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Abstract: The non-parametric (N-P) method expresses evapotranspiration as a function of net radia-
tion, ground heat flux, air temperature, and surface temperature (Ts). This method is relatively new
and attractive for estimating evapotranspiration, especially for Ts measurements from remote sensing.
The purpose of this study is to investigate the limitations of this method and compare its performance
with those of the Penman-Monteith (P-M) and Priestley-Taylor (P-T) equations. Field experiments
were carried out to study the evapotranspiration rates and sensible heat fluxes above three different
ecosystems: grassland, peat bog, and forest. The results show that above the grassland and peat
bog, the evapotranspiration rates were close to the equilibrium evaporation. Though the forest is
humid (average humidity ~ 89%; annual precipitation ~ 2600 mm), the evapotranspiration was only
69% of the equilibrium evaporation. In terms of model predictions, it was found that the P-M and
P-T equations were able to predict the water vapor and sensible heat fluxes well (R? & 0.60-0.92;
RMSE = 30 W m~2) for all the three sites if the canopy resistance and the P-T constant of the ecosys-
tem were given a priori. However, the N-P method only succeeded for the grassland and peat bog; it
failed above the forest site (RMSE =~ 60 W m~2). Our analyses and field measurements demonstrated
that for the N-P method to be applicable, the actual evapotranspiration of the site should be within
0.89-1.05 times the equilibrium evaporation.

Keywords: non-parametric method; Priestley—Taylor equation; Penman-Monteith equation; evapo-
transpiration

1. Introduction

Evapotranspiration (water vapor flux) is an important component of the water cycle,
surface energy balance, and water resources. In order to accurately estimate water vapor
fluxes, many methods have been developed [1,2]. Among them, the Penman—Monteith
(P-M) equation [3] is the most widely used. However, the parameter in the P-M equa-
tion, canopy resistance, is needed a priori. Hence, the inconvenience and uncertainty of
applying the P-M equation are having to parameterize the canopy resistance using primary
meteorological data [4-6].

Priestley and Taylor proposed a simplified method, the Priestley-Taylor (P-T) equa-
tion, which mainly incorporates the effects of the unsaturated atmospheric demand term
in the P-M equation into a single empirical constant [7,8]. Nevertheless, calibration for
the empirical constant (Priestley and Taylor constant) is also necessary for successfully
implementing the P-T equation [4,9,10].

To avoid the uncertainty caused by parameterization of canopy resistance in the P-M
equation, Liu et al. [1] proposed a non-parametric (N-P) method based on Hamilton’s
principle [11] to estimate fluxes of water vapor (LE) and sensible heat (H). This method
does not require empirical parameters, and directly uses the measured meteorological
data as model inputs (i.e., net radiation, air temperature, ground heat flux, and surface
temperature) to estimate surface fluxes. In their study, Liu et al. evaluated this method
at 26 sites and found that 23 sites performed well, and even when compared to the P-M
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equation and Bowen ratio method, the non-parametric method was found to perform
best [1]. This method is particularly attractive for estimating LE with remote sensing
data [12-15]. However, this method has not yet been tested over tall canopies (e.g., forests).

Yang et al. [16] evaluated the non-parametric method over two corn croplands and
one bare soil site. They concluded that this method would overestimate water vapor
flux under dry conditions and that use the non-parametric method in a dry environment
should be avoided. Adopting this non-parametric method and using satellite data from a
Moderate-Resolution Imaging Spectroradiometer (MODIS) and the China Meteorological
Administration Land Data Assimilation System, Pan et al. [14] retrieved LE over an arid
region and found that the LE was underestimated at all four sites. In addition, Pan
et al. [12,13] showed that the non-parametric approach performed better above humid
areas (e.g., wetland, vegetable site).

In summary, the non-parametric method is found to be unsuitable for arid environ-
ments but is still attractive for humid regions. Studies evaluating this method over humid
conditions are still rare, especially for tall canopy environments (e.g., forests). The pur-
pose of this study is to examine the non-parametric method above three different humid
areas (grassland, peat bog, and montane forest) for estimating LE and H and compare its
performance with two traditional methods: the P-M and P-T equations.

2. Experiments

Field experiments conducted over the three humid sites: grassland, peat bog, and
montane forest, are described below.

2.1. Grassland

The grassland site is located approximately 25 km northwest of Cork in southern
Ireland (59°59' N, 8°45' W; 195 m above sea level). This area has a rainy temperate climate
with an annual average temperature of 9.4 °C and rainfall of 1207 mm. The annual average
temperature during this study period (1 January 2013-31 December 2013) was 9 °C, mean
humidity was 92%, and the annual rainfall was 1161 mm. This grassland site is a high-
quality pasture and grassland, with perennial ryegrass as the main plant species, mixed
with a small amount of foxtail grass and fluffy grass. Grass height was about 10-20 cm in
pastures and up to 45 cm in grassland [17]. The average canopy height was 30 cm in year
2013. The soil type is gley with fertile soil, and the proportion of soil particle size is 42%
sand, 41% silt, and 17% clay [18]. Soil organic carbon concentration was 5.9% in a 20 cm
deep soil layer [19]. An eddy covariance (EC) system, which consisted of a CO,/H,0O gas
analyzer (Li-7500) and an ultrasonic anemometer (CSAT), was installed at 5 m above the
ground. The sampling frequency and averaging period for this system were 10 Hz and 30
min, respectively.

Other measured meteorological data include net radiation (R,), ground heat flux
(G), air temperature (T,), surface temperature (Ts), and relative humidity (RH). Soil ther-
mometers were set up at 1.5, 5, and 7.5 cm below the ground, respectively. The measured
frequency was one datum per minute, and the data was then averaged every 30 min.
The site description and instrumentation are also summarized in Table 1. Additional
experimental details can be found in Peichl et al. [20].

All of the three methods (P-M equation, P-T equation, N-P method) for estimating
LE assume that the surface energy is closed (i.e., R, = H+LE+G). For the purpose of this
study, only data that satisfy the energy closure condition within 90% were selected. In other
words, the difference between R, and H+LE+G should be within ==10%. This data selection
process was also applied to the other two sites (peat bog and forest). Figure 1 shows the
scatter plots between R, and H, LE, G, and H+LE+G. From Figure 1, we notice that in this
grassland site, about 40% of the energy was used for warming the air (Figure 1a); 48% was
distributed to evapotranspiration (Figure 1b); less than 10% of the energy was transported
to the ground (Figure 1d); and the overall energy closure rate was about 97% after data
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selection using the energy closure condition. These energy partition coefficients are also
summarized in Table 2.

Table 1. Summary of site features and instrumental heights at the grassland, peat bog, and forest.

Site Grassland Peat Bog Forest
Data period 1 January 2013-31 December 2013 1 January 2013-31 December 2013 22 May 2009-31 July 2010
Altitude (m) 195 150 1252
Location 59°59’ N, 8°45' W 51°55' N, 9°55' W 23°39'51.09" N, 120°47'44.57" E
Climate type Temperate Temperate Sub-tropical
Annual rainfall (mm) 1161 1834 2635
Mean temperature (°C) 9 10.1 16.6
Mean humidity (%) 92 82 89
Canopy height (m) 0.3 0.1 26
Surface emissivity 0.95 0.99 0.98
Canopy resistance (s m™!) 60 63 134
Priestley-Taylor constant 0.962 0.956 0.692
Measurement height (m)
Eddy covariance system 5 3 28
Air temperature & humidity sensor 5 3 28
Net radiometer 4 2 27.5
Soil heat flux plate —0.1 —0.1 —0.05
Soil thermometer —0.015, —0.025, —0.075 —-0.1 —0.05, —0.1
Soil moisture meter —0.05 -0.1 —0.05, —0.1
300 400
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300
200
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Figure 1. Scatter plots between R, and H (a), LE (b), G (c), and H+LE+G (d) above the grassland.
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Table 2. Summary of linear regression between Ry, and H, LE, G, and H+LE+G for the grassland,
peat bog, and forest sites. Y =aX + b; Xis Ry; Y is H, LE, and so on.

Grassland Peat Bog Forest
Flux a b R? a b R? a b R?
H 0.404 —17.439 0.897 0.426 —14.819 0.913 0.574 —14.495 0.893
LE 0.481 23.329 0.907 0.342 22.239 0.876 0.347 18.439 0.733
G 0.081 —5916 0.590 0.210 —6.948 0.808 0.044 —3.459 0.474
H+LE+G  0.966 —0.026 0.997 0.977 0.472 0.997 0.965 0.485 0.997
2.2. Peat Bog

The peat bog site is an Atlantic blanket bog located at Glencar, County Kerry, south-
west Ireland (51°55’ N, 9°55’' W, 150 m above sea level). This area also has a rainy temperate
climate, with an average temperature of 10.1 °C, an average humidity of around 82%, and
an annual rainfall of 1834 mm during the experimental period. In the center of the bog, the
peat layer in the upper half consists mainly of reed sedge peat; the bulk density of the soil
is 0.05 (g cm~3), the porosity is 95%, and the depth of the peat layer varies from about 2 to
5 m [21]. In the southern part of the bog, there is a drainage river with a catchment area
of 74 ha, of which about 85% of the surface is blanket peat, and the other 15% is grazing
grassland and drained peat soils.

According to relative elevation, the landform of this site can be divided into four
categories: hummocks (6%), high lawns (62%), low lawns (21%), and hollows (11%) [22].
Vascular plants and Bryophytes cover about 30% and 25% of the surface, respectively, in
summers. The main species here are Racomitrium lanuginosum (Hedw.) Brid. and bog
moss, in roughly equal proportions [23]. The average canopy height here was about 10 cm.

To measure fluxes of sensible heat, water vapor, and carbon dioxide, an eddy covari-
ance system was installed at 3 m above the ground in the center of the peat bog. This
EC system consisted of an ultrasonic anemometer (CSAT3) to measure three-directional
wind speed and virtual potential temperature, and an open-path CO,/H;0O infrared gas
analyzer (Li-7500) to measure water vapor and carbon dioxide concentrations. The above
variables were collected at a frequency of 10 Hz and averaged every 30 min. Additionally,
air temperature and relative humidity were measured at 3 m above the ground; net radia-
tion was measured by a net radiometer (CNR1) installed at 2 m. In addition, soil heat flux
was measured 10 cm below the ground, and a soil thermometer was installed at the same
depth to measure soil temperature. These measurements were collected every 1 min and
averaged every 30 min [24,25]. This study uses data collected throughout year 2013. The
site and instrumentation features are also listed in Table 1. Further experimental details can
be found in McVeigh et al. [25].

Figure 2 plots the relationship between R, and H, LE, G, and H+LE+G above this peat
bog site. As seen in Figure 2, about 43% of the net radiation was used for warming the
air and about 34% of the energy was distributed to evapotranspiration; 21% of the energy
was transported to the ground; and the overall energy closure rate was about 98% after
data selection using the energy closure condition. Compared with the grassland site, much
more energy (21% vs. 8%) was directed into the ground due to a shorter vegetation canopy
height. The regression analyses of Figure 2 are also listed in Table 2.
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Figure 2. Scatter plots between Ry and H (a), LE (b), G (c), and H+LE+G (d) above the peat bog.

2.3. Forest

This montane forest is part of the National Taiwan University Experimental Forest
located in Sitou, Nantou county, central Taiwan. The area of this forest is about 2500 ha
and the altitude ranges from 800 to 2000 m. Two meteorological towers (A and B; elevation
around 1200 m) were built on the Japanese cedar (Cryptomeria japonica) forest area. The
area of this Cryptomeria is 80 ha with an average slope of 13.6°. The average canopy
height was about 26 m. The coordinates of tower A (original tower) are 23°39'50.1” N,
120°47'46.4" E, and 1252 m above sea level; the location of tower B (new tower) is 64 m
away from tower A, and the coordinates are 23°39'51.09” N, 120°47'44.57" E, and 1233 m
above sea level. The heights of tower A and B were 35 and 40 m, respectively. The climate of
this site is warm and humid. The average annual temperature, humidity, and precipitation
are 16.6 °C, 89%, and 2635 mm, respectively. In this humid experimental region, fog often
occurs in the afternoons in autumn and winter.

For this study, the flux data collected on tower A by the open-path EC system at
28 m above the ground was used. The EC system consisted of a three-dimensional sonic
anemometer (CSAT3) and an open-path infrared gas analyzer (Li-7500). The 10 Hz analog
signals were simultaneously collected by a data logger (CR3000) and were then averaged
every 30 min. In addition, a net radiometer (NR-LITE) and rain gauge (TE525MM) were
installed at 27.5 m to measure net radiation and precipitation. A temperature and humidity
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probe (HMP45C) and a precision infrared temperature sensor (IRTS-P) were installed at
28 m to measure air temperature, relative humidity, and canopy surface temperature. All
of the above sensors were connected to a data logger (CR23X). The sampling rate for these
sensors was 30 s and the averaging period was 30 min. The data were collected from May
22,2009 to July 31, 2010. The site and instrumentation features are summarized in Table 3.

Table 3. Summary of regression analysis between measured and model-predicted fluxes at the three

sites. Y = aX + b; Y is measured flux; X is predicted flux.

Latent Heat Flux Sensible Heat Flux
Site Model a b R2 RMSE a b R2 RMSE
P-M 0.930 18.221 0.895 28.338 0.874 —13.689 0.869 29.310
Grassland P-T 0.884 21.336 0.922 27.362 1.039 —-19.791 0.894 27.251
N-P 0.906 23.484 0.913 29.866 0.974 —21.189 0.882 30.447
P-M 0.709 9.729 0.874 32.507 1.156 7.505 0.852 29.781
Peat Bog P-T 0.691 20.482 0.888 29.047 1.347 —16.744 0.896 26.967
N-P 0.675 18.608 0.826 33.161 1.133 —1.661 0.797 31.063
P-M 0.950 —1.269 0.603 28.799 0.864 3.026 0.883 29.575
Forest P-T 0.687 18.383 0.643 33.945 1.185 —17.503 0.875 33.004
N-P 0.433 35.156 0.601 66.553 1.823 —81.167 0.734 64.657

H (W m2)

400

The scatter plots between R, and H, LE, G, and H+LE+G above the forest site are
shown in Figure 3. For this site, the energy partitions for H and LE were about 57% and
35%, respectively; only 4% of the energy was transported into the ground due to the high
forest canopy; and the energy closure rate was 97%. These analyses for energy partitions

above the forest site are also summarized in Table 2.
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Figure 3. Scatter plots between R, and H (a), LE (b), G (c), and H+LE+G (d) above the forest.

3. Methodology
3.1. Penman—Monteith Equation

The P-M equation [3] is a widely used method for calculating water vapor flux and
can be expressed as follows:

DCpryy
LE = A (Rn—G)—i—M
A+ (14 25)y

_A+(1+f—f)y

Tav

)

where y (= Cp,P/0.622Ly) is the psychrometric constant (kPa K1), Cp is the specific heat of
air (J kg~! K71), P is the atmospheric pressure (kPa), Ly is the latent heat of evaporation
(J kg™1), A is the slope of the saturated vapor pressure (kPa K~1) calculated at T,, D is the
vapor pressure deficit (kPa), r. is the canopy resistance (s m '), and ray is the aerodynamic
resistance (s m™1).

The aerodynamic resistance can be calculated by:

[In(z/z0)][In(z/200)]
Ku

Tav = ()
where k (= 0.4) is the von Karman constant, U is the mean wind speed (m s~'), z is the
measurement height, z, is the surface roughness for momentum (= 0.1 h, h is canopy
height), and z,y is the surface roughness for water vapor (= 0.01 h,).

Under the framework of the P-M equation, the sensible heat flux is simply calculated
by the surface energy balance equation:

H=R,—G-LE 3)

In order to apply the P-M equation, the canopy resistance must be determined (or
known) a priori. In this study, data from each site were divided into two parts. The first
25% of the data was used for determining r.. Here, the r. value, which could result in a
minimum RMSE (root mean square error) between the observed LE and the predicted LE
by Equation (1), was the one adopted. The remaining 75% of the data was then used for
evaluating the performance of the P-M equation with this r. value. The determined r,
values for the grassland, peat bog, and forest sites were 60, 63, and 134 (s m’l), respectively.
These r. values for the three sites are also listed in Table 1.
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3.2. Priestley—Taylor Equation

Priestley and Taylor [7] suggested that the actual evapotranspiration is proportional
to the equilibrium evaporation (LEeq) and can be calculated as

LE = «LE, = aﬁ(Rn -G) 4)
where « is the P-T constant. The P-T equation mainly uses the empirical parameter (o) to
compensate for the effects of vapor pressure deficit and canopy resistance considered in the
P-M equation [8,9,26]. For wet surfaces, o is generally taken as 1.26 [27]. In the framework
of the P-T equation, the sensible heat flux is also calculated by the surface energy balance
equation, i.e., Equation (3).

As with the P-M equation, there is one parameter (i.e., x) that needs to be determined
before the P-T equation can be applied. Again, the first 25% of the data was used for
determining «; the remaining 75% was then used for evaluating the performance of the
P-T equation. The P-T constant was determined by performing a linear regression (the
intercept was forced to be zero) between the observed LE and the equilibrium evaporation,
LEeq. The o values for the grassland, peat bog, and forest sites were found to be 0.962,
0.956, and 0.692, respectively. These values indicate that the evapotranspiration at the
grassland and peat bog sites are both close to the equilibrium evaporation, but the forest’s
evapotranspiration is only around 70% of LEeq. This value is close to the « values (0.74 and
0.64) of the spruce forest and Scots Pine forest in dry conditions [28]. These o values for the
three sites are also summarized in Table 1.

3.3. Non-Parametric Method

The non-parametric method proposed by Liu et al. [1] takes the Hamilton’s princi-
ple [11] as the core for the derivation. They assumed that the atmospheric system is a
closed system and potential energy is independent of velocity and time. The net radiation
is considered as potential energy. On the other hand, H, LE, and G are considered as kinetic
energy. Using Lagrange’s principle, the equations for calculating H and LE are:

_ . 4 4\ E
H= 4 (Ri=G)+ EU(TS Ta) Gln(Ta) ®)
_ A 4 4 Ts
LE = W(R”_G)_W(TS —T,,) +Gln(Tu) ©)
I I I

where 0 (= 5.67 x 1078) is the Stefan—Boltzmann constant (W m~2 K~%), Ty is the surface
temperature (K), T, is the air temperature (K), and ¢ is the land surface emissivity. In
this study, ¢ for grassland, peat bog, and forest are 0.95, 0.99, and 0.98, respectively. The
parameters required in the non-parametric method are Ry, G, Ts, and T,, which can be
easily measured. No additional empirical or semi-empirical parameter is required.

On the righthand side of equation (6), the first term (I) is the equilibrium evaporation
(LEeq); the second term (II) accounts for the energy adjustment by the long-wave radiation
difference between the surface and atmosphere; and the third term (III) represents the
flux change caused by the ground heat flux and the temperature difference between the
surface and the air. Generally speaking, during the daytime, term I is the major component
contributing to LE and term III is minor More details about the derivation and the principle
can be found in Liu et al. [1].

4. Results and Discussion
4.1. Performances of P-M, P-T, and N-P Methods

In this section, performances of the three methods for estimating LE and H above the
three sites are presented.
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4.1.1. Grassland

Figure 4 shows the comparisons between the measured and model-predicted LE and
H values above the grassland. The regression analyses between measured and model-
predicted fluxes are also summarized in Table 3. Figure 4 and Table 3 reveal that all three of
the models can predict both LE (R? between 0.90-0.92; RMSE around 30 W m~2) and H (R?
between 0.87-0.89; RMSE around 30 W m’2) accurately above the grassland site.
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Figure 4. Comparisons of measured and predicted LE and H by the P-M equation (a,b), P-T equation
(c,d), and N-P method (e,f) above the grassland. The 1:1 line is also shown.
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To further examine model performance, we plotted the measured and model-predicted
LE and H values as a function of available energy (R, — G) at the grassland, as shown in
Figure 5. For the cases of low available energy (R, — G < 300), all three models resulted in
similar and slightly underestimated LE values. This indicated that the actual evapotranspi-
ration rate was slightly higher than the equilibrium evaporation rate when the available
energy was small. This extra evapotranspiration was due to the demand of unsaturated
atmosphere.

400 - 400
(a) °LE, Xi : (b) o H,,
o
x LE x xB
300 LE"'M 8% x0” 300
P-T % Ag
200 200
£ =
g 3
100 100
= =
0 0
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R,-G(Wm?) R,—~G(Wm™)
Figure 5. Scatter plots of measured and model-predicted LE (a) and H (b) as a function of available
energy (R, — G) above the grassland.
4.1.2. Peat Bog
The comparisons between measured and model-predicted LE and H above the peat
bog are shown in Figure 6. The regression analyses between measured and model-predicted
fluxes are also listed in Table 3. From Figure 6 and Table 3, it is clear that all of the LE
predictions from the three models are in agreement with the measurements (R? between
0.82-0.89); similar results are also found for H (R2 between 0.79-0.90). The RMSEs for LE
(between 29-33 W m~2) and H (between 27-31 W m~2) for each of the models are approxi-
mately the same as those at the grassland site. Overall, these three models performed well
above the peat bog site.
400 300
(a)y =0.709 x + 9.729 (b)y = 1.156 x + 7.505
R*=0.874 R>=0.852
300 r ° o
200 | 0 © 00
Co
& A ab o @8?9 00 ©
‘g 200 | 5 D
; ot = 100 74
= sl 2 P
B a =
0 r o
5 8
0 O
OO0 O
[¢]
-100 . L L ~100 L L L
-100 0 100 200 300 400 -100 0 100 _2200 300
LE,,, (W m?2) Hpy (Wm™)

Figure 6. Cont.



Water 2022, 14, 3474

11 of 20

400
(€) y = 0.691 x + 20.482
R2 =(.888
300 |
T 200 | o
= o N
=} A A
o 100 | a
— ah,
0 L
_100 L L L L
100 0 100 200 300 400
LE,.; (W m™)
400
(e) y=10.675 x + 18.608
R>=0.826
300 |
& A
g 200 © o
a B
E AA A % ﬁA
o 100 o
[ A A Al
0} 4 *
AgAAA
_100 L L L L
100 0 100 200 300 400
LEy , (W m™)

300

-100

300

(d)y =1.347 x — 16.744

R2=10.896 o
%
5 )
. @oo% ©
i o
o )
- o
o
o
[o1°X nol 1 1
-100 0 100 200 300
Hpp (Wm™)
Hy=1.133 x— 1.661
R?=0.797
o
o ©
i &
o
Qﬁ 5% ° °
i &
o o©
Q oo ©
F° &
@,
5 g%f
-100 0 100 200 300
Hyp (Wm™)

Figure 6. Comparisons of measured and predicted LE and H by the P-M equation (a,b), P-T equation
(c,d), and non-parametric method (e,f) above the peat bog. The 1:1 line is also shown.

Further model performance evaluation was done by plotting the measured and model-
predicted LE and H values as a function of available energy (R, — G) at the peat bog
(Figure 7). From Figure 7 it appears for the cases of high available energy (R, — G > 300), all
three of the models slightly overpredicted LE. This shows that the actual evapotranspiration
rate was slightly lower than the equilibrium evaporation rate when the available energy
was large. This reduction of evapotranspiration might have been caused by resistance from
the vegetation in order to reduce water loss during higher air temperature and radiation.
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Figure 7. Scatter plots of measured and model-predicted LE (a) and H (b) as a function of available

energy (R, — G) above the peat bog.

4.1.3. Forest

The scatter plots of measured and model-predicted LE and H above the forest are
shown in Figure 8. The regression analyses between measured and model predicted fluxes
are also listed in Table 3. From Figure 8 and Table 3, both the P-M and P-T equations
appear to have reproduced LE and H accurately (RMSEs around 30 W m~2) above the
forest site. However, the LE and H predicted by the N-P method were not in agreement
with the measurements (both RMSEs were around 65 W m~2).

Figure 9 shows the measured and model-predicted LE and H values as a function of
available energy (Rn-G) at the forest site. In Figure 9, it appears that in the cases of high
available energy (R, — G > 400), the N-P method overpredicted LE and underestimated
H. This reveals that the actual evapotranspiration rate was much lower than the equilib-
rium evaporation rate when the available energy was large. Similar to the peat bog site
(although the magnitude was larger), this reduction of evapotranspiration might have been
be caused by resistance from the vegetation in order to avoid a large amount of water loss
(physiological control) during high air temperature and radiation.
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4.2. Limitation of the Non-Parametric Method

To further investigate the limitation and accuracy of the non-parametric method, in
this section we analyze the contribution of each term in the N-P method.

Figure 10 plots the three terms in the non-parametric method as a function of Ry-G for
latent heat and sensible heat fluxes above the grassland, peat bog, and forest. For all three
sites, term IIl is very small and close to zero. Hence, term III can be neglected.

Using the P-T equation and replacing LE with alLEeq in Equation (6), and neglecting
term III, we have

term II = (1 — o) LE¢q (7)

Now by replacing LEeq with LE/ « in Equation (6), we get
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Figure 10. Scatter plots of the three terms in the non-parametric method as a function of R, — G for
LE and H above the grassland (a,b), peat bog (c,d), and forest (e,f).

Equations (7) or (8) represent the condition that should be satisfied if the N-P method
is applied for estimating LE. Figure 11 shows the relationship between term Il and LE¢q
along with the measured LE for the three sites. In Figure 11, the slopes for the grassland
and peat bog sites are positive, but those for the forest site are negative. This is because
when Ry, for the forest site is large, most of the energy (57%, see Table 2) is distributed to H
for warming up the air; hence, the difference between T and T, is reduced which results in
a smaller term II. Figure 11 also reveals that term II is about £10% (from —0.051 to 0.083)
of the equilibrium evapotranspiration (Figure 11a,c,e).
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Figure 11. Scatter plots of term Il as a function of LEeq and measured LE above the grassland (a,b),
peat bog (c,d), and forest (e f).

From the linear regression analyses shown in Figure 11 and Equations (7) and (8), we
found that the o values for the three sites ranged from 0.89-1.05 (see Table 4). This means
that when applying the N-P method to estimate LE, the actual evapotranspiration should
be around 0.89-1.05 times the equilibrium evapotranspiration. Both the grassland and peat
bog sites met this condition (both « = 0.96). However, the P-T constant at the forest is
only 0.69; hence, Equations (7) and (8) are not satisfied. This explains why the N-P method
performed well for the grassland and peat bog, but not so well for the forest.

Table 4. o derived from Equations (7) and (8).

Site Grassland Peat Bog Forest
o from Equation (7) 0.929 0917 1.051
o from Equation (8) 0.928 0.890 1.037

The N-P method assumes that “the system of liquid water in leaf tissues and the water
vapor in the atmosphere tends to evolve towards a potential equilibrium as quickly as
possible by maximization of the transpiration rate” [29]; however, a system like the forest,
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which tends to reduce the transpiration rate during high air temperature and radiation in
order to avoid a large amount of water loss, would violate this assumption and the N-P
method is not suitable for this kind of ecosystem. As previously mentioned, the « values of
the spruce forest and Scots Pine forest in dry conditions are 0.74 and 0.64, respectively [28].
This implies that the N-P method is not suitable for these forests either.

4.3. Sensitivity of the N-P Method on Surface Temperature

The advantage of the N-P method is that experimental parameters (such as r. and )
are not needed. However, compared with the P-M and P-T equations, this method requires
one additional input, Ts. Hence, it is worth noting the sensitivity of the N-P method to the
change of Ts.

Taking the derivatives of H (Equation (5)) and LE (Equation (6)) with respect to Ts,
we have

OH /0T, = 4e0Ts> — G/ T, )

OLE/9T, = —4e0T,> + G/ T, (10)

Equations (9) and (10) describe how predicted H and LE are changed with a unit
change of Ts. From Equation (10), it is clear that dLE/0T; is a function of Ts and G. From
field measurements of the three sites, T is in the range of —5 to 30 °C, and G is between
—20 and 100 (W m~2). From these conditions, with ¢ = 0.95, Figure 12 plots 0LE/dTs
and 0H/dT; as a function of Ts under different G values. Figure 12 reveals that with a
one-degree change in T, the predicted LE and H are only changed by 4 to 6 (W m~2). In
other words, the LE predicted by the N-P method is not sensitive to the uncertainty of
Ts measurements.
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Figure 12. (a) 0LE/9Ts, (b) 0H/0Ts as a function of Ts under different ground heat flux.

5. Conclusions

Field measurements above grassland, peat bog, and forest were used to investigate the
accuracy and limitations of the non-parametric method in predicting evapotranspiration.
The model’s performance was also compared with those of the Penman-Monteith and
Priestley-Taylor equations. Our results demonstrate the following:

(1) The evapotranspiration rates above the grassland and peat bog were close to the
equilibrium evaporation (P-T constant ~ 0.96). The forest’s evapotranspiration rate
was 69% of the equilibrium evaporation, and about 60% of the net radiation energy
was distributed to sensible heat flux.

(2) Both the P-M and P-T equations performed well at estimating water vapor and
sensible heat fluxes for all of the three sites. However, the canopy resistance in the
P-M equation and the Priestley-Taylor constant in the P-T equation must be known
a priori.
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(3) The water vapor flux predictions by the N-P method were in agreement with the
measurements above the grassland and peat bog. However, this was not the case for
the forest site.

(4) Our analysis shows that with one degree of change in Ts, the predicted LE is only
changed by 4 to 6 (W m~2). Hence, the LE predictions by the N-P method are not
sensitive to the uncertainty of Ts measurements.

(5) Field measurements from the three sites reveal that the second term of the N-P
method is about £10% (from —0.05 to 0.08) of the equilibrium evapotranspiration.
For applying the N-P method to estimate LE, the actual evapotranspiration of the site
should be around 0.89-1.05 times the equilibrium evapotranspiration.

In theory, the non-parametric method assumes that at the local thermal equilibrium
environment (i.e., T, = Ts), the actual evaporation rate is the equilibrium evaporation, and
that when the surface temperature is increased (i.e., Ts > Ty), the actual evaporation rate
will be dropped since some energy is used for sensible heat flux. Our field measurements
show that this energy adjustment is small (around 10% of LEeq). Hence, the N-P method
is only suitable for a system where the actual evaporation rate is close to the equilibrium
evaporation (difference within £10%). For a system (such as the forest) where the actual
LE is much less than LEeq, this method will not work.
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Symbol Description

Cp specific heat of air (J kg*1 K1
D vapor pressure deficit (kPa)

G ground heat flux (W m~2)

H sensible heat flux (W m~2)

k von Karman constant (= 0.4)

LE latent heat flux (W m~—2)

Ly latent heat of evaporation (J kgfl)
P atmospheric pressure (kPa)

Rn net radiation (W m~2)

Te canopy resistance (s m~!)

Tav aerodynamic resistance (s m1)
T, air temperature (°C)

Ts surface temperature (°C)

wind speed (m s7h

measurement height (m)

Zo surface roughness for momentum (m)
Zov surface roughness for water vapor (m)

N C
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o Priestly-Taylor constant

Y psychrometric constant (kPa K~1)

A slope of the saturated vapor pressure (kPa K1)

£ land surface emissivity

o Stefan—-Boltzmann constant (= 5.67 x 10~8) (W m~2 K—%)
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