Coefficients of each canopy resistance model obtained by regression fit. a;, a,

and a3 are the parameters need to be fitted in each method and R? is the coefficient of

determination.
Method a a a3 R?
Jarvis(f(Rsi,Da)) 10.58 240.10 1.94 0.32
Jarvis-Blanken and Black 38.03 -- 1.00 0.93*
Katerji and Perrier 0.48 0.95 -- 0.18

*: Reason for the high R? value for Jarvis-Blanken and Black method is that only 6

binned values were made for regression.
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Table 4. Linear regression (observed,, = a*predicted,, + b) and statistics of the

comparison between predicted and onserved values of canopy resistance. a and b are the

parameters need to be fitted in each method, R is the coefficient of determination and

RMSE is root mean square error.

Method a b R’ RMSE
Jarvis(f(Rsi,Da)) 0.99 12.11 0.32 75.62
Jarvis-Blanken and Black 1.60 -30.83 0.20 82.83
Todorovic 3.26 -27.96 0.30 93.94
Katerji and Perrier 1.63 -29.80 0.36 75.88
New approach 1.08 -6.81 0.37 72.05

Table 5. Linear regression (observedig = a*predictedig + b) and statistics of the

comparison between predicted and onserved values of latent heat flux (LE). a and b are

the parameters need to be fitted in each method, R? is the coefficient of determination

and RMSE is root mean square error.

Method a b R’ RMSE
Jarvis(f(Rsi,Da)) 0.88 24.57 0.88 35.22
Jarvis-Blanken and Black 1.07 4.29 0.82 45.23
Todorovic 0.77 18.16 0.89 57.84
Katerji and Perrier 0.90 21.34 0.90 32.16
New approach 0.90 29.38 0.89 34.75
Constant r, 0.87 41.11 0.72 53.70
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Figure 1. Observed daytime canopy resistance (r.) and latent heat flux (LE) for specific
days (25-26 June, 2013)
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Figure 2. Observed daytime mean canopy resistance (r.) and latent heat flux (LE)
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incoming radiation (Rs;) and (b) vapor pressure deficit (D,) by Jarvis type model for the

calibration dataset
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Jarvis-Blanken and Black method for the calibration dataset
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Figure 6. Comparison between observed and predicted daytime canopy resistance (r.)

by Jarvis type equation. (a) scatter plot for analysis period, (b) time series plot for

specific days (25-26 June, 2013)
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Figure 8. Comparison between observed and predicted daytime canopy resistance (r.)

by the Todorovic method (TD). (a) scatter plot for analysis period, (b) time series plot
for specific days (25-26 June, 2013)
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Figure 9. Comparison between observed and predicted daytime canopy resistance (r.)
by the Keterji and Perrier method (KP). (a) scatter plot for analysis period, (b) time
series plot for specific days (25-26 June, 2013)
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Figure 10. Comparison between observed and predicted daytime canopy resistance (r.)
by the new approach. (a) scatter plot for analysis period, (b) time series plot for specific
days (25-26 June, 2013)
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Figure 11. Comparison between observed and predicted daytime canopy resistance (1)

by the new approach for analysis periodif only LE is substituted in equation (25).

45

doi:10.6342/NTU201703681



500 — & . . . .

y=0.88" + 24 57

450+ .

R?=0.88
400 F ) o
+ .t * },
NE 35[:] B . ‘:‘ : t :+ +*’} -1
+ * * 2 "y +
= 300k e o R o
+ -y o EE “4‘ *
E + LR e * * .
= 250t -y . . .
g e ) F ) :“ * . +*
£ 2000 2 N LIV 1
o * L
8 150 F ’;‘% :{t : .
+4 e 4,
100 F e S o 1
S0F 8 .
*:
[:I 1 1 1 1
0 100 200 300 400 500
Predicted LE (Wim?)

500 20 ————————r S — e
|| —&—ohserved |
| —+—predicted

400 F

— 300}
£
=
L
=200+

100}

076 1765 177

Jdulian Day

Figure 12. Comparison between observed and predicted daytime latent heat (LE) by
Jarvis type equation. (a) scatter plot for analysis period, (b) time series plot for specific
days (25-26 June, 2013)
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Figure 13. Comparison between observed and predicted daytime latent heat (LE) by
Jarvis-Blanken and Black method. (a) scatter plot for analysis period, (b) time series
plot for specific days (25-26 June, 2013)
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Figure 14. Comparison between observed and predicted daytime latent heat (LE) by the

Todorovic method (TD). (a) scatter plot for analysis period, (b) time series plot for
specific days (25-26 June, 2013)
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Figure 15. Comparison between observed and predicted daytime latent heat (LE) by the
Keterji and Perrier method (KP). (a) scatter plot for analysis period, (b) time series plot
for specific days (25-26 June, 2013)
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Figure 16. Comparison between observed and predicted daytime latent heat (LE) by the
new approach. (a) scatter plot for analysis period, (b) time series plot for specific days
(25-26 June, 2013)
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Figure 17. Comparison between observed and predicted daytime latent heat (LE) by
constant canopy resistance. (a) scatter plot for analysis period, (b) time series plot for
specific days (25-26 June, 2013)
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Figure 18. Comparison between observed and predicted daytime canopy resistance (r.)
and latent heat flux (LE) for specific days (18 July, 2013). The predicted models are (a)
the new approach and (b) the Todorovic method (TD).
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Appendix

A. Sitou experiment site

In order to compare different vegetation types to humid grassland, the Sitou
experiment site which consists of humid forest is considered (see A.l). Results show
that there is a high relationship between the cnopy reisistance estimation and Bowen
raitos (see A.2). Owing to the wide fluctuation of Bowen ratios at Sitou experiment site,
the canopy resistance estimation shows poorer estimation than the humnid grassland

(see A.3).

A.1 Description

The Sitou experiment site which is a valley is located in Nantou, Taiwan. The
climate is warm and humid. The measurement towers, A (23°39°50.01”N,
120°47°46.4”E) and B (23°39°51.09”N, 120°47°44.57”E), are set up in the experimental
forest (Cryptomeria japonica). The heights of tower A and B are 35 m and 40 m,
respectively. Three eddy covariance systems are set up on those towers and the
meteorological measurements including net radiometer, rain gauge, temperature and
relative humidity probe, etc. are installed at each tower. More details can be found in

Cheng (2010).
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A.2 Relationship between the canopy resistance estimation and Bowen raitos

By Considering the Bowen ration energy balance equation, the equation (6) can be

expressed as:

6q * pgir * C
r= (4Pl

+<,8*§—1)*ra (A.1)

Comparing equation (A.1) to equation (23) in Keterji and Perrier method and

equation (25) in new approach, it can show that

_ S+y S+vy
A+p) =ayr——="— (A2)
s o S+y—a*S_
(ﬁ*)—/—l)—az—< axy 1) (A.3)

Therefore, the relationship between both canopy resistance estimation methods and
Bowen ratios can be inferred. To understand the importace of Bowen raitos, observed
Bowen ratios are used (the second term in equation (25)) in new approach to calculate
canopy resistance, i.e. only LE is substituted in equation (25). Figure (A.10a) and (A.1a)
are results of the canopy resistance estimation by new approach at two different sites.
Figure (11) and (A.1b) are results of the canopy resistance estimation when observed
Bowen ratios are used. It can be found that estimations at both the humid grassland and
the humid forest are improved when observed Bowen ratios are used. However, the
improvement of the humid grassland is greater than the humid forest due to the smaller

range of Bowen ratios at the humid grassland (Figure A.2).
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Figure A.1. Comparison between observed and predicted daytime canopy resistance (r.)

by new approach at humid forest. (a) new aapoach, (b) new approach with only LE is

substituted in equation (25)
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Figure A.2. Histogram of Bowen ratios at (a) humid grassland and (b) humid forest.
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A.3 Result

Table A.1. Coefficients of Keterji and Perrier method obtained by regression fit. a;, a,

and a3 are the parameters need to be fitted in each method and R? is the coefficient of

determination.
Method a a a3 R’
Katerji and Perrier 1.07 5.88 -- 0.36

Table A.2. Linear regression (observed,, = a*predicted,. + b) and statistics of the
comparison between predicted and onserved values of canopy resistance. a and b are the
parameters need to be fitted in each method, R is the coefficient of determination and

RMSE is root mean square error.

Method a b R’ RMSE
Todorovic 0.01 88.12 0.00 98.43
Katerji and Perrier 0.07 79.87 0.01 95.32
New approach 0.18 64.44 0.07 102.26

Table A.3. Linear regression (observed g = a*predictedig + b) and statistics of the
comparison between predicted and onserved values of latent heat flux (LE). a and b are
the parameters need to be fitted in each method, R? is the coefficient of determination

and RMSE is root mean square error.

Method a b R’ RMSE
Todorovic 0.01 152.26 0.04 1518.55
Katerji and Perrier 0.77 56.99 0.47 68.86
New approach 0.91 47.83 0.44 73.00
Constant r, 0.84 37.25 0.56 58.71
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Figure A.3. Relationship between r./r, and I/t by the Keterji and Perrier method for the
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Figure A.4. Comparison between observed and predicted daytime canopy resistance (r.)
by the Todorovic method (TD) at humid forest
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the Keterji and Perrier method (KP) at humid forest
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Figure A.9. Comparison between observed and predicted daytime latent heat (LE) by

the new approach at humid forest
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B. Minimum stomatal resistance

Minimum stomatal resistance is defined as the largest value of the observed stomatal

resistance under the optimal condition which is at high solar radiation, low vapor

pressure deficit, well-watered, natural outdoor CO, concentration, and sufficient

nutrient supply (Korner et. al., 1979). Data in Table B.1 are collected from Arnold et.al.

(2012).

Table B.1. Summary of minimum daytime values of the stomatal resistance (rg min) for

several vegetation types

Vegetation Ir'se min (m/s)
Corn 140.85

Eastern gamagrass 181.82
Spring wheat 178.57

Rye 100.00

Rice 128.21

Italian (annual) ryegrass 181.82
Soybean 140.85
Tobacco 208.33

Carrot 153.85
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C. Stomatal resistance and canopy resistance of different vegetation types

Table C.1. Summary of daytime values of stomatal resistance (rs)

Vegetation I (m/s) reference
Beta Vulgaris 160.26
Gossypium hirsutum 111.11
Maize 126.26 Norman and Campbell (1998)
Betulua verrucosa 115.74
Pinus monticola 126.26

Table C.2. Summary of daytime values of canopy resistance (r.)

Vegetation r. (m/s) reference
Aspen canopy 80-420 Blanken and Black (2004)
Festuca arundinacea 50-200 Perez et. al. (20006)
Grass 20-220 Pauwels and Samson (2006)
Present study 10-250 --
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