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Abstract

Evapotranspiration in forests has been researched for a long time because it serves an important
role in water resource issues and biomass production. By applying the reciprocal analysis based
on the Bowen ratio concept to the canopy surface, the sum result of sensible and latent heat fluxes,
i.e., actual evapotranspiration (ET), is estimated from engineering aspect using the net radiation
(Rn) and heat flux into the ground (G). The new method uses air temperature and humidity at a
single height by determining the relative humidity (rehs) using the canopy temperature (7s). The
validity of the method is confirmed by the latent heat flux (IE) and sensible heat flux (H) observed
by mean of eddy covariance method. The heat imbalance is corrected by multiple regression anal-
ysis. The temporal change of IE and H at the canopy surface is clarified using hourly and yearly da-
ta. Furthermore, the observed and estimated monthly evapotranspiration of the sites are com-
pared. The research is conducted using hourly data and the validation of the method is conducted
using observed covariance at five sites in the world using FLUXNET.
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1. Introduction

Reasonable water resource planning requires estimation of actual evapotranspiration. Many relevant research
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projects have provided useful results; however, the research is still incomplete. Existing research uses theoretical,
observational (eddy covariance and Bowen ratio methods), and experimental approaches (the complementary
relationship method). All of the above approaches are based on aerodynamic theory, including the heat balance
approach, but excluding the complementary relationship.

The eddy covariance method [1] is very useful for estimating evapotranspiration. Latent heat flux (IE) has
been observed directly by the eddy covariance method, but the heat balance relationship sometimes is not guar-
anteed [2]. On the other hand, the value of eddy covariance represents only the sensible heat flux (H); therefore,
the latent heat flux (IE) must be estimated to determine by the heat imbalance. Unfortunately, the observation
sites of eddy covariance are rarely included in common climate observations although evapotranspiration re-
markably affected by regional ecosystem and local climate elements.

In contrast, the Bowen ratio method [3] is commonly used, but its evaluation requires the air temperature and
humidity at least two heights. Unfortunately, two heights are rarely included in common climate observations
despite their usefulness.

The complementary relationship method is based on the hypothesis that the actual plus potential evapotrans-
piration is twice the equilibrium evaporation [4]-[6]. However, the method has a limited ability to evaluate the
equilibrium evaporation state. The method sometimes uses an empirical coefficient [7], but this constant is still
unclear because it varies by location.

In the natural world, the air temperature and humidity is determined by H and IE from the net radiation (Rn)
and heat flux into the ground (G). Thus, our research attempts the reciprocal estimation of H and IE from the not
observed humidity (rehs) while satisfying the heat balance relationship using the canopy surface temperature
(Ts). The concept is different from that of the other relevant methods, and it only requires Rn, G and common
climate measurements, including the air temperature and humidity at a single height.

In the proposed method, the unknown variables, relative humidity at the canopy surface (rehs) were deter-
mined reciprocally with keeping heat balance relationship by the non-linear optimization technique known as
the general reduced gradient (GRG) attached in the Excel Solver (Appendix 1).

2. Methods
2.1. Theoretical Background

2.1.1. Fundamental Concept of the Model
The proposed model considers the above of near-canopy as shown in Figure 1. Net radiation moves from the air
to the canopy and soil surface, and it is portioned into sensible, latent and underground fluxes. Ts is the canopy
surface temperature including plant zone, Tz is the air temperature above the canopy at height z, q (Tz) is the
specific moisture at height z, rehz is the relative humidity in air at height z, g (Ts) is the unsaturated specific
moisture on the canopy surface including plant zone, and s, (TS) is the saturated specific moisture at the same
height of g (Ts). In addition, the meaning of observed Tz and rehz in the method describe in discussion section.
The fundamental formulae of the model satisfy the following well known heat balance relationship [3]. The
relationship, i.e., energy conservation theorem, is a fundamental concept in the natural world that must be guar-
anteed at anywhere and anytime.
Heat balance relationship:

Rn=H+IE+G 1)

Here, Rn is the net radiation flux (W-m?), G is the heat flux into the canopy and ground (W-m?), H is the
sensible heat flux (W-m?), and IE is the latent heat flux (W-m ). In addition, although there is heat flux stored
in the canopy and plant zone, the effect of stored heat flux appeared on G, Ts and rehs.

On the other hand, the Bowen ratio (H-1E ™) is defined as follows with assuming continuity relationship of the
H and IE between two heights [3]:
_ Cp (Tl _Tz)

I (ql - qz)
We apply the relationship on the canopy zone (including plant zone) as in Figure 1, i.e., the Bowen ratio con-

cept is applied to the layer between the canopy zone and the observation height of the air temperature and hu-
midity by assuming Ts and q (Ts). The reason is as follows: The Ts and q (Ts) in the canopy zone are usually
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Figure 1. Component of the model and the relevant symbols.

unknown and difficult to observe. If we try to observe, the observation position usually can’t be specify. This
application results in the following:

B _He M ©)

- IEe ) I[q(TS)_q(Tz):I

The specific moisture on the canopy zone is expressed as follows as a function of Ts:
q(Ts) =rehsx g (T;) 4)

Here, | is the latent heat flux of evaporation (kJ-kg ™), Cp is the specific heat of the air at a constant pressure
(1.004 ki-kg K ™.

According to the above definition of Ts and rehs, the two items are somewhat symbolic and comprehensive
concept that did not specify the position. The other variables in Equation (3) and Equation (4) can be expressed
by the following well-known equations:

Saturated specific moisture:

€ (1)
T,)=0622x —2 s/ i
qsat ( 5) % P — 0-378esat (Ts) ( )

Saturated vapor pressure:

7.5Ts
e (TS)=6.1078xexp| —— 6
a (T5) * Xp(237.35+Tsj ©)
Latent heat flux of evaporation
1 =2500.9-2.366xTz @)

where P is the atmospheric pressure (hPa).

2.1.2. Governing Equation for Determining the Unknown Variables by the Proposed Method

The purpose of the optimization is to determine the unknown variables Ts and g (Ts) in Equation (3) without
measurements, but with Ts sometimes observed. The governing equation to be solved is obtained by inserting
Equation (3) into Equation (1). Initially, if Ts was observed, rehs is only assumed because

e(Ts) =rehsxe,, (Ts). Equation (1) is not as closed as Equation (8) because of the assumptions for rehs. The
equation is expressed as follows:

R-G-H,_, -IE, =&, i=012-n (8)

est,i est,i i

The objective function is &; that goes to a minimum by repeating calculation using Equation (8) and Equation

(3) in the optimization process.
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The rehs can be unified mathematically because a governing Equation (8) determined a variable rehs.
After optimization completed, i.e., Beg in Equation (3) goes to By, IE and H can be obtained as follows.

_Rn-G
1+ B,

IE

and H =B, xIE 9)

The equation is nonlinear for Ts and q (Ts). Thus, an analytical solution is not available. Therefore, a numeri-
cal method was applied. Note that the other factors were obtained from observations or calculated independently
using the aforementioned relationships. In addition, the analysis was conducted essentially using hourly data and
summarized daily because the climate element change remarkably throughout a day.

The rehs in Equation (4) for estimating q (Ts) was assumed initially to be rehz because the humidity on the
canopy has not remarkably different. The rehs was automatically modified.

The calculation follows a non-linear optimization procedure that employs a General reduced Gradient (GRG)
algorithm, which can be applied with the Excel Solver on a personal computer (Appendix 1 and Appendix 2).

2.2. Investigation Site and Equipment

To examine the validity of proposed method, five sites were chosen throughout the world as identified in Table 1:
one site in Japan, China and Europe and two sites in the USA. The data of all sites were prepared by FLUXNET
[8]-[12]. Table 1 shows the name of the sites, country, state/province, location, elevation, vegetation, tower height,
canopy height and year of data examination. The examined year was chosen to minimize the data gaps.

Table 2 describes the type of applied instruments with the variables of the heat balance components, unit and
description of those measurements, including soil temperature (To) measurement depth Tx. The temperature Ts
is obtained by calculation from observed RglOut by radiometer that is setting at higher position than the canopy
height. Therefore, the Ts represent the temperature not only canopy surface but also inside of canopy including
ground surface.

2.3. Heat Balance Relationship at the Observed Sites

To investigate the accuracy of observed data, Table 3 describes the heat balance relationship of observations at
the tested sites expressed in heat flux. The imbalance was estimated by Imb=Rn-G-IE—-H using yearly
data and an imbalance ratio defined as Ra,,, = Imb~(Rn —G)_l. The Ra;y, ranged from —0.05 (US-SIt) to 0.37
(CN-Cha) with an average of 0.16 (the upper low of Table 3 in each of the sites). Especially, although the coef-
ficient for H at CN-Cha show remarkably different of the other sites. The results are almost the same as those of

Wilson’s [13]. The annual precipitation of the examined year is also shown in Table 3.

Table 1. Features of the tested sites.

Sitename/FLUXNET ID: FR-Pue JP-Tom CN-Cha US-Slt US-WCr
Country: France Japan China USA USA
State/Province: Herault Hokkaido Antu County, Jilin Province New Jersey Wisconsin
Latitude (+N/=S): 43.7414 42.737 42.4025 39.9137 45.806
Longitude (+E/~W): 3.5958 141.5186 128.0958 —74.5960 —90.0798
Elevation: 211 m 140 m 736 m 30m 515m
. . Evergreen Japanese Pinus-koraiensis-dominanted Pinus Deciduous Deciduous
Vegetation (IGBP): Broadleaf larch forest koraiensis broad-leafed mixed forest broadleaf broadleaf
Forests forest forest
Tower height: 10m about 42 m about 40 m 19m 30m
Canopy height: - 15m - 9.52+£2.28 24.2
Data available eaam  1ao 2005 1/1-12/31 Vazm Vazr

)
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Table 3. Heat balance relationship of the tested sites (unit: heat flux).

No.  Nationality Site Item Rn G H IE Imb Raimb Precipitation
name wim?*  Wim?>  Wm?>  Wm?>  W/m?®  Imb(Rn+G)* (mml/year)
Observed  28.385 —67 9.058 12.413 7.081 0.25 883"
1 France FR-Pue
Corrected 8.633 19.280 639 0.02
Observed 30.308 87 10.135  17.293 2.793 0.05 1.021
2 Japan JP-Tom
Corrected 11.866  18.636 —282 —-0.01
Observed 26.639 —42 7.189 9.716 9.776 0.37 445
3 Caina CN-Cha
Corrected 11.355  13.983 1.343 0.05
Observed 29.384 -83 12,715 18.301 —1.548 —-0.05 1.017
4 USA US-Sit
Corrected 12.247  16.268 953 0.03
Observed  28.701 2919 9.681 10.423 5.678 0.18 785
5 USA US-WCr
Corrected 10.771  13.495 1.516 0.05

Observed: Observed by eddy covariance method. Corrected: Corrected by multiple regression analysis. Raim, =: Imb-(Rn + G) . *Annual average
precipitation.

2.4. Correction of the Heat Imbalance by Multiple Regression Analysis

The heat imbalance mentioned above is well known as a “closure issue”. Twine et al. [14] indicate approx-
imately under 10% - 30% variation in H and IE. Wilson et al. [13] also indicate approximately under 20% of the
imbalance. Allen [2] suggests that the under-measurement of IE is approximately 40%. Table 1 describes the
imbalance in the heat energy. Therefore, the data should be correct. According to Allen’s procedure, we cor-
rected the data by multiple regression analysis using the observed data as follows.

Rn—G = AxIE + Bx H (10)

Here: Rn is the net radiation, G is the heat flux into the ground, IE is the latent heat flux, H is the sensible heat
flux. A is the regression coefficient for IE, B is the regression coefficient for H.

In Equation (10), Rn and G is fixed due to observed error will be small than IE and H [2].

Table 3 also describes the corrected data that are applied in the regression analysis. To guarantee the heat
balance relationship, all of the sites primarily used the corrected data. In addition, the correction is conducted
using the daily data.

2.5. Initial Values for Ts and rehs and the Constraints for Estimation

The initial values of Ts and rehs are key factors for obtaining a reliable result. The value of Ts is chosen from
observed values collected by the radiometer on the canopy surface, the initial value of rehs is set to be the same
as the rehz. The reason describe in discussion section.

The & values have very small values on the order of 10> W-m? initially (before optimization) because Beg,
by the assumptions of Ts and rehs, nearly satisfies the heat balance relationship. Therefore, the objective func-
tion is multiplied by 10*. The small value has not influenced the accuracy of analysis because the B is a ratio
of Hege and 1E¢g, even if a slight residual can be expected in the objective function (¢). To avoid abnormal fluctu-
ations of H and IE, constraints on those variables are set at less than (Rn — G). Also, the constraints for B are
set at —100 < By < 100 by referring to the actual data, even though there are some exceptions. The reason for
these exceptions is described in the discussion section. In addition, Equation (8) applied for the data of each unit
time.

3. Results

3.1. Conversion of Observed Data (H,»s and IE,;) into Corrected Data (Hcor and IEc,, OF Himp
and IEimb)

Observed data does not achieve the heat balance relationship, as shown in Table 3. To maintain the heat balance
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relationship, multiple regression analysis is applied using Equation (10). Figure 2 describes the relationship (Rn —
G) versus (H + IE) of the original and corrected data in which the observed data are shown in the red circle
while the corrected data are shown in the blue circle. The slope of the five tested sites increased and approached
to 1.0. The regression coefficients described in Table 4 are A for H and B for IE. The coefficients differ site by
site, having no comprehensive tendency. The correction coefficients ranged from 0.966 to 1.570 for H with an
average of 1.169 and ranged from 0.755 to 1.534 for IE with an average of 1.178. The observed data are cor-
rected using these coefficients for all of the tested sites. The corrected data of H and IE also describes in Table 3
as “corrected”. In addition, the imbalance is corrected in another way: IE,, =Rn-G—-H_, and
H,.,, = Rn—G —IE_,. This procedure is based on the idea that the quality of H may be more accurate than that
of IE [2].

The corrected result describe in the corrected column (lower low) in Table 3 that resulted in —0.05 ~ 0.05 of
the Ra;y, resulting in remarkably improved the heat balance relationship.

Rn-G versus H+IE at FR-Pue Rn-G versus H+IE at JP-Tom
400
400

300 y = 0.896x

R? = 0.802

2 200
= y = 0.965x
y =0.770x 100 R? = 0.781
R?=10.907 e
100 100 200 300 400 -100 100 200 300 400
-100
-100 Rn-G Rn-G
® Hcor+IEcor ®Hobs+IEobs ® Heor+1Ecor @ Hobs+IEobs
Rn-G versus H+IE at CN-Cha Rn-G versus H+IE at US-Slt

400

400 y = 0.963x

R2=0.916

y =0.942x

R*=0.876 300

H+IE

CJ
200
y=0.628x

R2=0.876 y = 1.069x
R2=10.915
-1 100' 200 300 400 -100 o 200 300 400
-100 -100
Rn-G Rn-G
® Heor+1Ecor @ Hobs+lEobs ® Heor+[Ecor @ Hobs+IEobs

Rn-G versus H+I[E at US-WCr

300 r y=0.931x
R2=0.854

y=0.782x
R2=0.842

300

®Hcor+IEcor  ®Hobs+lEobs

Figure 2. Correction of observed data by multiple regression analysis P value of any cases were less than 0.05.

Table 4. Regression coefficients for H and IE.

Site name AforH B for IE R?
FR-Pue 0.969 1.534 0.959
JP-Tom 1.273 0.755 0.960
CN-Cha 1.579 1.439 0.939

US-Slt 0.966 0.860 0.961
US-WCr 1.050 1.302 0.928
Average 1.168 1.178 0.949
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3.2. Comparison of the Hourly Change of I[E and H

To confirm the validity of the method, Figure 3 compares the hourly change in the corrected latent and sensible
heat flux, IE., and Hc,r with estimated IE., and Heg at five sites in summer. The |E. agreed well with IE., and
the Heg; agreed with Hc,, but there were small differences. The small differences in IE. were reflected in Heg.

On the other hand, the fluctuation may occur due to the unstable B, estimated. However, the heat balance is
not achieved instantaneously because of heat storage; it requires a few hours [3]. Thus, the figure adjusts to a
five-hour moving average. The pattern of the IE and H changes was quite similar for all of the sites of for both
the observed and estimated. This fact describes the reasonability of our method.

3.3. Comparison of the Observed versus Estimated IE and H

To confirm the validity of the method, Figure 4 compared, the observed versus estimated data of IE and H by
the proposed method using the observed Ts by long wave radiation (radiometer) at five sites. All sites of esti-
mated values almost consistent with observed because the gradient (slope of the straight line) of the observed

(Wemr?) [E at FR-Pue(2008) (Wm?) H at FR-Pue(2008)
500 —— Hest

B
=)
S

Heat flux (H)
w
8

(Wem?) [E at JP-Tom(2003) (Wm?) H at JP-Tom(2003) .
— Hest
500 —LEest 500 — Heor
5‘ 400 —LEcor
-~
7 300
=
= 200
g
T 100
0 6126 6/28
64 6/25 6/26 6/28 6/29 6/30 71
-100 Date Date
(W-m?) [E at CN-Cha(2005) (W+m?) H at CN-Cha(2005)
500 500 —— Hest
—LEest —_ ——Hcor
2400 3 S 400
- =
o’ % 300
p 300 E
=200 g 200
5] =
= 100 100
0 - 0
6 628 _100
100 L
Date Date
Wem? IE at US-SIt(2012) Wem?) H at US-SIt(2012)

W) IE at US-WCr(2005) (W) H at US-WCr(2005)

Figure 3. Hourly change of the observed and estimated IE and H (W-m).
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IE,,, versus [E,, at FR-Pue H.,,, versus H,, at FR-Pue
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[Ecor Hcor
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5050
Figure 4. Comparison of observed and estimated IE and H (W-m ). P value of any cases were less than 0.05.

versus estimated relationship is very near 1.0; In detail, For IE.,,, FR-Pue, JP-Tom, CN-Cha and US-SIt almost
coincide (<+15%), but a little smaller at US-WCr (>+15%). For H.,, CN-Cha and US-SIt are a little smaller than
1.0 (<+15%) while the other sites are more smaller. The R? determination coefficient for the five cases in the IE
shows good coincidence (>+60%) except JP-Tom while not so good for H except CN-Cha and US-SIt. From the
above facts, the estimated IE and H coincided well with the observed data.

3.4. Temporal Change of the Estimated and Observed IE, H, rehs and B,

To investigate the temporal change in the estimated and observed IE and H, Figure 5 describes the changes of
those variables throughout the year for the five sites.

The estimated IE and H were almost all reproduced well by the observed throughout the year. However, the
late summer in FR-Pue, spring in JP-Tom and spring and autumn in US-WCr have a small difference in IE. H is
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Figure 5. Temporal change of observed and estimated IE and H (W-m?).

almost all well reproduced but summer in US-WCr has a small difference. The B, changes remarkably in winter
while is relatively stable in other seasons (B, are not shown). If the constraints (—100 < B, < 100) cannot be ap-
plied, the abnormal changes of B, occurred not only winter but also in another season.

The pattern of the temporal change of IE, H and B, was quite similar for all sites. From the above results, the
proposed method was satisfactory in describing the aspects of temporal change of the data.

3.5. Hourly Change of Humidity and Temperature

To investigate more detail the humidity and temperature. Figure 6 describes those changes. Left side of Figure
6 shows the relationship between rehz and rehs. The estimated rehs approaches track rehz in all times. Right
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Figure 6. Hourly change of humidity and temperature.

side of Figure 6 describes the relationship of observed temperatures. The blue line indicate the difference Ts and
Tz. The red line indicate the difference of To and Tz, To is temperature near the soil surface, The both line
changes to opposite side periodically with site specific features. The difference of the blue line (Ts-Tz) and red
line (Ts-To) is storage effect of the heat flux. The lag time of the peaks between (Ts-Tz) and (Ts-To) is required
several hours, i.e., the time between red line to blue line peak. That justifies the five hour moving average of
calculated data aforementioned.

3.6. Temporal Change of Humidity and Temperature

To investigate the temporal change in the estimated and observed relative humidity, left side of Figure 7 de-
scribes the changes of rehz and rehs throughout the year for the five sites. The estimated rehs track rehz in all
seasons. The right side of Figure 7 describes the relationship of observed temperatures. The blue line indicates
the difference Ts and Tz. The line moves around zero, but a little lower at FR-Pue, JP-Tom and US-SIt whereas a
little higher at CN-Cha and US-WCr at early Spring.
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Figure 7. Temporal change of humidity and temperature.

3.7. Monthly Change in Evapotranspiration (ET)

The monthly change of the ET,,, and ET. is described in Figure 8 at the five sites. The ET is estimated at 100
W-m 2 equivalent for 3.53 mm/day [15], which assumes the latent heat is constant. The ET per month is an es-
timated monthly average except for the abnormal data. The figure shows that the observed values of ET,,, were
mostly reproduced by the estimates of ET.g at the five sites. However, the feature is site specific. The ET,, well
consistent at FR-Pue, CN-Cha and US-SIt while the other sites indicate slight difference. The observed values
were not consistent at FR-Pue, JP-Tom, CN-Cha while relatively consistent at US-SIt (not shown). This fact in-
dicates that the proposed method functioned reasonably well as an estimation of ET.

Total amount of evapotranspiration ETeg, ETcor, ETons and ETiyp, described in Table 5. The total amount of
ETes in year well reproduced ET,,,. This fact describes the reasonability of the proposed method in aspect of to-
tal ET in a year which utilize for water resources planning.
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Figure 8. Monthly change of evapotranspiration (ET) (mm-month™).

Table 5. Yearly evapotranspiration of various methods for the tested sites (mm-year™).

Site name ETest ETcor ETobs ETimb
H IE H IE H IE H IE
FR-Pue 358 654 302 683 311 446 567 701
JP-Tom 514 506 482 490 378 649 371 642
CN-Cha 611 595 597 562 378 391 820 838
Us-Slt 460 639 473 627 489 729 371 610
US-WCr 379 492 364 447 346 343 528 524

Note: ETes: Estimation by proposed method. ETc,r: Corrected by multiple regression analysis. ETimp: Imbalnce by eddy correlation. ETgps: Observed
by eddy correlation. Latent heat flux 100 w/m? equivalent for 3.53 mm-day " of evaporation (Kondo 2015).

4. Considerations
4.1. Effect on Initial Values of rehs on IE and H at JP-Tom and CN-Cha

The selection of the initial value of rehs is a very important issue because of the sensitivity of rehs on the con-
vergence of Equation (8) is not so remarkable. Table 6 describes the effect of the initial values on the estimated
and observed IE and H by various rehs, as an example, in case of the initial values changes 0.90, 0.95, 1.00, 1.05
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Table 6. Slope of estimated versus observed |E and H with initial values of rehs-rehz* (daily).

JP-Tom CN-Cha
rehs-rehz * IE H rehs-rehz IE H
0.900 1.035 0.672 0.900 1.135 0.816
0.950 0.934 0.735 0.950 0.982 0.902
1.000 0.876 0.745 1.000 0.879 0.925
1.050 0.970 0.645 1.050 1.109 0.708
1.100 1.040 0.561 1.100 1.160 0.630

and 1.10 times of the rehz, respectively. The slope shows a slight difference in the converged values, the case of
rehs = 1.0 is mostly reasonable because the slopes of the observed and estimated IE and H approach to balanced.
Therefore, the initial value of rehs is set at 1.0 in the research. The rehs on the canopy will be nearly equals as
the rehz observed.

4.2. Effect on Observed Data Correction (JP-Tom)

The observed data are corrected in three ways: using multiple regression analysis, imbalance and the observation
itself because the observed data do not guarantee the heat balance relationship. To investigate the effect of the
correction on IE and H, Figure 9 describes the relationship among three methods at the JP-Tom site, as an ex-
ample. The corrected data describes relatively reasonable in IE.g but not so reasonable in Heg, whereas IE,,s and
Hgps indicate the opposite tendency of the correction. The slope of IE;., and Hi., describes an underestimation.
The IEqs Versus IE describes the lowest in IE while the highest in H. The data corrected by regression analysis
were not always guaranteed reasonability, therefore, the other method should be referred. In other word, the
specification of better method among correction, observed and imbalance is difficult at present.

4.3. Comparison of Another Method of Correction of H and IE

To compare another method of correction of IE and H for all sites investigated, Table 7 describes the slope of
the various methods versus that estimated by our method.

Case 1 (first column) of Table 7 describes the results of the analysis of the revised data using the multiple re-
gression. Case 2 (second column) describes the results of the analysis of the original (observed) data itself, and
Case 3 (third column) describes the results of the analysis using the imbalance data (IE;,, = Rn — G — H). Case 2
and Case 3 are references of Case 1. If the slope is greater than 1.0, i.e., overestimate, while a slope less than 1.0
is an underestimate, as mentioned previously. The data describes relatively site specific.

For Case 1, the underestimation (>15%) of IE occurs for US-WCr, while the underestimation not occurs. The
underestimation of H occurs for FR-Pue, JP-Tom and US-WCr, while the overestimation not occurs. For Case 2,
the overestimation (>1.15) of IE occurs for FR-Pue and CN-Cai while underestimation occurs for JP-Tom and
US-SIt. Overestimation of H,ps occurs at CN-Cha while underestimation occurs at FR-Pue, while underestima-
tion occurs at FR-Pue. For Case 3, the underestimation of IE occurs at JP-Tom, CN-Cha and US-WCr, while for
H it occurs for all sites. The overestimation of IE;,;, and H;y, not occurs.

4.4. Exceptions of the Abnormal Estimated and Observed Data

The observed data contain some abnormal data that may reflect the observational quality. Abnormal data, de-
fined as (Rn — G) > (IE or H), sometimes appear at or near 0°C in the winter and in the early morning in other
seasons. This criteria needs in convergence process rather than actual phenomena to prevent the abnormal fluc-
tuation i.e., overestimation of H reflect to underestimation of IE and vice versa. The analyses were conducted
without the abnormal data.

5. Discussion
5.1. Abnormal Fluctuation of B.s:

In the convergence process, if Ts approaches zero apparently, when the difference of Ts and Tz is constant at

)
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Figure 9. Comparison of IE versus H by corrected, observed and imbalance at JP-Tom (W-m2). P value of any cases were
less than 0.05.

Table 7. Slope between estimated and observed IE and H (daily).

Site Case 1 Case 2 Case 3
. Item
IEcor Hcor IEobs Hobs IEimh Himb
Slope 0.919 0.795 1.410 0.771 0.898 0.598
FR-Pue
R? 0.690 0.555 0.690 0.555 0.723 0.818
Slope 0.928 0.686 0.701 0.873 0.808 0.681
JP-Tom
R? 0.489 0.545 0.489 0.545 0.694 0.374
Slope 0.879 0.925 1.263 1.461 0.711 0.706
CN-Cha
R? 0.688 0.682 0.688 0.682 0.851 0.799
Slope 0.913 0.889 0.785 0.859 0.903 0.832
US-Slt
R? 0.763 0.736 0.763 0.736 0.836 0.437
Slope 0.832 0.776 1.084 0.815 0.788 0.673
US-WCr
R? 0.660 0.353 0.660 0.353 0.775 0.770

1.0°C for example, the B is remarkably increased around zero from the opposite side, both positive and nega-
tive, as shown in Figure 10. This tendency (singularity) is almost independent of (Ts-Tz) even though there are
small differences. Actually, when rehs approaches to rehz-[es (Tz)-0sat (TS) *], the abnormal B appeared. The
phenomenon occurs sometimes in the winter season because Ts approaches zero °C and occurs sometimes in the
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Figure 10. Relationship between By and temperature Ts when Ts-Tz = 1.0°C.

early morning or night. To avoid this conflict, B is limited to (=100 < B,y < 100) as aforementioned, referring to
the observed data approximately.

5.2. Relationship of the Penman and the Penman-Monteith Method with Proposed
Method

The Penman method uses to evaluate the evaporation from the saturated soil surface that corresponds to our
method as rehs equals to 100%. In detail, the former uses the slope of temperature and vapor pressure at Tz
whereas the latter uses the slope between Ts and Tz In this view point, our proposed method a little reasonable
because of utilize the Ts rather than Tz only. In the Bulk Transfer method, if the sensible transfer coefficient Cy
sets as equals to latent heat transfer coefficient Cg, result of the penman method can be reproduced.

The Penman-Monteith method has shortfalls how to determine the stomata resistivity. The resistivity may be
determined using actual evapotranspiration [16]. Our method considered mainly the upper space of the plant
canopy and plant layer itself, thus, the estimated evaporation or evapotranspiration already include the resistivity
of the plant. Therefore, the hourly change of IE in our method can be utilized for the evaluation of stomata re-
sistivity in the Penman-Monteith Method.

5.3. Advantage of the Tz and rehz as Variables for Partitioning H and IE

The H and IE i.e., evaporation or evapotranspiration affected by various items such as climate elements (wind
speed, soil moisture, local boundary layer size and effect of regional advection) and ecosystem structure (canopy
height and leaf area density profile, stomata conductance), etc. The observed Tz, Ts and rehz will be determined
by the effect of above various climate elements and regional ecosystem structure, therefore, the determined IE
and H are already include the above very complicated elements comprehensively.

5.4. Quality of Observed IE and H

The quality of the observed IE and H is one of the most important issues. The observed IE and H have a consi-
derable gap in the heat balance relationship, as shown in Table 3, which is well known as the “closer issue” [13].
Therefore, the observed IE and H are corrected by multiple regression analysis as IE., and Hg,. However, the
correction is not a sufficient but only conventional. Recently Frank et al., [17] researched the accuracy of sonic
anemometer and structural need for shadowing correction for H, the knowledge will be consider in future.

For data correction, Allen [2] assumed the observation error for G, but we did not assumed error because the
effect of G will be small by cyclic change in a day. And also heat flux storage under the canopy zone already
taking into consider blindly in Tz and rehz Therefore, the partitioning H and IE, using Tz and rehz may be rea-
sonable.

5.5. Issues to Be Solved in the Future

The data for the heat balance components in Table 3 show some imbalance. The reason for this phenomenon is
not clear. The imbalance problem remains to be solved in the future. In addition, the results of the optimization
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show some differences in the initial values of rehs; therefore, the selection of the initial value of rehs in the op-
timization process is also an important issue to be solved in the future.

6. Conclusions

In the natural world, the air temperature and humidity reflect the partitioning of sensible and latent heat flux
from Rn and G. Based on this concept, we attempt to reciprocally estimate the H and IE, i.e., the actual evapo-
transpiration ET, from Rn and G. By applying the Bowen ratio concept on the canopy and inside of plant layer
using radiometer temperature Ts, the unknown variables q (Ts), i.e., rehs, are estimated by an optimization pro-
cedure from engineering aspect as satisfying the heat balance relationship. The validation of the method was
conducted using five forest sites in the world where observations of IE and H by the eddy covariance method
were collected by help of FLUXNET. The analysis conducted on an hourly basis and was summarized daily.
The main results are as follow:

1) The observed data were corrected by regression analysis because it does not guarantee the heat balance re-
lationship.

2) The hourly change in the estimated IE and H coincided well with that observed at all the sites.

3) The estimated IE coincides satisfactorily with that observed. The estimated H also consistent with observed
at two site, but the other site are underestimated.

4) The temporal change in year for the estimated H and IE was clarified. The estimates of those items were
well reflected in the observed data.

5) The estimated monthly evapotranspiration ET. satisfactorily coincides with ET,, not only distribution but
also total amount of yearly.

6) Through the above analysis, the interrelationship among heat balance components was clarified.

The estimated results have not completely reproduced the observed data, but the results are almost satisfacto-
ry for estimation of IE and H. This fact shows that the method is useful for estimation of IE. The remarkable fea-
ture of this method is that it is applicable for the data of single height temperature and humidity with Rn and G.

We conclude that ET is controlled by energy conservation in nature. Realistically, the observed temperature
and humidity are strongly affected by the partitioning of H and IE and vice versa. Therefore, using the observed
temperature, humidity and common climate elements, IE and H values can be reciprocally approximated by the
optimized techniques.
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Appendix 1

The GRG Nonlinear Solving Method for nonlinear optimization: developed by Leon Lasdon, University of
Texas at Austin, and Alan Waren, Cleveland State University, and enhanced by Front line System, Inc.

For more information about the other solution algorithms or advice on building effective Solver models and
solving larger scale problems, contact: Frontline System. Inc.

Website: http://www.solver.com, E-mail: info@solver.com.

Appendix 2

Using modules of Visual Basic for Applications (VBA) in the manuscript
Sub Macro “ Numberl()
' Macro "Number 1”: GRG method
Dimr As Long
Dim lastRow As Long
lastRow = Range(“ (Column Alphabet) ” & Rows Count).End(xIUp).Row
SolverReset
Forr= (Startrownumber) To (End row number)
SolverReset
SolverOptionsPrecision :=0.000001, Convergence:=0.0001, StepThru:=False, Scaling:=False _
, AssumeNonNeg:=False, Derivatives:=2
SolverOkSetCell:="Row" & r, MaxMinVal:=2, ValueOf:=0_
,ByChange:=Range(Cells(r, (First column number) ), Cells(r, (Last column number) ))
SolverAddCellRef:="$ (rehs’s Column Alphabet) " &r, Relation:=1, FormulaText:=0.9999
SolverAddCellRef:="$ (rehs’s Column Alphabet) " &r, Relation:=3, FormulaText:=0.0001 SolverAdd-
CellRef:="$ (RTs’s Column Alphabet) " &r, Relation:=1, FormulaText:=5
SolverAddCellRef:="$ (RTs’s Column Alphabet) " &r, Relation:=3, FormulaText:=—5
SolverAddCellRef:="$ (Hestimated’s Column Alphabet) " &r, Relation:=1, FormulaText:= "$ (Rn-G
observed’ s Column Alphabet) $ &r
SolverAddCellRef:="$  ( LEestimated’s Column Alphabet ) " &r, Relation:=1, FormulaText:=
"$ (Rn-Gobserved’s Column Alphabet) $ &r
SolverAddCellRef:="$ (Boestimated’s Column Alphabet) " &r, Relation:=3, FormulaText:=-100
SolverAddCellRef:="$ (Boestimated’s Column Alphabet) " &r, Relation:=1, FormulaText:=100
SolverSolveUserFinish :=True, ShowRef:="DummyMacro”
Next
End Sub
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