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Abstract: It is a difficult undertaking to reliably estimate global terrestrial evapotranspiration (ET)
using the Visible Infrared Imaging Radiometer Suite (VIIRS) at high spatial and temporal scales.
We employ deep neural networks (DNN) to enhance the estimation of terrestrial ET on a global
scale using satellite data. We accomplish this by merging five algorithms that are process-based and
that make use of VIIRS data. These include the Shuttleworth-Wallace dual-source ET method (SW),
the Priestley—Taylor-based ET algorithm (PT-JPL), the MOD16 ET product algorithm (MOD16), the
modified satellite-based Priestley-Taylor ET algorithm (MS-PT), and the simple hybrid ET algorithm
(SIM). We used 278 eddy covariance (EC) tower sites from 2012 to 2022 to validate the DNN approach,
comparing it to Bayesian model averaging (BMA), gradient boosting regression tree (GBRT) and
random forest (RF). The validation results demonstrate that the DNN significantly improves the
accuracy of daily ET estimates when compared to three other merging methods, resulting in the
highest average determination coefficients (R?,0.71), RMSE (21.9 W/m?) and Kling—Gupta efficiency
(KGE, 0.83). Utilizing the DNN, we generated a VIIRS ET product with a 500 m spatial resolution for
the years 2012-2020. The DNN method serves as a foundational approach in the development of a
sustained and comprehensive global terrestrial ET dataset. The basis for characterizing and analyzing
global hydrological dynamics and carbon cycling is provided by this dataset.

Keywords: terrestrial evapotranspiration; deep neural networks; VIIRS; random forest; Bayesian
model averaging

1. Introduction

Terrestrial evapotranspiration (ET) is a crucial component in the intricate interplay of
water and carbon exchanges between the hydrological cycle and energy budgets within
terrestrial ecosystems [1]. Estimating terrestrial ET accurately presents challenges due to
the typically greater heterogeneity of land surfaces compared to sea surfaces, compounded
by the uncertainty surrounding intricate biophysical processes [2]. Despite the ability of
networks (e.g., FLUXNET) to monitor ET, the absence of data makes it difficult to reliably
identify large-scale spatiotemporal ET trends [3].

Satellites are widely recognized as the primary approach for generating global ET
products that are distributed in space because they have the ability to accurately measure
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atmosphere and land surface variables in relation to to variations in ET [4]. Numerous
satellite-derived ET products have been accessible since the 1990s, such as the ETMon-
itor ET product (daily and 1 km) [5]; the Global Land Evaporation Amsterdam Model
(GLEAM) version 3 ET product (daily, 0.25°) [6]; the Penman—Monteith-Leuning (PML)_V2
global ET product (8-day, 0.05°) [7,8]; the Global Moderate Resolution Imaging Spectro-
radiometer (MODIS) ET products (MOD16) (8-day, 500 m) [9,10]; the Breathing Earth
System Simulator (BESS) ET product (8-day, 1 km) [11]; the FLUXCOM ET product (8-day,
0.0833°) [12]; and the Global LAnd Surface Satellite (GLASS) ET product Version 5.0 (v5.0)
(8-day, 0.05°/1 km) [13]. These products used individual models except for GLASS and
FLUXCOM ET products. Previous research has demonstrated that the multi-model merging
approach yields superior results compared to any single model when estimating terrestrial
ET [14-16]. Nevertheless, the performance of the FLUXCOM ET product remains uncertain
due to the inherent errors from the FLUXNET sites and in situ observations [17]. Conse-
quently, additional research is required to explore the integration of ET products in order
to achieve accurate ET estimations.

Recently, machine learning-based methods have been used to produce ET products by
merging ET algorithms. For instance, Yao et al. used the support vector machine method
to improve global terrestrial ET estimation by integrating three process-based ET algo-
rithms [18]. Shang et al. merged five satellite-derived products, using extremely randomized
trees to estimate terrestrial ET over Europe [19]. By combining five physical models, GLASS
ET product v5.0, which has a resolution of 1 km and 8-day, was created as a well-known
multi-model ensemble ET product using the deep neural network (DNN) approach [13]. Be-
cause DNN has multiple layers of parameterized differentiable nonlinear modules, trained
via backpropagation to address a wide range of issues with the large accumulation of satel-
lite and ground observation data, it has been widely used recently to upscale ET from the
site to regional scale by relating ground-measured ET to variables derived from satellites
and other meteorological data [20,21].

In addition, studies have been carried out to improve the estimation of global terrestrial
ET by utilizing the DNN technique, which involves combining multiple satellite-derived
ET products. As an illustration, Shang et al. [14] introduced the deep neural network-
based merging ET (DNN-MET) framework to enhance the accuracy of ET. The results
showed that DNN-MET improved ET estimates over the Heihe River Basin (HRB) and
decreased the RMSE by 0.13 to 1.02 mm/day (14-56%) when compared with eight products.
Subsequently, the GLASS ET product has been evaluated and validated, and preliminary
results indicate that it is of higher quality and accuracy than some of the current satellite-
based ET products [22,23]., MODIS has been used as a sensor of the TERRA and AQUA
satellites. However, it has been found that the propellant of the accompanying thruster in
MODIS becomes exhausted. Subsequently, the GLASS ET products are no longer updated
with MODIS products. After 2020, Visible Infrared Imaging Radiometer Suite (VIIRS) was
launched and was widely used to retrieve biophysical parameters for product generation.
To extend the GLASS ET product after 2020, it is urgent to continue to use VIIRS data to
produce ET products.

In the study, we combined five satellite-derived ET algorithms to create a VIIRS ET
product using the DNN method from the research. We are aiming to (1) evaluate VIIRS ET
algorithm which merges five individual ET algorithms using EC sites from 2012 to 2022;
(2) analyze the performance of the DNN in comparison to alternative merging methods
(random forest, gradient boosting regression tree, and Bayesian model averaging) at the site
level; and (3) produce the VIIRS ET product with a 500 m spatial resolution over the period
of 20122022, utilizing VIIRS vegetation and GLASS surface net radiation (R,) datasets, as
well as datasets from Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRAZ2).
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2. Materials and Methods
2.1. In Situ Observations

A total 278 eddy covariance (EC) flux tower sites were used, which can be found
by referring to Figure 1. Data were gathered from various sources, including AmeriFlux
(https:/ /ameriflux.Ibl.gov/, last accessed on 20 July 2023), the FLUXNET (https:/ /fluxnet.
org/, last accessed on 20 July 2023), the ChinaFLUX National Flux Observation Network
(http:/ /www.chinaflux.org/, last accessed on 20 July 2023) and the National Tibetan Plateau
Data Center (TPDC, https://data.tpdc.ac.cn/, last accessed on 20 July 2023). The underlying
surfaces cover ten plant functional types, croplands (CRO), deciduous broadleaf forests (DBF),
deciduous needleleaf forests (DNF), evergreen broadleaf forests (EBF), evergreen needleleaf
forests (ENF), grasslands (GRA), mixed forests (MF), savannas (SAW), shrublands (SHR), and
wetlands (WET). Before aggregating quality-controlled half-hourly EC observations to obtain
daily resolution, we excluded the sensor malfunction data and the incomplete 30 min data
from the raw record for the half-hourly and hourly EC observations from every flux tower,
and we filled the gaps when data were missing or rejected using the lookup table (LUT)
method [24,25]. The Bowen ratio closure method was used to correct the energy imbalance
of the original EC observations [26,27].

180° 60°W 60°E 180°

Figure 1. Spatial distribution of EC flux tower sites across various land cover types. (CRO: croplands,
DBEF: deciduous broadleaf forests, DNF: deciduous needleleaf forests, EBF: evergreen broadleaf
forests, ENF: evergreen needleleaf forests, GRA: grasslands, MF: mixed forests, SAW: savannas,
SHR: shrublands and WET: wetlands, ALL: all land cover types).

ET observations from 278 flux tower sites were collected as target variables, and ET
values extracted from five ET algorithms (MS-PT, MOD16, SW, PT-JPL and SIM) were used
as predictor variables. We assessed the performance of the DNN framework by using a
10-fold cross-validation method. The EC observations were stratified into 10 folds and each
fold contained 10% of the EC observations [28]. Entire EC sites were assorted into each fold.
The EC sites in each fold were evenly distributed in space. The ET values for each of the
10 parts were estimated based on the trained algorithm by using the remaining nine parts.
For each hidden layer in DNN models, we used nodes (2, 4, 8, 16, 32, 64, 128) for random
combinations. To reduce the risk of overfitting, we restricted the hidden layers to three (8, 4,
and 2) and adopted a ‘rectified linear units’ (ReLU) activation function for the hidden layer.
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2.2. Satellite and Meteorological Input to ET Algorithms

In order to assess the performance of ET algorithms across all flux tower sites, we
utilized five process-based algorithms driven by four distinct datasets (Table 1). Specifically,
we used (1) VIIRS vegetation datasets: fraction of absorbed photosynthetically active
radiation (FPAR), leaf area index (LAI), albedo, and normalized difference vegetation
index (NDVI) products with a 1 km spatial resolution and 8-day temporal resolution;
(2) radiation datasets: the daily R, with a 0.05° spatial resolution [29]; (3) daily Modern-
Era Retrospective Analysis for Research and Applications, Version 2 (MERRA?2) datasets:
relative humidity (RH), vapor pressure (e), wind spread (WS), air temperature (T5), soil
moisture (SM), and diurnal air temperature range (DT); and a (4) MODIS dataset: land
cover. The MERRA?2 meteorological data have a spatial resolution of 1/2° x 2/3°. We
calculated daily values of FPAR, LAI, and NDVI by temporally interpolating the 8-day
averages through the application of the linear interpolation method. Furthermore, we
performed a spatial resampling of all MERRA2 and GLASS R,, data at a resolution of 1 km
using the bilinear interpolation method.

Table 1. Summary of the five process-based ET algorithms and forcing input variables.

Forcing Input of the ET Algorithm

ET Algorithm
MERRA2 VIIRS GLASS MODIS
Modified satellite-based Priestley—Taylor ET
algorithm (MS-PT) Ta, DT NDVI Rn
MODIS ET product algorithm (MOD16) Ta, Tmin, € RH FPAR, LA, albedo R, Land cover
Shuttleworth—-Wallace dual-source ET
algorithm (SW) RH, T,, e, SM, WS FPAR, LAI, NDVI Rn
Priestley-Taylor LE algorithm of Jet
Propulsion Laboratory, Caltech (PT-JPL) Ta, Tmax, &, RH FPAR, LAL NDVI Ra
Simple hybrid ET algorithm (SIM) Ta, Tmax, Tmin NDVI Rn

3. Methods
3.1. Process-Based ET Algorithm
3.1.1. Modified Satellite-Based Priestley—Taylor ET Algorithm (MS-PT)

A modified Priestley—Taylor ET method (MS-PT) based on satellites was designed by
Yao et al. [30]. MS-PT divided the total ET into four components: canopy transpiration,
vegetation interception evaporation, unsaturated soil evaporation, and saturated wet soil
evaporation [30]. The MS-PT algorithm utilizes apparent thermal inertia (ATI), which is
determined by the alteration in temperature (Ta, or land surface temperature, LST) over
time in order to substitute RH and vapor pressure deficit (VPD) when computing the SM
constraint, thus bypassing the challenge of satellite-based estimation of RH and VPD for
the PT-JPL algorithm [30]. To simplify the calculation of aerodynamic resistance parameters
like PT-JPL, MS-PT only needs T,, DT derived from MERRA2, R;, from GLASS, and NDVI
from VIIRS as inputs.

3.1.2. MODIS ET Product Algorithm (MOD16)

Mu et al. [10] proposed the MODIS ET product algorithm (MOD16) framework using a
Penman—Monteith (PM) approach. The MOD16 algorithm has effectively been expanded to
produce a MODIS global terrestrial ET dataset based on data inputs, including the leaf area
index (LAI), the fraction of absorbed photosynthetically active radiation (FPAR) retrieved
from MODIS, and global GMAQO meteorological data. The latest MOD16A2 Version 6 global
ET product is an 8-day composite dataset and it has too many missing values, limiting
continuously spatial and temporal predictions. In addition, the other four ET algorithms
employed in this research disregard nighttime ET, unlike the MOD16 ET algorithm, as
the majority of ET takes place during the daytime. To ensure consistency, we utilized the
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MODIS ET algorithm to compute daytime ET, using the average meteorological data for
daytime inputs.

3.1.3. Shuttleworth-Wallace Dual Source ET Algorithm (SW)

Shuttleworth and Wallace [31] introduced the Shuttleworth-Wallace dual-source ET
algorithm (SW), grounded in energy balance theory. The SW algorithm separated ET into
two components: the vegetation transpiration (ETy) and the soil evaporation (ET;). Both
ETy and ET can be estimated using two PM equations when assuming aerodynamic mixing
at an average canopy source height. The theoretical enhancement of this model incorporates
a composite equation that depicts evaporation by considering the controlling resistances
linked with the plants, soil, and water. The equation offers a lucid and conceptually
significant depiction of the transition from a barren surface to a thick foliage cover. The
input parameters consist of WS, T,, RH, SM, and e obtained from the MERRA?2 dataset, as
well as R, obtained from GLASS and VIIRS LAI

3.1.4. Priestley—Taylor-Based ET Algorithm (PT-JPL)

Priestley and Taylor [32] proposed a simplified algorithm for estimating ET by atten-
uating the atmospheric control term in the PM equation and incorporating an empirical
factor, avoiding the complexity of parameterizations of both aerodynamic and surface
resistance. On the basis of this algorithm, Fisher et al. [33] proposed a novel Piestley—Taylor-
based ET equation (PT-JPL). This biometeorological method translates potential ET from
the Priestley-Taylor equation into actual ET without using calibration from intensive field
measurements [33]. The input variables used to calculate PT-JPL included T,, and RH
derived from MERRAZ2; R, derived from GLASS; and NDVI and LAI derived from VIIRS.

3.1.5. Simple Hybrid ET Algorithm (SIM)

Wang and Liang [34] developed a simple hybrid ET algorithm (SIM) based on the
Penman equation that combines R, NDVI, and T,. The previous algorithm did not
adequately take into account the impact of SM [35]. Therefore, Wang and Liang [34]
developed the SIM algorithm, using DT to replace SM in order to further improve ET
parameterization. In order to validate the SIM algorithm, extensive analysis was conducted
using long-term ground measurements from the Atmospheric Radiation Measurement
(ARM)and AmeriFlux sites. The results indicated that the SIM algorithm significantly
improved the accuracy of ET estimation when compared to the previous algorithm. The
input variables included T, derived from MERRAZ2; R, derived from GLASS; and NDVI
derived from VIIRS.

3.2. Machine Learning-Based ET Merging Algorithm
(1) Deep neural networks (DNN)

Hinton and Salakhutdinov [36] developed the deep neural network (DNN) based on
multilayer perceptron (MLP). Compared to MLP, DNN has more layers (ten or more layers)
and more effective nonlinear fitting abilities. DNN uses the backpropagation algorithm to
optimize model parameters, which is the key factor that improves model training efficiency.
DNN's extensive parameterization makes overfitting a major concern. As a result, we
employed the dropout algorithm as a means of preventing overfitting.

(2) Random forest (RF)

Breiman [37] proposed a random forest (RF) model, which is an ensemble learning
algorithm used for classification and regression. The RF model is made up of several deci-
sion trees, with each tree trained using a bootstrap sampling algorithm. For the regression
task, the result of the RF is the average prediction of the individual decision trees. The
RF algorithm, with its ensemble approach, possesses a robust simulation capability and
effectively mitigates overfitting.
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(3) Gradient boosting regression tree (GBRT)

Friedman [38] introduced the gradient boosted regression tree (GBRT). GBRT is a
boosting regression model that comprises an ensemble of decision trees. This model is
constructed in a stage-wise manner and generalizes by optimizing a wide range of loss
functions. GBRT possesses the capability to automatically generate suitable nonlinear
relationships through the ensemble of trees [39]. Furthermore, GBRT effectively mitigates
the issue of overfitting by aggregating numerous weak decision trees. The computational
robustness and high scalability exhibited by GBRT positions it as a superior choice when
compared to a single decision tree [24].

(4) Bayesian model averaging (BMA)

Raftery et al. [40] proposed Bayesian model averaging (BMA), which is a statistical
probability theory. The BMA establishes a probability density function (PDF) for variables
using the weighted average of the individual models’ forecasted probability distributions
after correction for bias, weighted by the posterior probability distribution of the corre-
sponding model. The PDF for ET weights each model by its posterior model probabilities
and uses the average weights of the PDFs for each model, which may reduce the uncertain-
ties in individual models and thus improve ET accuracy [41].

3.3. Evaluation Metrics

To evaluate the different algorithms against ground measurements, we selected the
correlation coefficient of determination (R?) to assess the correlations and adopted the root-
mean-square error (RMSE) and bias to quantify the closeness and differences. Moreover,
we used the Kling-Gupta efficiency (KGE) [42] to evaluate the overall performance because
it incorporates the correlation (r), relative variability ratio (¢) and mean value ratio () to
better understand the mismatches between estimation and observation. The KGE can be
written as Equations (1)-(3), where ¢, and 3, are the standard deviation and mean value of
estimations, respectively, and o, and B, are those of observations. A KGE nearer to 1 results
in improved model performance.

KGE:1—\/(r—1)2+((7—1)2+(,8—1)2, 1)
Oe

‘7:(70 (2)

p=b ®)

4. Results
4.1. Evaluation of Five Processed-Based ET Algorithms and DNN
4.1.1. Validation of Five Processed-Based ET Algorithms

Figure 2 shows that the five algorithms exhibit large discrepancies among the different
land cover types at the flux tower site scale. The PT-JPL algorithm demonstrates the highest
R? (0.61) and KGE (0.75) values for the CRO flux tower sites, while displaying the lowest
RMSE (25.6 W/m?). For the DNF, EBF and GRA flux tower sites, the SIM product has the
highest KGE of more than 0.75 and R? of more than 0.65 (p < 0.01), as well as the lowest
RMSE of less than 26 W/m?, compared to the other ET algorithms. The MS-PT algorithm
has the highest R? (0.76) and KGE (0.78) and the lowest RMSE (20.7 W /m?) for MF flux
tower sites. For the GRA flux tower sites, the MS-PT product exhibits the smallest RMSE
(24 W/m?) and bias (0.6 W/m?). The MS-PT and SIM ET algorithms also exhibit the highest
R? of more than 0.39 (p < 0.01) and KGE of more than 0.45, with a RMSE of less than
17.6 W/m? for both the SAW and SHR flux tower sites. For the ENF flux tower sites, the
SIM algorithm exhibits a smaller RMSE (24.0 W/m?) than the other four ET algorithms. In
contrast, the PT-JPL has the highest RZ (0.61, p < 0.01) and the SIM has the highest KGE
(0.75). According to the KGE (0.79) and RMSE (15.2 W/m?) values, the accuracy of the SIM
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ET algorithm is the better than other four algorithms for all of the DBF flux tower sites,
but the MOD16 has smaller R? (0.76, p < 0.01) values. The SW algorithm demonstrates
the highest R? (0.64) and KGE (0.76) values for the WET flux tower sites, while displaying
the lowest RMSE (22.6 W/m?). Therefore, we conclude that no single VIIRS-derived ET

algorithms can yield the best ET estimation for all land cover types.
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Figure 2. The comparison between five ET algorithms (MS-PT, MOD16, SW, PT-JPL and SIM) and
ground-measured data for different land cover types is depicted through diagrams illustrating the

statistics (RZ, RMSE, Bias, and KGE).

Overall, all five processed-based ET algorithms provided reasonable ET estimations
for all land cover types, with KGE ranging from 0.72 to 0.80, R? varying from 0.60 to 0.65
(p < 0.01), bias varying from —0.3 W/m? to 9.6 W/m? and RMSE varying from 24.3 W/m?
to 27.1 W/m? (Figure 3). In terms of performance, the SIM ET algorithm outperforms
the PT-JPL, MS-PT, MOD16, and SW ET algorithms, exhibiting the highest KGE and R?
values and the lowest RMSE. Compared with the worst-performing SW algorithm, the SIM
reduces the RMSE by 3.4 W/m? and increases the KGE by approximately 0.8 and R? by
0.5. In general, the resistance-based ET algorithms (SW and MOD16) have large biases
due to complex physical mechanisms and accumulated errors due to excessive numbers of
input variables. In contrast, the PT-based ET algorithms (MS-PT and PT-JPL) exhibit higher
accuracies in their ET estimations than the SW and RS-PM products, which is due to their
partitioning of the total ET and the smaller errors present in the required inputs [43]. Due
to the calibration of the SIM ET product using EC ground observations at 15 flux tower sites
spanning various land cover types worldwide, it outperforms the other four ET algorithms

in terms of ET estimations.
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Figure 3. Density scatter plots of the ground-measured ET and 8-day estimated ET from five processed-
based ET algorithms at all 278 flux tower sites.

4.1.2. Validation of the DNN

Considering that none of the VIIRS-derived ET algorithms (DNN) can provide an ET
estimation across all land cover types that is consistently the best, we used the DNN, RF,
GBRT and BMA algorithms to improve the ET estimations by integrating five ET algorithms.
Figure 4 shows the performances of the DNN, RF, GBRT and BMA integration algorithms
when using the 10-fold cross-validation method for all 278 flux tower sites among all sites.
The integration algorithms provide reliable ET estimations, with R? values ranging from
0.66 to 0.71 (p < 0.01), RMSE values ranging from 21.9 W/m? to 23.3 W/m? and KGE
values ranging from 0.79 to 0.83. The best performance for ET estimation is provided by the
DNN algorithm with the highest R? (0.71) and KGE (0.83) values and the smallest RMSE
(21.9 W/m?) value. This is followed by the GBRT, RF and BMA algorithms.
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Figure 5 shows the performances of the DNN, RF, GBRT and BMA integration algo-
rithms when using the 10-fold cross-validation method for different land cover types. The
results indicate that the ET estimated using the DNN algorithm for different land cover
types displays higher R? and KGE and lower RMSE values compared to the GBRT, RF and
BMA integration algorithms. For the SHR flux tower sites, the DNN algorithm provides
better values of KGE of 0.76 and R? of 0.57 (p < 0.01) and a smaller RMSE of 22.1 W/m?
than the other integration algorithms, although it has the worst performance compared to
the other land cover types. For the DNF flux tower sites, the DNN algorithm also exhibits
the best capability among all of the integration algorithms, with the highest KGE of 0.63
and R? of 0.45 (p < 0.01). The DNN algorithm produces highest R? (0.80, p < 0.01) and
KGE (0.85) values, with an RMSE of 14.0 W/m?. This is better than the other integration
algorithms for the DNF flux tower sites, and it exhibits better performance than the other
land types. Similarly, the DNN algorithm also performs better than the other integration
algorithms for the other eight flux tower sites, with an R? ranging from 0.45-0.80 (p < 0.01),
RMSE ranging from 14-23.6 W/m?, and KGE ranging from 0.63-0.85.

Figure 6 shows a time series of the 8-day EC observations and estimated ET from
the DNN integration algorithm along with the individual ET algorithms for ten typical
land cover types. Compared with the individual ET algorithms, the estimated ET obtained
by using the DNN integration algorithm provide obviously seasonal ET curves that are
closest to the EC observations. Overall, the errors in the individual ET algorithms are
approximately 30%, and the errors in estimated ET based on the DNN algorithm in this
study are less than 20%. Therefore, the DNN integration algorithm can be applied to
produce ET products with high accuracies at the global scale.
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Figure 4. Density scatter plots of the ground-measured ET and 8-day estimated ET from different
merging methods at all 278 flux tower sites.
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Figure 5. The comparison between various merging methods (DNN, RF, GBRT, and BMA) and
ground-measured data for different land cover types is depicted through diagrams illustrating the
statistics (RZ, RMSE, Bias, and KGE).
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Figure 6. Time series example of 8-day ET as ground-measured and estimated using different ET
algorithms (including integrated ET algorithms) for ten land cover types.

4.2. Mapping of DNN over the Globe

We demonstrated the reliability of the DNN method via comparison with the other
five satellite-based algorithms. This validation is particularly challenging due to the limited
availability of continuous spatial flux measurements within heterogeneous continental
landscapes. We produced a VIIRS product with a spatial resolution of 1 km and temporal
resolution of 8 days. Figure 7 displays the spatial pattern of average annual terrestrial ET
(2012-2022) for DNN, MOD16, SW, PT-JPL, MS-PT and SIM ET products over the globe.
Equatorial regions, such as the rainforests of Amazon, Ituri, and Harapan, exhibit the high-
est ET for DNN, while high-latitude regions display the lowest ET estimates. The spatial
pattern of DNN during 2012-2022 is comparable to that of the other five ET algorithms. The
DNN-based product yields a global average annual terrestrial ET (excluding Antarctica) of
37.8 W/m?, which is comparable to the simulated ET values reported in the literature.

The spatial difference in the average annual global terrestrial ET (2012-2022) between
DNN and the other five ET algorithms are shown in Figure 8. DNN produces considerably
lower ET values compared to other algorithms in tropical regions, while exhibiting higher
ET values in North Africa and a section of Australia. The variations in ET estimates in these
areas fall within a range of +£8 W/m?. Typically, DNN exhibits minimal spatial disparities
in comparison to SIM. In contrast to SW, DNN produces a considerable disparity in space
between South America and South Africa. In contrast to PT-JPL and MS-PT, DNN exhibits
lower ET values across various regions, such as North Africa, while displaying higher ET
values in northwestern Australia. The dissimilarity in space may be attributed to variations
in the structures of various ET models.
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Figure 7. Spatial pattern of average annual terrestrial ET during 2012-2022 for different ET algorithms.

180° 60°W 60°E 180 180° 60° 60°E  180°

T ,; ~-} =

e Es

- DNN- \ N )
 MS-PT %, - ; 3

180° 60°W 60°E  180°

180° 60°W 60°E  180°
— T VY /2
-12 -6 0 6 12

Figure 8. Spatial differences in the average annual global terrestrial ET (2012-2022) between VIIRS
and the other five ET algorithms.
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5. Discussion
5.1. The Performance of DNN

Validation conducted at 278 EC flux tower sites confirms the reliability and robustness
of the DNN method in integrating five process-based ET algorithms across land cover types.
Figures 4 and 5 both demonstrate that the DNN exhibits negligible bias in ET estimations,
delivering results that are closest to the tower flux data compared with the other three
merging methods.

5.1.1. The Ability of DNN to Estimate ET

By combining five process-based algorithms, we used the DNN method to generate
the VIIRS ET product, which demonstrated its ability to maintain spatiotemporal coherence
and generate dependable and resilient estimation for different land cover types. The
cross-validations conducted on 278 EC flux tower sites revealed that DNN exhibited
superior performance, exhibiting the highest KGE and R? values, while displaying the
lowest RMSE and bias in comparison to other merging methods across different land
cover types (Figures 4 and 5). The DNN method exhibited significant variations across
biomes and yielded superior results for DBF [KGE of 0.85, R? of 0.79 (p < 0.01) and RMSE
of 20.4 W/m?] and DNF [KGE of 0.85, R? of 0.80 (p < 0.01) and RMSE of 14.0 W/m?] in
comparison to other land cover types. This may be due to the fact that the utilization of
vegetation indices or LAI in DNN may account for the seasonal variations in ET for these
vegetation types as the robust seasonal nature of satellite vegetation variables (NDVI, FPAR,
and LAI) can provide precise insights into the seasonal fluctuations in vegetation [43,44].
Numerous prior studies have reported on various satellite-based ET algorithms, such as
the Surface Energy Balance System (SEBS), PT-JPL, and the beta version of MOD16, with
the potential to produce more precise ET estimates for vegetation exhibiting substantial
seasonal fluctuations (e.g., DBF) [9]. Therefore, by merging these individual ET algorithms
that can provide a reasonable seasonality of ET variability, DNN improves the accuracy of
ET estimation. In contrast, for some evergreen forests, such as the EBF [KGE of 0.76, R?
of 0.63 (p < 0.01) and RMSE of 27.2 W/m?], DNN yields a relatively poorer estimate. This
may be attributed in part to the fact that seasonal EBF variation is less evident [44]. When
it comes to CRO, GRA, and SHR flux tower sites, DNN has a tendency to underestimate
ET, whereas it has a tendency to overestimate ET for forest flux tower sites. The limitations
of the individual ET algorithms can be the primary cause of this. The enhancement of
DNN was further validated through a sequence of validations utilizing EC observations.
Generally, BMA showed worse accuracy than the other three methods. The BMA's inability
to effectively fit nonlinear input data may be partly due to the implementation of multilayer
learning [45]. Moreover, the DNN outperforms the GBRT, RF and BMA when it comes
to transforming input data and achieving a depth of tens/hundreds of multiple layers,
resulting in significant time and effort savings [44].

5.1.2. The Uncertainties of DNN Estimate

Although DNN improved the accuracy of ET estimations, there are still uncertainties
and errors in ET estimates, including the data sources, the spatial scale mismatch between
flux tower sites and satellite pixels, and the algorithm structure of DNN [9,46].

The inaccuracies of data sources are predominantly passed down through in situ
measurements, satellite-based observations, and meteorological reanalysis data. Although
EC observations are relatively accurate for ET acquisition, biases of approximately 5-25%
still exist [26]. The EC method’s major drawback lies in its energy imbalance and inability to
detect large eddies. Although we corrected the energy imbalance using a method developed
by Twine et al. (2000) [27], the uncertainties in EC observations remain unclear [47]. Previous
studies showed that MERRA2 meteorological data also contain a large bias when compared
to in situ measurements, and no single reanalysis dataset is superior to others in terms of
meteorological variables in terms of estimating land surface energy budgets [48,49].
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The mismatched spatial scales between in situ measurements and satellite observations
may cause large uncertainties [50,51]. Additionally, we used MERRAZ2 products with a
spatial resolution of 1/2° x 2/3°. These were resampled spatially into 500 m using the
bilinear interpolation method. However, the resolution of MRERRA? is greater than the
footprint for field measurements [48]. Thus, accurate meteorological information for flux
tower sites cannot be acquired due to their coarse spatial resolution and errors in the
bilinear interpolation method [52]. Therefore, the issue of errors caused by scaling effects is
also significant.

Different ET model structures lead to a 20% bias in ET estimation [53]. Despite the
strength of the DNN model, its performance is typically determined by the representation
of training data. The 278 EC sites used in the study are sparsely distributed and cover
limited land surfaces around the world, failing to cover the full globe. The lack of a suffi-
cient quantity of labeled data could lead to DNN displaying an inferior performance [54].
Therefore, the errors in the training samples could lead to the inheritance of uncertainties.
Furthermore, DNN uses numerous hyperparameters as input and requires precise tuning
in order to produce a beneficial learning outcome [55]. Moreover, an excessive number
of disruptive elements could certainly bring about considerable unpredictability in the
process of constructing the model [55].

5.2. Advantages and Limitations of DNN

The DNN model is powerful, and it has distinct advantages. DNN can accurately
approximate the complicated nonlinear relationship between observed EC and ET esti-
mates using multilayer learning, which helps to capture the potential association between
different variables for the spatiotemporal fusion of remote sensing data [56]. Research
has demonstrated that DNN is able to incorporate multiple ecological variables into their
predictions, which could lead to more precise ET estimates [14,56]. Additionally, DNN pre-
serves some physical mechanisms of individual algorithms for producing the individual ET
products and can better simulate ET under extreme conditions than pure machine learning.
This is because fusion models can merge the information provided by different sources to
improve algorithm performance as well as provide a better physical interpretation of the
results to enhance the understanding of ET processes [57].

Nonetheless, DNNs possess comparable limitations to other forms of machine learning
methods. Initially, a DNN’s intricate neural network architecture necessitates a substantial
amount of training data, thus constraining its effectiveness on smaller data sets [58]. How-
ever, DNN would not perform as well if there was not enough labeled data. Furthermore,
the inclusion of multiple ET algorithms with different meteorological inputs in the model,
as well as the possibility of incorporating irrelevant interfering factors and a wide range
of possible configurations, could increase the level of uncertainty associated with model
construction [55]. Typically, deep neural networks necessitate numerous hyperparameters,
and the effectiveness of DNN is heavily reliant on their parameter adjustment, thereby
diminishing the efficiency of ET algorithm generation [54].

6. Conclusions

We used the DNN method to produce VIIRS ET product by merging five satellite-
derived ET algorithms and 278 globally distributed flux towers from 2012-2022. The main
findings are as follows:

(1) There is no single VIIRS-derived ET algorithms that can yield the best ET estimations
for all land cover types.

(2) DNN has spatial consistency and relatively lower uncertainty with the highest R?
(0.71), RMSE (21.9 W/m?) and KGE (0.83) outperformed other merging methods
(RE, GBRT and BMA) and five individual process-based ET algorithms (S5IM, MS-PT,
PT-JPL, MOD16 and SW).
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