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Abstract

Evapotranspiration (ET), a key variable in both water and energy cycles. It is very challenging to measure or
estimate in large regions. Among many approaches to estimate ET indirectly (e.g. through hydrological
modelling), models that are based on satellite remote sensing data (RS) are increasingly being used.
However, the RS-based models inherit uncertainty from many sources, such as the model’s algorithm and
parameters, input satellite data, and processing techniques. It is challenging to assess this uncertainty due to
limitations of validation data, high volume and high dimensionality of RS data. Many studies have evaluated
uncertainty in RS-based estimation of ET using different methods and reference data. The suitability of
methods and reference data subsequently affect the validity of these evaluations. Therefore, it is necessary to
have an overview of different evaluation methods and their uses. This study aimed to systematically review
original research papers that assessed uncertainty or accuracy of RS-ET model or data products. We
categorized these papers and quantified based on (i) spatial and temporal scale of ET estimation, (ii) types of
uncertainty, and (iii) methods used to assess uncertainty. Studies have been geographically concentrated in
North Asia, North America, and Europe. Most studies used the validation method, which quantifies the
discrepancy between pixel-based ET estimation with an in-situ estimation. Although a standardized validation
approach for satellite-based ET estimates is not yet ready, most validation studies employed Eddy Covariance
(EC) flux towers for reference estimation at field-scale. In regions where in-situ measurements are limited,
many studies use the residual of the water balance as reference. However, few studies considered uncertainty
in the reference estimation and mismatch of spatial and temporal scales. For monitoring agricultural fields,
most RS-ET methods have been reported with high accuracy. When applying these methods to larger extent,
additional assessments are required to better inform data users of the quality of RS-ET estimation. These
include cross-validation, sensitivity, and uncertainty analyses. Overall, this review showed the progress in
evapotranspiration estimation using satellite data in terms of uncertainty assessment.
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1. INTRODUCTION

Evapotranspiration (ET) is the key variable linking the water, energy and carbon cycles of our planet. In the
water cycle, it is the second-largest flux after precipitation (Korzoun et al., 1978). In agriculture, ET is the amount
of water removed by crops from the soil into the atmosphere and, thus, criti-cal for water conservation. ET is a
complex phenomenon that depends on many factors: the atmospheric and vegetation conditions (demand), the
availability of water in soil, water bodies, and canopy (supply), surface roughness, etc. The complexity in
measuring ET directly makes it difficult and expensive to routinely measure and capture the spatial variation of
ET. This requires a dense network of ground-based gauging stations. So far, the most successful network of
ground-based stations is the Eddy Covariance flux towers network (FluxNet) (Baldocchi et al., 2001). However,
most FluxNet stations are located in North America, Europe, and North Asia. Meanwhile, ground-based data is
particularly limited in many regions that need to monitor ET, such as Africa and Middle East.

Since ET is very challenging to measure in a large area using ground-based instruments, there has been
an increasing interest to estimate ET using satellite remote sensing (RS) observations. As ET cannot be directly
measured from space, retrieval algorithms or models have been developed to estimate ET. These models ET
from optical and/or thermal remote sensing (RS) data, to name a few SEBS (Su, 2002), TSEB (Kustas and
Norman, 1999), SEBAL (Bastiaanssen et al., 1998), METRIC (Allen et al., 2007), and ALEXI (Anderson et al.,
2011). They also require ancillary data (such as soil characteristics, land-cover, etc.) and are sometimes
combined with in situ data. Different algorithms, parameterization, input RS data sources and processing levels
result in a wide range of ET estimates (Long et al., 2014, Chen et al., 2014). While there have been many
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studies evaluating the different ET models and products, there has not been a single model that performs the
best in all situations. Moreover, the methods used to aggregate instantaneous RS observations also cause
uncertainty in daily or longer-period estimates, which is needed for water management practices (Liu, 2021).

Driven by community needs, some projects have provided platforms to increase access to various remote
sensing-based ET (RS-ET) data products, such as the FAO’'s WaPOR (FAO, 2018) and OpenET (Melton et al.,
2021). With these widely accessible RS-ET data, it is important that data users are informed about their
uncertainty or accuracy. Uncertainty has been evaluated and reported in many studies using different
assessment methods and reference data. The extent and reference data of these studies are limited and their
methods are inconsistent. Therefore, it is still difficult to draw a general conclusion about the uncertainty in RS-
based ET models and data products. It is important to have an overview of different uncertainty evaluation
methods and how they were used to evaluate RS-based ET data.

This study aimed to systematically review original research papers that assessed uncertainty or accuracy
of RS-ET model or data products. We used the systematic quantitative approach, which selects research papers
with a set of criteria. We categorized these papers and quantified based on (i) spatial and temporal scale of ET
estimation, (ii) types of uncertainty, and (iii) methods used to assess uncertainty. Add 1 or 2 sentences about
‘added values’ of this review. Based on the quantity of papers in each category, we will address the following
research questions:

e What are the conventional and emerging methods used to assess the uncertainty in RS-based ET data
in the literature?

¢ In which contexts can the uncertainty be assessed with these methods?
2. METHODOLOGY

A systematic quantitative literature review (SQLR) was performed following the approach described by
Pickering and Byrne (2014). This approach was selected to have more insight in the effort to estimate ET using
RS and assess the uncertainty in estimation. Instead of focusing on only papers that use a specific metric or a
specific method, this systematic review approach selects all relevant research papers, labels them into groups,
and analyses the pattern in the body of literature. Potentially, many groups of research papers that use models
and metrics compatible for meta-analysis can be identified.

2.1 Identification and Selection of the Literature

Queries were searched on the academic electronic databases Web of Science (WoS) and Scopus (last
access: 21.9.2021). The search query was a combination of the three search terms: “evapotranspiration”,
“remote sensing”, and “uncertainty”, with their common variants used in literature (Table 1).

Table 1. Search terms and variants. Search terms were combined using AND operator and synonyms
were combined using OR operator. The asterisk * was used to included similar terms.
Search terms

< AND >
Variants Evapotranspiration Remote sensing Uncertainty
<OR> Evaporation Remotely-sensed Accuracy
Latent heat Remotely sensed Data quality
Earth observation Variability
Satellite* Reliability
Global ** product Evaluat®
Global ** data* Validat*

The search result was then refined using the available filters of Scopus and WoS. English articles (>99% of
result) which are original research published in scientific peer-reviewed journals were included. Review papers
and other reports such as conference proceedings or theses are not included because they follow different
formats and quality was not assured by a peer-reviewing system. Duplicated records were removed.

2.2 Selection and Quantification of the Literature
The title and abstract of each paper are screened to identify the relevant papers based on the objective
and methodology of the research. The screening process was performed in ASReview software (van de Schoot

et al., 2021), which incorporates a classifier that re-orders the list of records based on the previous selection of
the reviewer. This allowed us to select the most relevant articles from the search result and record our selection
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for a transparent reviewing process. Moreover, the screening does not show authors and affiliation to avoid
personal bias. The screening process stops when finding 50 irrelevant records in a row.

The inclusion criteria are that studies attempted to quantify accuracy or uncertainty of one or more remote
sensing-based diagnostic estimation, models or datasets of terrestrial evapotranspiration. Even when screened
with both abstract and title, fault inclusion still occurs in the abstract-title screening stage. For example, some
studies use a handheld radiometer or field remote sensors or airborne sensors, but only mentioned as ‘remote
sensing techniques’ in abstract and title. Without reading full-text, these papers could not be excluded.
Therefore, final inclusion in the database is decided when reading full-text. Articles for which full-text is not
accessible to the authors were also excluded.

From each original research paper, the items of information about the paper are recorded in a spreadsheet
dataset and it will be classified into categories based on methods, subject of research, and results. In addition,
bibliometrics analysis such as co-author network was conducted using VOSviewer software (Eck and Waltman,
2009).

3. RESULTS
3.1 Studies that Assess Uncertainties in RS-ET

There is an increasing trend in number of studies that have ‘Evapotranspiration’ and ‘Remote sensing’
aspects in title, abstract, and keywords (Figure 1), from 243 to 787 records per year from 2010 to 2021 from
Scopus search results. However, only 50-60% of these studies mentioned keywords of ‘Uncertainty’ aspect.
This percentage did not change considerably with the years. After screening titles and abstracts, we found that
about 11% of these studies in Scopus search results are relevant to the objectives and scope of this review
(635 in total). Research articles were published in 149 journals from diverse disciplines including hydrology,
ecology, meteorology, remote sensing, and agronomy.
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Figure 1. Number of studies on ‘Remote sensing’ and ‘Evapotranspiration’ aspects and the percentage of
studies including ‘Uncertainty’ aspect from Scopus search results.

Figure 2 shows the co-author network of the relevant articles (after abstract-title screening). There are
10number of co-author clusters, defined by the number of studies they collaborated. Each cluster tends to
publish more studies using a certain RS-ET model. For example, Anderson M.C and Kustas W.P. studied mainly
about METRIC model, Senay G.B. studied mainly SSEB/SSEBop, Fisher J. B. studied mainly PT-JPL, Miralles
D.G. studied mainly GLEAM. The cluster of Chinese co-authors have more publications in the recent years (with
average publication year >2015).
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Figure 2. Co-authors network of relevant studies and average year of publication
3.2 Types of Evapotranspiration Estimates

Figure 3 shows the number of studies grouped by application of ET, temporal support, spatial support, and
spatial extent. Most of the reviewed studies estimate ET at daily support and at spatial support (often same as
resolution in RS) of less 500m-5km, which is the spatial resolution of MODIS. The second most used spatial
support is <100m, which is the spatial resolution of Landsat series (30m). This shows the spatial support of ET
estimate depends on the resolution of RS datasets available.
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Figure 3. Distribution of reviewed studies by application, temporal support, spatial support and extent of ET
estimate.

3.3 Sources of Uncertainties and Assessment Methods
Figure 4 shows the number of studies grouped by objective, uncertainty assessment approach, types of

uncertainties and metrics used. Mostly, uncertainty was assessed during model implementation using validation
approach. The most common validation approach was eddy covariance flux and catchment water balance. The
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focus of uncertainty assessment was still mainly focused on compound uncertainty, not the sources such as
input data, spatial support, etc. The most used metric to report uncertainty is Root Mean Square Error (RMSE)
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Figure 4. Distribution of reviewed studies by objective, uncertainty assessment approach, types of
uncertainties and metrics used.

4. DISCUSSION
4.1 Applicability of Uncertainty Assessment Methods

The most common method is validation, which focusses on compound uncertainty and relies on reference
ground-based measurements (analogous to ground-truthing). The most common ground-based reference is
Eddy-Covariance flux measurements. Dealing with different support and uncertainty of reference ground-based
measurements is challenging and there is no consistent method in the reviewed literature. When support of RS-
based estimates is smaller than reference measurements, some studies average values from pixels
approximately within station footprint to account for the different in support (Singh and Irmak, 2011; Mu et al.,
2011). When support of RS-based estimate is larger than the reference, some studies report the model
simulation using ground-based input net radiation data (Miralles et al., 2011). Some studies only mentioned that
the scale mismatch between reference measurement and RS-base estimates (here ‘scale’ is mainly about
‘support’) and the uncertainty of the measurement when discussing the validation result. It is practically
understandable that this information is not always available to researchers if they collect reference data from
other sources. However, without reporting the support and uncertainty of measurements, we might easily have
biased conclusions: when the comparison is good, we conclude that model has good result without questioning
the quality of our reference, but when the comparison is not so good, we conclude that it is because of the
imperfect reference measurements and the model still has good result. Hence, the recommendation for future
research is to always report support and uncertainty of the measurements used for validation.

4.2 Reporting Uncertainty in RS-ET Estimates

The uncertainty of ET estimates is often reported as Root-Mean-Squared-Error (RMSE), where the error
is defined as the difference between estimated values and reference values. The second most used evaluation
metric is the coefficient of determination (R?). This should not be confused with the squared Pearson’ correlation
coefficient (r?) as one shows the determination strength of the model (R?) while the other only shows non-
negative correlation strength between model estimates and reference values (r?). In hydrological modelling, R?
was proposed to evaluate model prediction efficiency (Nash-Sutcliffe, 1970), and it is later called Nash-Sutcliffe
Efficiency (NSE). Some modelers then use the symbol R?to refer to squared Pearson’s correlation coefficient

©2022 TAHR. Used with permission / ISSN-L 2521-7119 5445



Proceedings of the 39th IAHR World Congress
19-24 June 2022, Granada, Spain

(r?), and even call this ‘coefficient of determination’ . This can be misleading about model performance since r?
(correlation) is often closer to the optimal value than R? (determination).

5. CONCLUSIONS

This paper presents a systematic quantitative review of the current methods used to assess uncertainty in
RS-ET estimates. RS-ET assessment has been geographically concentrated in North Asia, North America, and
Europe. Most studies used the validation method, which quantifies the discrepancy between pixel-based ET
estimation with an in-situ estimation. Most validation studies employed Eddy Covariance (EC) flux towers for
reference estimation. In regions where in-situ measurements are limited, many studies use residual of the water
balance as reference. However, few studies considered uncertainty in the reference estimation and mismatch
of spatial and temporal scales. For crop water consumption monitoring, most RS-ET methods have been
reported with high accuracy. However, when upscaling to larger regions including non-crop areas, additional
assessments are required to better inform data users of the quality of RS-ET estimation, including cross-
validation, sensitivity, and uncertainty analyses
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