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Abstract: Evapotranspiration (ET) is a typical biological environmental process to influence leaf
temperature, crop water requirement, and greenhouse microclimate. Affecting factors of ET include
air temperature, air relative humidity, wind speed, solar radiation, longwave radiation, soil moisture,
CO2 concentration, and crop state. In this study, two ET models of indoor cultivation commonly
adopted in literature were selected to evaluate the effect of the performance of sensors on the
model uncertainty. The method of the International Organization for Standardization, Guides to
the expression of Uncertainty in Measurement (ISO GUM) was adopted. The result indicated that
the performance of leaf area index (LAI) and solar radiation (Is) sensors were primary sources
of uncertainty. The uncertainty of ET models due to sensor performance needs to be considered.
To ensure the predictive ability for applying the ET model for crops irrigation management and
greenhouse environmental control, the improvements in the measurement of environmental variables
for calculating ET would be of particular importance. The method of this study can be used for
evaluating the uncertainty of ET models that calculate ET based on environmental variables measured
by meteorological sensors or the remote sensing technique.

Keywords: evapotranspiration model; sensors; uncertainty analysis

1. Introduction

The proper management of irrigation is important for field and greenhouse cultivation.
The accurate estimation of crop water requirements can provide the information needed to avoid the
water stress caused by soil moisture excess or deficit [1].

Two measurement techniques, direct and indirect, are used to estimate evapotranspiration (ET)
values in greenhouses [2–5]. Direct methods include weights measured by lysimeter, soil/substrate
volumetric water content measured by dielectric sensors, soil/substrate water potential detected by
tension meters, and sap flow measured by gauges. The indirect method consists of calculating ET from
a model that is based on environmental variables measured by meteorological sensors or the remote
sensing technique [4,5].

Stanghellini [6] calibrated and validated the Penman–Monteith model for a greenhouse crop and
provided a quantitative framework for environmental control. Subsequently, Bailey et al. [7] and
Baille et al. [8,9] proposed a simplified model derived from the Penman–Monteith equation [10].
The Baille equation was used by many authors in different climate and soil conditions [11].
Medrano et al. [12] used this equation to study greenhouse cucumber transpiration.

ET models involve the activity and reaction on the ambient environment of plants. The concept
and measurement techniques have been introduced in detail [4,13,14]. All ET models include
evaporation and transpiration processes and are the primary process affecting leaf temperature, crop
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water requirements, and the greenhouse microclimate. The ET value represents the water loss from
the soil or substrates and plant surfaces. It provides important information for water management for
open fields or the greenhouse. The measurement and validation of the ET model is an essential work
for agricultural production and forest management. Wang and Dickson [15] surveyed the theories,
observational techniques, satellite algorithms, and related models for terrestrial evapotranspiration and
the effect of the source of uncertainty, such as bad weather conditions and sensor failures, was discussed.
Xiao et al. [16] reviewed the terrestrial evaporation at the ecosystem scale and used the stable isotope
method and found that the fast-responding instruments for estimating the isotope composition of
ET could improve the ET estimation. Studying the stable water isotopes models, Knighton et al. [17]
found that model structures and assumption and parameters of unsaturated zone percolation had an
impact on the predictive performance of models. Ivezic et al. [18] proposed a method of modeling of
basin wife dairy ET values with the remote sensing data regardless of the satellite images.

Martano [19] introduced a new method to estimate the ET value from the local meteorological data
based on the Penman–Monteith equation. Zhao and Luers [20] applied the Penman–Monteith–Katerji–
Perrier model by considering the influence of meteorological variables and aerodynamic resistance to
calculate the ET values for two types of East Asian crops. Several ET models in room culture of plants
have been compared and validated [21]. The actual ET values are detected by a lysimeter [12,21] or by
sap flow gauges [22]. The microclimate data measured by sensors include air temperature, relative
humidity (RH), solar radiation (Is), and wind velocity. The theoretical ET values of different ET models
are calculated and then compared with measurement data.

The calculated value from a biological model is used to evaluate the predicted performance
of models. The real value expressed by the biological environment is called the actual value.
The difference between the actual and predicted value is called the error. The sources of errors
are difficult to define. To validate the predictive ability of biological models, some statistics adopted
for evaluating include mean residual, root mean square error (RMSE), mean absolute error (MAE),
mean square error (MSE), and standard error of absolute difference [23–25]. However, the uncertainty
sources of actual and predicted values have not been considered.

The process of establishing a model has its uncertainties. The measurement and sampling of
biological activity also entails uncertainty. The quantification of uncertainty is called uncertainty
analysis. Uncertainty analysis has become a research topic for establishing and validating biological
models. Because of its complexity, heterogeneity, and temporality, the validation technique of the
biological model is incomplete [26]. Other uncertainly sources, such as temporal and spatial effects,
the reference standard, the model concept, and the performances of sensors need to be further studied.

The measurement uncertainty of the biological environment model can be expressed with
the International Organization for Standardization, Guides to the expression of Uncertainty in
Measurement (ISO GUM) concept [27,28]. The measurement uncertainty was defined first in the
ISO Guide [27]. According to the ISO GUM, measurement uncertainty was divided into types of A
and B. Type A uncertainty is the method of evaluation through the statistical analysis of observations.
Type B uncertainty is the method of evaluation through other information about the measurement.
The sources of errors are derived in the measurement and can be classified as systematic and random
errors. Other uncertainty sources can be calculated with this technique [29,30]. The detailed steps to
evaluate uncertainty are introduced in the next section.

The GUM established from the ISO [27] and ISO/the International Electrotechnical Commission
(IEC ) [28] proposed the propagation concept of uncertainty to describe the uncertainty factors.
This technique could be extended to the biological model. Because the ET model is so important,
this model was used to study the effect of the performance of sensors on the uncertainty of the model.
Other sources of uncertainties could be incorporated with the same concept and method in further
studies. To the best of the authors’ knowledge, the GUM concept is still not being applied in ET models.

Herein, the simple form of ET models was proposed and validated. Two ET models were used to
study uncertainty factors and evaluate the effect of the sensor performance on uncertainty.
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2. Evaluation of Model Uncertainty for Two ET Models

Two ET equations were selected based on how widely they are adopted in literature.
The evapotranspiration rate for these models was defined as ET.

Stanghellini Equation [6]

ETs =
s · Rn/λ+ 2LAI · VPD · ρ · Cp/raλ

s + r(1 + rc/ra)
(1)

Rn = 0.86 · (1 − Exp(−0.7LAI))Is. (2)

The notation is in Tables 1 and 2.

Table 1. Components of the evapotranspiration (ET) model.

Variable Unit Reference Equation or Values

λ, latent heat of evaporation KJ/Kg λ = 2501 − 2.361T [31]
s, slope of the saturation vapor pressure curve kPa/◦C s = 0.08331 [23]

ρ, air density Kg/m3 ρ = 1.136 [32]
Cp, specific heat of air J/kg◦C Cp = 1013[33]

r, psychrometric content kPa/◦C r = 0.067567 [34,35]
rc, canopy resistance s/m rc = 70 at day time [6]

ra, aerodynamics resistance s/m ra = 208
Uv [6]

A, constant of Baille ET equation dimensionless 0.24 [12]
B, constant of Baille ET equation W/m2 × kPa 37.6 [12]

Table 2. Parameters of the evapotranspiration (ET) model.

Parameter Unit Reference Equation or Values

Rn, net radiation W/m2 Rn = 1 − Exp(−0.7LAI)Is [36]
G, soil heat flux W/m2 G = 0 in greenhouse

LAI, leaf area index m2/m2

VPD, vapor pressure deficit kPa VPD = (1−RH)·PVS
PVS, saturation vapor pressure kPa PVS = 0.61078Exp

(
17.2694·T
T+237.3

)
RH, relative humidity Decimal

T, temperature ◦C
Uv, air speed m/s

Is, solar radiation W/m2

The Stanghellini equation was rearranged as:

ETs =
0.86 · s ·

(
1 − Exp

(
−0.7LAI)Is/λ+ 2LAI · ρ · Cp · PVS · (1 − RH)/λra

s + r(1 + rc/ra)
(3)

K1 = 0.86 · s/λ (4)

From the values of parameter in Table 1,

K2 = ρCp/λ ∗ 104 (5)

K3 = s + r(1 + rc/ra)= s + r[1 + 0.3365U] (6)

ETs =
K1 · Is(1 − Exp(−0.7LAI) + K2 · LAI · PVS · (1 − RH)Uv

K3
. (7)

Baille Equation [12]

ETm = A · (1 − Exp[−0.7LAI]Is + B · LAI · (1 − RH) · PVS, (8)



Atmosphere 2018, 9, 400 4 of 13

where A and B are constants.

The Steps to Evaluate the Uncertainty

This approach includes the steps to evaluate the uncertainty. The ISO GUM method was adopted.
The steps to evaluate the uncertainty are as follow [28].

1. Model the measurement y is not measured directly and determined from K quantities
X1, X2, ......Xk. The functional relationship is as follows:

y = f(X 1, X2, . . . Xk). (9)

2. Ensure the uncertainty source Xi and calculate the estimated values of Xi:

uc
2[y] =

n

∑
i=1

[
∂y
∂xi

]2

u2(x)i + 2
n−1

∑
i=1

n

∑
j=i+1

∂y
∂xi

∂y
∂xj

u(xi, xj), (10)

where uc(y) is the combined uncertainty and y is the output quantity.
3. Evaluate the uncertainty classified as A and B types.
4. Estimate the covariance of each Xi.
5. Calculate the sensitivity coefficient, Ci:

Ci = ∂f/∂Xi. (11)

6. Calculate the combining uncertainty and effective degree of freedom.
7. Determine a coverage factor and expanded uncertainty.
8. Report the uncertainty.

Because of its complexity, heterogeneity, and time-dependency, the validation of the biological
model was incomplete. Larocque et al. [30] proposed a method that adopted the ISO GUM to evaluate
the uncertainty and for sensitivity analysis.

Use of the concept and method of the ISO GUM has several advantages:

1. The error sources and uncertainty sources can be distinguished.
2. The effect of the uncertainty can be quantified. The propagation of uncertainty can be traced

and evaluated.
3. The uncertainty can be expressed as numeric values and confidence intervals.
4. The numeric values of parameters in the biological model can be recognized as the error source,

which can be quantified with uncertainty.
5. The contribution of variables and the performance of sensors can be evaluated. The contribution

of variables on the ET model could be derived by Equations (10) and (11). In this brief report,
one sample of local climate data was used to evaluate the effect of environmental measurement
uncertainty on prediction of evapotranspiration. The interaction of variables was not considered
in this study, so the covariance of each Xi was considered. Equation (10) can then be simplified.

For the Stanghellini equation [6],

∂(ETs)/∂LAI = K1/K3 · Is · 0.7(Exp(−0.7LAI ))+K2/K3(1 − RH)PVS · Uv (12)

∂ (ET s)/∂Is = K1/K3(1 − Exp(−0.7LAI) (13)

∂(ET s)/∂RH = −K2/K3LAI · PVS · Uv (14)

∂(ETs)/∂T = K2/K3 · LAI · (1 − RH) · Uv ·
(

1781.4 exp(
17.2694

T + 237.3
)

)(
1

T + 237.3

)2
(15)
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∂(ET s)/∂Uv =
[s + r]0.0096154 · ρ · Cp · LAI(1 − RH)PVS + 0.0041346r · s · rc · Is[1 − Exp(−0.7LAI)]

[s + r[1 + 0.3365Uv]]2
. (16)

For the Baille equation [12],

ETm = A · (1 − Exp[−0.7LAI])Is + B · LAI · (1 − RH) · PVS (17)

∂(ET m)

∂LAI
= 0.7A · (Exp(−0.7LAI))Is + B · (1 − RH)PVS (18)

∂(ET m)

∂Is
= A(1 − Exp(−0.7LAI)) (19)

∂(ET m)

∂RH
= −B · LAI · PVS (20)

∂(ET m)

∂T
= B · (1 − RH) · 1781.4Exp

(
17.2694 · T
T + 237.3

)(
1

T + 237.3

)2
. (21)

3. Results

Uncertainty Analysis of Two Evapotranspiration Models

The measurement values for calculating the model uncertainty were as follow:
T = 25 ◦C, RH = 40%, Is = 300 W/m2, LAI = 2.2, Uv = 1.0 m/s.
The saturated vapor pressure (PVS) was 1.9695 kPa, VPD = 1.1803 kPa, the index of 1 − Exp

(−0.7LAI)) was 0.7856. Only a sample of climate data was used in this case; the covariance items in
Equation (10) were not considered.

The combined uncertainty for the Stanghellini model was calculated as follows:

u2
C(ET) =

(
∂ETs

∂LAI

)2
u2(LAI) +

(
∂ETs

∂Is

)2
u2(Is) +

(
∂(ET s)

∂RH

)2

u2(RH) +

(
∂ETs

∂T

)2
u2(T)+

(
∂ETs

∂Uv

)2
u2(Uv). (22)

The uncertainty of each variable is in Table 3.

Table 3. The uncertainty of each variable.

Variable Uncertainty Source

LAI u(LAI) = 0.22 (10%) [21]
Is u(Is) = 25 W/m2 (8.3%) Manufacturer’s specification
T u(T) = 0.37 ◦C [37]

RH u(RH) = 0.0165 [38]
Uv u(Uv) = 0.08 m

s Manufacturer’s specification

The ETs value was 4.624 g/m2-min, with uncertainty of u(ETs) 0.389 g/m2-min. With the 95%
significance level, the expanded value was 2.0. Therefore, the ETs could be expressed as follows:

ETs = 4.624 ± 2 × 0.389 = 4.624 ± 0.778 g/m2-min.
The combined uncertainty for the Baille equation was calculated as follows:

u2
C(ETm) =

(
∂ETm

∂LAI

)2
u2(LAI) +

(
∂ETm

∂Is

)
u2(Is)+

(
∂ETm

∂RH

)2
u2(RH) +

(
∂ETm

∂T

)2
u2(T). (23)

The calculating ETm value was expressed as follows:
ETm = 2.570±2 · 0.444 = 2.570 ± 0.889 g/m2-min.
The contribution of variable measurement to the uncertainties of the Stanghellini and Baille ET

equations is in Tables 4 and 5. The uncertainty of the leaf area index (LAI) was the greatest factor in the
ET uncertainty, representing 83.20% and 83.23% uncertainty in the Stanghellini and Baille equations,
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respectively. The uncertainty of Is was the second influencing factor, contributing 12.07% and 12.55%
uncertainty to the Stanghellini and Baille equations, respectively.

Table 4. The contribution of variable measurement to uncertainty for the Stanghellini ETs equation.

Variables
Components ( ∂λET

∂Xi
)u(Xi)

g/m2-min
Ratio Values

%

LAI 453.13 83.20
Is 65.69 12.07

RH 24.58 4.52
T 0.843 0.15

Uv 0.143 0.06
u2

c 544.38 100%

Table 5. The contribution of variable measurement to uncertainty for the Baille ETm equation.

Variable
Components ( ∂λET

∂Xi
)u(Xi)

g/m2-min
Ratio

LAI 147.40 83.23
Is 22.22 12.55

RH 07.22 4.08
T 0.26 0.14

u2
c 177.10 100%

The contribution of the RH measurement to uncertainty was the third influencing factor.
The measurement range of temperature and wind velocity is 0–100 ◦C and 0–5 m/s, respectively.
Considering the uncertainty of temperature and wind velocity (in Table 3) for the measuring range,
the contribution of the temperature and wind velocity measurement to uncertainty only had a
marginal effect.

The effect of the different u(LAI) and u(Is) values on the contribution ratio for LAI and Is in the
Stanghellini equation is in Figures 1 and 2.
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Stanghellini equation.
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With this observation, improving the performance of LAI and Is sensors was key to improving
the ET equation. With reduced errors of LAI and Is sensors, the component ratio of uncertainty
decreased significantly. Decreasing u(LAI) was more effective than decreasing u(Is) for reducing the
ET uncertainty. With u(LAI) reduced to <5%, the contribution ratio of the LAI could be decreased
significantly for two ET models. If the u(Is) was reduced to <5%, the same result of reducing uncertainty
was found.

The effect of uncertainty of the LAI and Is on the uncertainty of the Stanghellini and Baille models
is in Tables 6 and 7. With the largest errors, u(LAI) = 10% and u(Is) = 8.3%, the largest uncertainty was
0.389 g/m2-min and 0.222 g/m2-min, respectively.

Table 6. The effect of uncertainty of the leaf area index (LAI) and solar intensity (Is) in the uncertainty
analysis for the Stanghellini ETs equation.

U (Is)
U (LAI), g/m2-min

10% 7.5% 5.0% 2.5%

8.3% 0.389 0.310 0.234 0.161
5.0% 0.374 0.291 0.213 0.147
2.5% 0.367 0.282 0.201 0.129

Table 7. The effect of uncertainty of the leaf area index (LAI) and solar intensity (Is) in the uncertainty
analysis for the Baille ETm equation.

U (Is)
U (LAI), g/m2-min

10% 7.5% 5.0% 2.5%

8.3% 0.222 0.177 0.136 0.104
5.0% 0.213 0.165 0.121 0.083
2.5% 0.209 0.160 0.114 0.072
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With u(LAI) reduced to 0.11 (5%) and u(Is) to 5 W/m2 (5%), the combined uncertainty of ETs and
ETm was 0.213 g/m2-min and 0.121 g/m2-min for the Stanghellini and Baille equations, respectively.
If the performance of sensors could be improved, u(LAI) was reduced to 0.055 (2.5%) and u(Is)
was reduced to 2.5 W/m2 (2.5%), for combined uncertainty of ETs and ETm 0.122 g/m2-min and
0.072 g/m2-min for the Stanghellini and Baille equations, respectively. ETs and ETm uncertainty
reduced significantly with the improved sensor performance.

4. Discussion

In the biological model, the relationship between specific variables and influencing factors of
biological systems can be expressed with mathematical formulas. The difference between predicted
value and actual value of the model is called an error. Error sources include instrumental errors,
sampling errors, spatial and temporal errors, and other factors. The effect of these error sources on
the combined uncertainties need to be evaluated. The uncertainty component of LAI was the greatest
factor in the uncertainty component of the two ET models. Simic et al. [39] mentioned the importance
of the LAI value in the ET calculation. Kumar et al. [40] emphasized the quality of meteorological data
to calculate ET values. Villarreal-Guerrero et al. [22] considered the high sensitivity of the LAI and Is
sensors in the validation of ET models. The results of this study confirmed the conclusions.

Our results indicate the importance of sensor performance. The measurement uncertainty of the
LAI meter is due to measurement error and inadequate sampling. This uncertainty could be reduced
with the calibration technique and training in operation [41].

There are two methods to measure the LAI value, indirect and direct [42,43]. The indirect method
is to use an instrument, such as digital hemispherical photography, and the LI-COR LAI-2000 Plant
Canopy Analyzer. The performance improvement of these instruments is related to its manufacturers.
The direct method is to measure the leaf area within a specific area and calculate LAI values with the
calibration equations [44,45]. With adequate calibration equations, the calculated LAI values were
close to actual LAI values [42,43]. This provides a way to improve the measurement of LAI values and
reduce its measurement uncertainty.

The sources of measurement uncertainty of the Is meter include absolute error from the
manufacturer, spectral response error, tilt error, linearity error, temperature effect error, and user
error [46]. These error components could be improved by calibration with the primary standard
Pyranometer and adequate operation of sensors. Myers et al. [47] described a detailed calibration
procedure to reduce the uncertainty of a Pyranometer, ranging from 2.5% to 3.0%.

The uncertainty of the RH measurement is the third influencing factor. These electrical sensors
could be calibrated with several kinds of saturated salt solutions [38].

The results of this study indicated that the humidity and wind velocity have very low influence in
the greenhouse ET model. These results confirm the possibility to simplify the ET model, as suggested
by Carmassi et al. [48], Marfa et al. [49] and Bacci et al. [50].

In this study, we evaluated the effect of the u(LAI), u(Is), u(T), u(RH), and u(Uv) on the
contribution ratio for ET models calculated by the ISO method. Cooman and Schrevens [51] used a
sensitivity analysis to analyze the effect of temperature, CO2, and Is on the predictive ability of the
tomato growth model. The effect of each environmental factor was compared with simulation results
directly. In this study, the measurement performance of environment sensors was quantified, so the
uncertainty analysis could provide more information than sensitivity analysis for model evaluation.

With the conditions of the largest errors, u(LAI) = 10% and u(Is) = 8.3%, the largest uncertainty
was 0.389 g/m2-min and 0.222 g/m2-min for the Stanghellini and Baille ET models, respectively.
Boulard and Wang [21] indicated that the standard deviation of the linear regression between calculated
and measurement ET values was 0.153 g/m2-min to 0.388 g/m2-min. The difference between actual
and calculated ET values found in the literature ranged from 0 to 3.98 g/m2-min. [21–23]. Thus,
the uncertainty of the ET models from the sensor performance cannot be neglected in validating
ET models.



Atmosphere 2018, 9, 400 10 of 13

The actual ET values are measured using a lysimeter or other methods [34]. The uncertainty
of each measurement method may be the uncertainty source in the model. For example, the error
of the balance was 1g in the study of Medrano et al. [12]. The detailed information of ET reports
was introduced by Allen et al. [34]. Ten ET measurement methods and anticipated errors were
discussed. The error with the lysimeter method typically ranged from 5% to 15%. The importance of
the measurement quality of weather data was also emphasized by Allen et al. [35]. These factors could
be incorporated into the uncertainty analysis proposed in this study.

Villarreal-Guerreroa et al. [22] mentioned that crop resistance may be a limitation for ET prediction.
In this study, the value for each parameter was adopted from the literature. The numeric value of
these parameters may be the source of uncertainty. Further studies will be needed to study the effect
of uncertainty of these parameters on the ET equation. Brugnach et al. [26] mentioned the uncertainty
sources of the biological model, which are the measurement of variables, the correction of the utilization
values of parameters, the sampling technique of the biological activity, and the concept of models.
In this study, the assumption of two ET models is the energy translation between sensible and latent
heat. The assumption of the ET model may be a source of uncertainty. In the modelling transpiration
of greenhouse gerbera (Gerbera jamesonii H. Bolus) grown in substrate, NaCl salinity was found to have
a significant effect on ET values [52].

In this brief report, the measurement uncertainty of the biological environment model was
expressed with the ISO GUM concept. Only one sample of climate data was used to evaluate the effect
of environmental measurement uncertainty on prediction of evapotranspiration, and the interaction
of variables was not considered in this study. Future studies will be performed to evaluate more
influencing factors. The effect of the measurement accuracy of variables and the interaction of these
variables on the measurement uncertainty of ET values will need to be evaluated.

We used two typical ET models to evaluate uncertainty by the ISO concept and method. Other ET
models could be evaluated with the same procedures.

5. Conclusions

In this study, two simple forms of ET models of tomato in a greenhouse were used to evaluate the
effect of environmental measurement uncertainty on the prediction of evapotranspiration. The solar
radiation and vapor pressure deficit have a significant effect on ET values. Solar radiation was the
dominating factor. The concept and method of the ISO GUM was adopted. The performance of the
leaf area index (LAI) and solar radiation (Is) sensors were the main factors. At the conditions of u(LAI)
= 10% and u(Is) = 8.3%, the uncertainty was 0.389 g/m2-min and 0.222 g/m2-min for the Stanghellini
and Baille ET models, respectively. The performance of these sensors needed to be improved to ensure
the predictive ability for applying the ET model for irrigation management of crops. The method
proposed in this study can be used for the uncertainty evaluation of ET models that calculate ET based
on environmental variables measured by meteorological sensors or the remote sensing technique.
The effect of the measurement accuracy of variables of other influencing factors needs to be evaluated.
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