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Abstract. Evapotranspiration (ET) plays a crucial role in the regional water-energy cycle, illustrating intricate interactions
among climate, vegetation and soil. Eddy covariance (EC) technology is a primary method for measuring ET. However,
data gaps commonly result from adverse weather conditions and equipment malfunctions. This study utilizes the full-
factorial method to address the ET gaps at 339 sites across multiple global flux networks. The filled ET data are then
compared with three ET products: the Land component of the Fifth Generation of European Reanalysis (EAR5-Land), the
Global Land Evaporation Amsterdam Model (GLEAM), and the Breathing Earth System Simulator (BESS). The results
indicate a high level of consistency between the filled ET data and the three ET products at 264 out of the 339 sites. The
absolute average mean error ((MAE]|) is 0.32 mm/d, and the root mean square error (JRMSE]) is 0.92 mm/d. Among the
remaining 75 sites, 49 exhibit better agreement between filled ET and measured ET data than ET products, both in terms
of seasonal variations and numerical ranges. Further verification is required for the reliability of filled ET data at the
remaining 26 sites, due to the limited availability of measured ET data. Overall, the gap-filled ET data from 313 sites (2210
site-years) demonstrate high-quality. These sites exhibit a strong correlation between available energy and turbulent fluxes,
with R?, MAE, and RMSE for different surface types ranging from 0.84 to 0.94, 21.49 to 28.67 W/m=and 28.37 to 36.91
W/m=respectively. The average energy balance closure rate is 0.73, indicating a relatively high degree of closure in the
energy balance. These 313 sites, featuring high-quality filled ET data, can be utilized for ET model validation, ET product
verification, water demand assessment, and other related tasks. The filled ET dataset can be publicly accessed at
https://doi.org/10.57760/sciencedb.11651 (Wang & Jiang, 2024).
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1 Introduction

Evapotranspiration (ET) describes the phase transition of water from liquid to gas at the surface, and plays a central
role in linking the water, energy and carbon cycles (Amani & Shafizadeh-Moghadam, 2023; Zhang et al., 2024). As the
second-largest terrestrial hydrological flux following precipitation, ET returns over 60% of incident precipitation to the
atmosphere and contributes approximately 50% of net surface radiation as latent heat flux (Mu et al., 2011; Rummler et
al., 2019). Tightly integrated with the carbon cycle, ET regulates weather forecasting, agricultural irrigation, and ecosystem
health through the simultaneous control of plant stomatal activities on transpiration and photosynthesis (Aouissi et al.,
2016; Graveline et al., 2024; Li et al., 2021). Therefore, long-term and effective observations of ET are crucial for
advancing our understanding of dynamics in water budget, energy balance, and carbon cycle (Valentn et al., 2023; Zheng
et al., 2023).

Although a plethora of ET products has been developed, each is grounded in distinct algorithms that include empirical
formulas (Bhattarai et al., 2019; Wan et al., 2015), physical models (Long et al., 2014; Wang & Dickinson, 2012), or
machine learning-based methods (Amani & Shafizadeh-Moghadam, 2023; Granata, 2019). These products address various
parameterized issues such as vegetation cover, soil moisture, and atmospheric conditions (Drexler et al., 2004; Koppa et
al., 2022; Basakin et al., 2023; Allen et al., 2011). Regional and global assessments have unveiled significant disparities
among these ET products (Xiong et al., 2021; Wu et al., 2023; Kim et al., 2021; Qian et al., 2023), highlighting the absence
of a universally accepted standard for precise in ET estimation (Zhang et al., 2016; Li et al., 2018; Xie et al., 2024; Tang
et al., 2024; Zhu et al., 2022b; Polhamus et al., 2013; Nkiaka et al., 2022). Consequently, the integration and utilization of
reliable measured ET data for comparative validation becomes a pivotal step toward enhancing the accuracy and credibility
of ET data for applications related to water cycle and energy balance.

The eddy covariance (EC) method, which quantifies latent heat flux, the energy expression of ET, by determining the
covariance among vertical wind speed, temperature, and water vapor mixing ratio over a designated averaging period, is
considered one of the most direct and dependable techniques for flux measurement (Chen et al., 2012). Major global EC
flux networks including FLUXNET, AmeriFlux, OzFlux, EuroFlux, AsiaFlux, and ChinaFlux systematically gather latent
heat flux across more than 1,000 sites characterized by diverse land cover types (Helbig et al., 2021). Nevertheless, the
continuity of these observations is frequently interrupted by several factors including instrument malfunctions, severe
meteorological conditions, and maintenance disruptions. As a result, the complete coverage of ET data obtained from most
flux network sites typically ranges between 65% to 75%, and this issue has been extensively documented (Falge et al.,
2001b; Majozi et al., 2017). For instance , at an EC site located on the southeastern United States coastal plain, the average
nighttime data gap rate is 60% (Kunwor et al., 2017). At the Walker Branch Watershed AmeriFlux site, approximately 22%
of the half-hour daytime ET measurements exhibit data gaps (Wilson & Baldocchi, 2001), while this figure rises to 35% at
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the Duke site (Katul et al., 2001), and remains 20% at the Niwot Ridge site (Monson et al., 2002). These data gaps hinder
detection of shifts in ET, precipitation, and land water availability (Morton, 1983), significantly affecting the accuracy of
water resource management and hydrological models (Talib et al., 2024; Wu et al., 2021), also pose challenges for scientists
in precisely assessing the impacts of climate change on the water and carbon cycles (Govender et al., 2022; Novick et al.,
2022).

Several methods have been developed to fill gaps in EC measured ET, enabling the acquisition of extended and
continuous observational datasets. These methods mainly include the look-up table (Falge et al., 2001b), the statistical filter
(Jarvis et al., 2004), the marginal distribution sampling (Wutzler et al., 2018), the multivariate analysis (Stauch & Jarvis,
2006), the mean diurnal variation (MDV) (Falge et al., 2001a), the marginal distribution sampling (MDS)(Foltynovaet al.,
2020; Yeonuk et al., 2020), and the process-based model (Xing et al., 2008). Although exiting methods offer viable
solutions for filling ET gaps, most lack a robust physical foundation and largely rely on the selection of specific inputs or
possess complex model structures. Furthermore, the required input data for these methods are often difficult to obtain,
which compromises their applicability and reduces their spatiotemporal scalability. For instance, Pastorello et al. (2020)
employed the MDS method to fill gaps in the FLUXNET dataset’s ET observations, based on the assumption that ET
remains consistent under similar meteorological conditions over short intervals (EI-Madany et al., 2018). Nonetheless, the
validity of this method may be compromised by sudden shifts in soil moisture, even under stable meteorological conditions
(Alavi et al., 2006). Moreover, the MDS method faces significant uncertainties when addressing long ET gaps (Zhu et al.,
2022a), which undermines the overall reliability of the FLUXNET dataset. Given the constraints and drawbacks of these
methods, there exists a notable deficiency in the availability of comprehensive gap-filled ET datasets; to our knowledge,
only one such dataset, published by Winck et al. (2023), has been identified. Recently, Jiang et al. (2022) proposed a full-
factorial method based on the physical mechanism of the Penman-Monteith equation, incorporating a full range of
influential factors of the overall ET. The full-factorial method has demonstrated superior logicality and reasonableness in
its underlying mechanisms, surpassing various other gap-filling methods that do not fully incorporate influential ET factors.
Additionally, this approach shows enhanced accuracy in filling gaps on both hourly and daily scales, with a bias range
between 1.9 W/m=and 2.9 W/m=and a root mean square error range between 18.8 W/m=and 25.0 W/m=(Jiang et al.,
2022).

Aiming to compile a comprehensive gap-filled ET dataset, we address the ET data gaps using the full-factorial method
across global flux networks, thereby facilitating the acquisition of high-frequency EC time series data for ET. This study
encompasses the following primary objectives: (1) processing of site data from multiple source flux networks; (2) gap-
filling of ET at each site with the full-factorial method; and (3) verification and comparative analysis of the filled ET data

against three ET products.
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The Full-factorial gap-filling method, which was physically based, was implemented using the decoupled model from

the Penman-Monteith equation (Jiang et al., 2022). This method synthesizes various factors, including atmospheric,

vegetation, and soil conditions, to proficiently simulate the intricate mechanisms impacting ET. The gap-filled ET with

this scheme is described as follows:
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where the subscript ‘obs’ refers to observed values, and ‘gap’ indicates the missing data; B* represents the decoupling
coefficient when ET equals the equilibrium evaporation; A (kPa/K) is the slope of the air temperature—saturation vapor
pressure relation; y (kPa/K) is the psychrometric coefficient; R,, (W/m?) is the net radiation; G (W/m?) is the soil heat flux;
VPD (kPa) is the vapor pressure deficit of air; ra (s/m) is the aerodynamic resistance; Ta (°C) is the air temperature; e
(kPa) is the saturated water vapor pressure; p (kg/md) is the air density; P (kPa) is the atmospheric pressure; R (ki/kg K)
is the ideal gas constant, valued at 0.287; C,, (kJ/kg K) is the specific heat capacity of air, valued at 1.004; ¢ is the ratio of
the specific heat capacities of moist air to dry air, valued at 0.622; A (kJ/kg) is the latent heat of vaporization of water,
valued at 2.45; k is the von K&méan constant, valued at 0.41; u (m/s) is the wind speed; Z (m) is the measurement height
of wind speed (10 m in this study); d (m) is the zero-plane displacement height; z,,, (m) is the roughness length for

momentum transfer; and z,;, (M) is the roughness length for heat transfer.

2.1.2 Gap-Filling schedule

In this study, data on ET and associated meteorological variables from global flux sites are initially reprocessed,
including resampling and quality control, to simultaneously identify the data gaps. Subsequently, reanalysis products are
utilized to fill gaps in the meteorological data from these networks. This step is crucial, as the full-factorial method, which
relies on meteorological variables as input, cannot address ET data gaps when related variables are also incomplete. To
evaluate whether the full-factorial method retains its efficacy in filling ET gaps within datasets that have been filled with
meteorological reanalysis products, specific gaps were randomly created and tested within the measured ET values. Finally,
the full-factorial method was applied to fill these gaps across various sites, and the filled data were compared with three
ET products using diverse evaluation metrics. Sites exhibiting high consistency between the filled data and ET products
were deemed to have high quality filled ET data. For sites with notable discrepancies, the causes were investigated by
analysing the seasonal changes in measured ET, net radiation (Rn), and leaf area index (LAI), alongside the numerical
range of measured ET on a site-specific scale. This analysis aids in further identifying which sites possess high-quality
filled ET data. Additionally, the energy closure ratio and the spatial and temporal distribution of the filled data were
analysed to deepen understanding of their characteristics. Figure 1 illustrates the gap-filling schedule flowchart for this

study.
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133 2.2 Data
134 2.2.1 Evapotranspiration observations

135 ET observations are collected from global flux networks including: AmeriFlux (https://ameriflux.lbl.gov, since 1991,
136  with 444 sites recording data over periods ranging from 1 to 32 years) (Novick et al., 2018); FLUXNET (https://fluxnet.org,
137 since 1991, featuring over 1000 active and historical sites with data time series lengths from 1 to 22 years) (Pastorello et
138 al., 2020); EuroFlux (http://www.europe-fluxdata.eu, since 1996, with 487 sites); OzFlux (https://ozflux.org.au, since 2001,
139 with 34 sites during from 3 to 22 years) (Beringer et al., 2016); ChinaFlux (http://www.chinaflux.org), National Tibet
140 Plateau Data Center (TPDC, https://data.tpdc.ac.cn), and the National Cryosphere Desert Data Center (NCDDC,
141 http://www.ncdc.ac.cn, since 2002, totalling 79 sites with data recording periods from 1 to 23 years) (Pan et al., 2021; Yu
142 et al.,, 2006a, b). These networks and data centres constitute a global database that provides high-quality and long-term
143 observational data. From this resource, we collected half-hourly or daily ET measurements and meteorological data from
144 212 sites within FLUXNET, 195 sites within AmeriFlux, 172 sites within EuroFlux, 22 sites within OzFlux, and 44 sites
145 across ChinaFlux, TPDC, and NCDDC. Al these details are provided in Supplementary Table 1 (S1).

146 2.2.2 Meteorological reanalysis data

147 Meteorological Reanalysis data, including the Land component of the Fifth Generation of European Reanalysis
148 (ERAS5-Land), the Global Land Data Assimilation System (GLDAS), and the Modern-Era Retrospective analysis for
149 Research and Applications Version 2 (MERRA-2) are utilized for gap filling in meteorological data at various sites.

150 Meteorological reanalysis data from ERA5-Land, which offers global coverage at an approximately 9-kilometer
151 resolution with hourly updates, is employed in this study to address missing data in temperature, relative humidity, vapor
152 pressure deficit, atmospheric pressure, net radiation, and wind speed. Ground heat flux data from the GLDAS are utilized
153 to address the gaps in ground heat flux data at EC observation sites. The Catchment Land Surface Model (CLSM), a
154  principal surface models employed by GLDAS, operates with a daily temporal resolution and a spatial resolution of 0.25<
155 The GLDAS CLSM V2.0 spans from January 1, 1994, to January 31, 2003, while V2.2 extends from February 1, 2003, to
156 December 31, 2023, ensuring continuous data coverage from 1994 through 2023. Data from MERRA-2, an advanced
157 global atmospheric reanalysis project initiated by the National Aeronautics and Space Administration (NASA), includes
158 the M2T1INXFLX dataset, specifically designed for surface flux data with a spatial resolution of 0.5°%0.625< This data

159 s used to calculate aerodynamic resistance using Zom data.
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2.2.3 Evapotranspiration products

ET products from the Breathing Earth System Simulator Version 2.0 (BESSv2.0), the Global Land Evaporation
Amsterdam Model (GLEAM), and the ERA5-land are utilized for intercomparison with gap-filled ET. Specially, BESSv2.0
provides ET product with a fine spatial resolution of 0.05<and daily temporal resolution, covering the period from 1982 to
2019. GLEAM v3 consistently maintains high standards in ET flux data accuracy, achieving an average correlation
coefficient ranging between 0.78 and 0.81 against EC measurements. With a spatial resolution of 0.25< it spans from 1980
to 2022 and provides ET on daily, monthly, and annual time scales. ERA5-Land delivers ET products at a spatial resolution

of 9 kilometres and an hourly temporal resolution.

3 Data preprocessing and gap-filling evaluation
3.1 Data preprocessing
3.1.1 Evapotranspiration observations processing

In this study, the processing of ET observations involves data resampling, data fusion, and quality control. ET data
from the EuroFlux, OzFlux, ChinaFLUX, TPDC and NCDDC sites are initially provided on a half-hourly scale. The same
averaging resampling method is applied to resample these data to a daily scale, contingent upon the availability of all 48
half-hourly records within a day. As some sites appear repeatedly across multiple flux networks with varying data length,
data fusion is performed to consolidate these sites. Ultimately, we compiled data from 339 sites with daily measured ET
and associated meteorological variables. Table S1 in the Supplementary Information details the geographic coordinates,
land-cover types (MODIS IGBP) and temporal coverage of these 339 sites. These sites are categorized into various
vegetation types as follows: 138 forest sites (DBF/DNF/EBF/ENF/MF); 33 shrubland sites (CSH/OSH); 87 grass sites
(GRA/SAV/WSA); 46 crop sites (CRO/CVM); 29 wetland sites (WET); and 6 sites of other types (BAR/SNO/URB/WAT).

Figure 2 illustrates the geographic distribution of these sites.
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Figure 2: Distribution of global flux sites by IGBP classification and their data time span.

We performed quality control on observation data from 339 sites, ensuring that variable values fell within reasonable
numerical ranges (as detailed in Table 1), and then assessed the extent of data missingness for each variable (as depicted
in Figure 3). The figure reveals that the average gap percentage for air temperature (TA) is the lowest, at approximately
20%, while for vapor pressure deficit (VPD), it is the highest, exceeding 60%. Relative humidity (RH), atmospheric
pressure (PA), and wind speed (WS) have similar average gap percentages of around 30%. The average gap percentage for
ground heat flux (G) is approximately 40%, and for net radiation (Rn), it exceeds 50%. Similarly, the proportion of gaps
in the ET observations is also very high, reaching 50%. These findings underscore the importance of addressing gaps in

ET and other variables in EC measurements.
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Table 1: Standards for data quality control
Variables Min value Max value Unit
TA -50 50 °C
PA 70 110 kPa
WS 0 20 m/s
RH 0 100 %
VPD 0 5 kPa
Rn -100 700 W m2
G -100 200 W m2
ET -100 700 W m-?
70% -
60% |-
50%
3
= 40% -
<o JR—
s 177
£ 30% |
5 o
<
20% |-
10% -
0% 1 1 1 1 1 1 1 1
TA RH PA WS VPD G Rn ET

Figure 3: Average percentage of data gaps for ET and other meteorological variables.

3.1.2 Gap-filling of Meteorological data

Table S2 outlines the methods for calculating meteorological variables from reanalysis product data. To verify the
accuracy of the reanalysis products, we randomly sampled 10% of the site's measurement data for comparison, as depicted
in Figure 4. The result indicate a high degree of consistency between the measured data for TA, RH, VPD, PA, and Rn and
the calculations based on reanalysis products, with an average coefficient of determination (R% of 0.92. The R? values for
WS, and G are relatively lower, at 0.6 and 0.53 respectively. Nonetheless, the overall accuracy remains relatively high,
with the mean absolute error (MAE) and root mean square error (RMSE) between WS and the measurements being 1.02
m-s and 1.37 m-s™, respectively, and between G and the measurements being 7.84 W/m? and 11.93 W/m?, respectively.

This indicates good accuracy, confirming that and the three reanalysis products were effectively used to fill the gaps in the

meteorological observations at the site scale.
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206 Table 2: Variable information of three meteorological reanalysis products
Products Variables Descriptions
temperature_2m Temperature of air at 2m
dewpoint_temperature_2m Dewpoint temperature at 2m
surface_pressure Pressure of the atmosphere.
ERA5-Land surface_net_solar_radiation_sum Net solar radiation at the surface
surface_net_thermal_radiation_sum Net thermal radiation at the surface
u_component_of_wind_10m Eastward component of the 10m wind.
v_component_of_wind_10m Northward component of the 10m wind.
GLDAS-CLSM Qg_tavg Ground heat flux
MERRA-2 M2TINXFLX Zom Surface roughness

207 3.2 Evaluation of the Gap-filling schedule
208 3.2.1 Modification of the Gap-filling method
209

210

11

To ensure the accuracy of the filled ET partially supplemented with meteorological reanalysis products, we randomly

retained 10% of the actual ET measurements at each site, and then artificially created a 50% gap within this subset to
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211 validate the full-factorial method, as depicted in Figure 5. The analysis identified outliers in the filled ET, primarily caused

212 by instances where the observed net radiation minus ground heat flux corresponding to some of the measured ET are close

213 to zero. These instances result in abnormal ratios of ))"‘"’ thereby affecting the filled ET. Additionally, Figure 5
~Uobs

214 illustrates the validation results of the filled ET data within the 5% to 95% range, demonstrating that the full-factorial
215 method achieves high accuracy in the absence of outliers, with MAE, RMSE, and R=values of 10.95 W/m=217.36 W/m=
216 and 0.86, respectively. To mitigate the impact of anomalous data, the gap-filling method was modified to leverage the
217 median. For each ET gap, all measured ET values and corresponding meteorological variables within the site are considered
218 in the calculation, and the median of all results is used to fill this gap, as outlined in Equation 10.

240000 fd
:E 80
e,
= 160000
-l 0
3
,: N=62183 %
“‘ MAE I\|:)< Wim N
o, I(V_\hl 17.36 W/m*
@ 80 R*-0.86
S 80000 ko 3 % T
N=69093
MAE=28.32 W/m>
RMSE=1274.05 W/m>
0 R2=0.02
0 80000 160000 240000
219 EC measured ET (W/m?)

220 Figure 5: Validation of filled ET using the full-factorial method based on meteorological data gap-filled from reanalysis products.

(10)

221 ETgp = Median {ET

(Rn G)gap gap (A + }/)gap ﬁ:bsi
X X —
(Rn G)obs obs; (A + 7/)0bsi ﬂgap

222 where ET g3 is the median of all calculated ET,

223 the median.

yaps ETops, is the i-th measurement of ET, and Median{...} means taking

224 ET observations from sites featuring diverse land cover types were filtered before a 50% data gap was randomly
225 introduced. The comparison of the gap-filled results with corresponding observations is shown in Figure 6. Across diverse
226 land cover types, the modified method exhibited high precision, with MAE of 6.02~10.87 W/m=Z2RMSE of 13.79~24.60
227 W/m=and R? of 0.84~0.96 for the gap-filled ET compared to the observed ET.

12

suoIssnoasiq



228
229

230

231
232
233
234
235
236
237
238
239

Earth System
Science

Data

https://doi.org/10.5194/essd-2024-291
Preprint. Discussion started: 9 August 2024
(© Author(s) 2024. CC BY 4.0 License.

Open Access

DBF/DNF/EBF/ENF/MF GRA/SAV/WSA CRO/CVM
7 400 2 1320 .
300 " 300 240
“ @ . n
E £ # £
g g g
= 5 200 < 160
B 150 3 B
= ’EI =}
g g g s
Q < 100 &}
od- 2 iN=218766 SUN=119134 R . N
MAE=8.24 W/m? . MAE=8.94 W/m? 0 MAE=10.87 W/m?
RMSE-17.88 W/m’ 0 RMSE=18.32 W/m’ RMSE-24.60 W/m®
- R*=0.89 . R*=0.88 P R*=0.86
0 150 300 100 200 300 400 0 80 160 240 320
EC measured ET (W/m?) EC measured ET (W/m?) EC measured ET (W/m?)
CSH/OSH WET BAR/SNO/URB/WAT
- 400 %
B
240
4 150
300 .-
#
a0 180 & I'n
£ g 7 5
z z z
5 £ 200 g 100
2120 Z b=
= 2 =
g = E
= B =
“ 6 S 100 8 5
N=46075 N=29198 : N=3120
MAF=731 W/m? MAE=6.02 W/m? . MAE=7.19 W/m?
0 RMSE=14.95 W/m® 0 RMSE=14.15 W/m® . RMSE=13.79 W/m®
R=0.84 R3=0.95 0.4 R2=0.96
0 60 120 180 240 0 100 200 300 400 0 50 100 150
EC measured ET (W/m?) EC measured ET (W/m?) EC measured ET (W/m?)

Figure 6: Validation of the filled ET using the modified full-factorial method at diverse land cover types.
3.2.2 Evaluation of gap-filled evapotranspiration

We selected several metrics for evaluating the gap-filled ET, including Mean Error (ME), Relative Mean Error (RME),
Root Mean Squared Error (RMSE), Relative Root Mean Squared Error (RRMSE), Correlation Coefficient (R), and Taylor
Score (TS). The closer the values of ME, RME, RMSE, and RRMSE are to 0, the smaller the deviation between the ET
product and the filled ET; conversely, higher values of R and TS indicate the greater consistency (Egs.11-18) (Elnashar et
al., 2021). We ranked and scored the outcomes of these evaluation metrics based on a comparison between the filled ET
and the ET products at each site. The scores for each metric from each site were then aggregated to compute the total score.
Subsequently, the total scores for each site (Z_Score) were normalized to analyse the consistency and deviation between
the filled ET and ET products. Additionally, we assessed the energy closure condition of the filled ET data using the Energy
Balance Ratio (EBR).
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an

12

(13

(14

(15)

(16

score — score,,
Z.core = o (17

score,,,, — score,;,

EBR = % (18)
n
where n is the number of data; i is the ith filled data; X is the filled ET data; Y is the data from the ET product, and SD is
the standard deviation. R, is the maximum theoretical R value (0.9976) (Taylor, 2001). Score is the sum of the rankings
of all metrics for each site; score,,;, is the minimum scores; score,,,, is the maximum scores. LE (W/m=3is the latent

heat flux; and H (W/m= is the sensible heat flux.

4 Results
4.1 Overall evaluation from comparison between gap-filled ET and ET products

Table 3 presents the evaluation metrics from the overall comparison between filled ET and ET products.

Approximately 80% of sites have total score (Z_Score) values within the range of [0, 0.6). At these sites, the average |ME|
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of the filled ET compared to three ET products is 0.32 mm/d, the average [RMSE]| is 0.92 mm/d, and the average R is 0.79.
This indicates a high consistency between the filled ET data and the three ET products at the majority of sites.

For the 75 sites with Z_Score values in the range of [0.6, 1], the differences between the filled ET data and the three
ET products are significant, with an average |[ME| of 3.07 mm/d, an average |RMSE]| of 5.01 mm/d, and an average R of
0.31. To analyse the discrepancies between the filled ET and the three ET products (ERA5-Land, BESS, and GLEAM) at
these sites, the sites were further categorized based on their performance: sites with filled ET values close to the nearby ET
observations, or exhibiting similar trends in time series trends in ET observations, Leaf Area Index (LAI, from MODIS:
MCD15A3H.061), and R, were categorized as Better Performance Sites; others were categorized as Uncertain

Performance Sites.

Table 3: Evaluation metrics from the comparison between filled ET and ET products

IMEJae  |RMEwve  |RMSE]ave

Z_Score |RRMSE ave Rave TSave Number of sites
(mm/d) (mm/d) (mm/d)

[0-0.1) 0.11 7.02 0.78 47.09 0.92 131 12
[0.1-0.2) 0.17 13.16 0.80 59.11 0.89 1.30 26
[0.2-0.3) 0.26 31.90 0.79 84.86 0.86 141 58
[0.3-0.4) 0.31 37.65 0.91 92.16 0.76 1.33 56
[0.4-0.5) 0.41 70.91 0.96 144.37 0.67 1.35 59
[0.5-0.6) 0.64 86.72 1.25 158.58 0.61 1.25 53
[0.6-0.7) 0.96 170.21 1.62 305.02 0.58 1.13 41
[0.7-0.8) 1.90 185.60 3.15 275.13 0.61 0.77 15
[0.8-0.9) 2.03 250.63 3.29 404.25 0.27 0.45 14
[0.9-1.0] 7.40 259.15 11.97 326.60 -0.23 0.36 5

4.2 Better performance of gap-filled ET
4.2.1 Better performance in temporal variations

Compared to three ET products, the filled ET at six of the 75 sites exhibited distinct seasonal variations, as shown in
Figure 7. The filled ET values are essentially equivalent to the nearby measured ET values, and the differences in temporal
variation trends between the filled ET and the ET products differ across various land surface types.

At crop sites (US-DS3, US-RGB, US-Rgo, and DK-Fou), ET observations clearly demonstrate the significant impact

of the crop growth cycle. The filled ET at each site further mirrors the pattern of ET variations associated with crop growth,
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showing higher ET values during the growth period and lower values during the non-growth period. The filled ET also
align with R, and LAI in their variation trends. Additionally, as these four sites are situated across different latitudinal
zones, the variation in ET underscores the significant impact from climate. For instance, at the US-DS3 site, the maximum
ET approaches 10 mm/d, whereas at the DK-Fou site, it peaks at only 3mm/d. Across all four sites, the three ET products
exhibit similar error characteristics; they estimate ET well during the non-growing season of crops but tend to overlook the
impact of crop growth on ET, particularly at the US-DS3, US-RGB, and US-Rgo sites, where ET is consistently
underestimated during the crop growing season.

Two forest sites, AU-Lox and Collie, labelled as DBF and EBF, respectively, exhibit distinct variations in ET. At Site
AU-Lox, ET data, along with R, and LAI, demonstrate consistent seasonal fluctuations: ET peaks from December to
February and reaches its lowest from June to August, aligning with the tree growth cycle. The three ET products accurately
estimated ET from June to August at this site but significantly underestimated it during other seasons due to an oversight
of seasonal changes and tree growth dynamics. At Site Collie, which experiences two distinct rainy seasons, ET rates
decrease from May to August, where all three ET products fail to capture the impact of the wet-dry season transition on
ET and consistently overestimate it.

The gap-filled ET data at these six sites effectively captured the intricate relationship between ET, vegetation growth,
and seasonal changes, demonstrating the sensitivity of ET to vegetation status and the impact of seasonal variations.
Compared to the three ET products, the gap-filled ET at these sites exhibited higher accuracy and reliability.
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Figure 7-1: Sites with temporal variability differences between the filled ET and ET products.
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Figure 7-2: Sites with temporal variability differences between the filled ET and ET products.
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4.2.2 More consistence with ET observations

Among the 43 out of 75 sites where significant differences exist between the filled ET data and the three ET products,
the filled ET are generally more consistent with the ET observations in their range and seasonal trends (Figure 8 and Figure
1S). Figure 8 highlights some representative sample sites from this group.

At the US-HB3 site, the filled ET demonstrates higher consistency with adjacent ET observations compared to ET
products. While GLEAM effectively simulates the seasonal trends of ET (R=0.96, Table 4), it tends to overestimate ET
(MAE=2.44 mm/d, RMSE=2.70 mm/d) and also records several exceptionally high values. Conversely, although BESS
demonstrates slightly lower accuracy in simulating seasonal trends compared to GLEAM (R=0.88), it exhibits higher
precision, with an MAE of 0.42 mm/d and an RMSE of 0.59 mm/d.

At the US-Tw4 site, the filled ET, when compared with the ET observations from the corresponding years, shows
almost identical extreme values, particularly in maintaining the ET trend through the gap-filling process in 2021. The three
ET products exhibited an underestimation of ET, especially from April to October. Among these, the ERA5-Land product
demonstrates relatively higher accuracy (MAE=-0.72 mm/d, RMSE=1.98 mm/d), while the BESS product more accurately
simulates the ET variation trends with an R of 0.76.

At the CA-Cal site, the filled ET continued to accurately simulate the seasonal trends of ET, further demonstrating
that the full-factorial method maintains high gap-filling accuracy, even with extended gaps. Among the three ET products,
the ERA5-Land and BESS products show seasonal variation similar to those observed in the gap-filled ET and actual ET
observations. In contrasts, the GLEAM product not only has large estimation errors (MAE=1.54 mm/d, RMSE=2.18 mm/d)
but also failed to capture the seasonal variation trend of ET with an R of 0.35.

At the CA-DBB site, the filled ET displays a consistent range with the ET observations whereas the three ET products
exhibit significant overestimations. Among these, ERA5-Land exhibits the lowest accuracy, with a MAE of 1.29 mm/d, an
RMSE of 1.67 mm/d, and an R of 0.48.

Overall, the filled ET across these sites demonstrate range and seasonal trends comparable to those observed in ET

suoIssnoasiq

observations, whereas as the three ET products exhibits variability across diverse geographic locations and vegetation types.

Consequently, we consider the filled ET at these 43 sites to be highly reliable.
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Figure 8: Sites with value range differences between the filled ET and ET products.
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Table 4: Statistical items from comparisons between ET products and ET observations.

Station US-HB3 IT-Cp2 US-Tw4 CA-Cal CA-DBB

ERAS5-Land_ET 1.78 1.22 -0.72 0.59 1.29
MAE

GLEAM_ET 2.44 2.90 -1.50 1.54 0.95
(mm/d) -

BESS_ET 0.42 1.41 -0.98 0.49 0.65

ERAS5-Land_ET 2.27 1.56 1.98 0.93 1.67
RMSE

GLEAM_ET 2.70 3.36 2.47 2.18 1.16
(mm/d) N

BESS ET 0.59 1.68 1.75 0.74 0.86

ERAS-Land ET 0.67 0.57 0.46 0.83 0.48

R GLEAM ET 0.96 0.98 0.32 0.35 0.95
BESS ET 0.88 0.95 0.76 0.91 0.95

4.3 Uncertain performance of gap-filled ET

Uncertainty exists in the gap-filled ET at 22 of the 75 sites, primarily due to the absence of ET observations for
comparison (Figure 9, Figure 2S). Figure 9 presents sample sites and analyses the reasons for their uncertainty. For instance,
at the US-xSJ and ES-LMa, both classified as savannah (SAV), the temporal variation trends of the filled ET are consistent
with those of R,. However, when examining the temporal variation trends of measured ET and LAI, the three ET products
align more closely to them, particularly noting a sharp decline in May each year. This decline is likely due to frequent fire
events at these sites, as noted by Yang et al. (2023), which cause significant changes in LAI. The sharp decrease in LAI
leads to reduced ET, a change not captured by the input variables of the full-factorial method, thus introducing uncertainty
in the filled ET.

At the GL-ZaF and SJ-Adv sites, the temporal trends of the filled ET and ERA5-Land closely align, yet they diverge
significantly from the other two ET products. Given these sites' high-latitude locations and the limited, and clustered
measurements available, the accuracy of the filled ET remains uncertain.

At the ES-Ln2 site, notable differences are observed between the filled ET and the three ET products in terms of their
temporal trends, which exhibit more volatility and align more closely with changes in Rn. The site's maximum LAI of only
0.6 and its minimal temporal trend suggest sparse surface vegetation and, theoretically, low ET (Khosa et al., 2019).
Nonetheless, the reliability of the filled ET requires further verification due to scarcity of ET observations.

At the DK-RIs site, while the filled ET and the three ET products share similar temporal trends, their ranges vary
significantly. The limited availability of ET observation constrains further analysis of the filled ET's reliability. The factors

contributing to the uncertainty in the filled ET at this site mirror those in Figure 2S.
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Among these uncertain sites, the CH-BaA and DE-RuW sites feature only a few days with ET observations,
accompanied by corresponding negative net radiation minus ground heat flux (R, — G),ps values. However, most ET gaps
are associated with positive (R, — G) ap, resulting in predominantly negative values for the filled ET. To mitigate potential
errors in filling ET, we used the absolute values of (R,, — G),ps from measured days to fill the gaps , as depicted in Figure
10. At these two sites, the filled ET consistently matches the seasonal variation trends of the three ET products, Ry, and
LAI, but exhibits a broader numerical range. Given the sparse ET observations, further evaluation is necessary to assess

the reliability of the filled ET at these two sites.
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Figure 10: Sites with special processing to avoid erroneous results.

By comparing the temporal trends and value ranges of the filled ET and the three ET products against the measured
ET, itis evident that, aside from the 26 sites where the reliability of the filled ET requires further verification, the filled ET
at the remaining 313 sites is of high quality (Wang & Jiang, 2024).

4.4 Energy closure of well-performed gap-filled ET

To further assess the reliability of gap-filled ET, we evaluated the energy closure status at 313 sites, integrating Ry,
H, and G data across various surface types and latitudinal zones. Figure 11 illustrates the energy balance closure of the

gap-filled ET across different surface types. The determination coefficients (R?) indicate a strong correlation between
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turbulent fluxes (LE + H) and available energy (Rn — G), with values ranging from 0.84 to 0.94. However, energy

transformation efficiency varies by sites, depending on the underlying surface types. Site with wetland (WET) surface

exhibit the highest energy transformation efficiency (MAE=21.66 W/m= RMSE=28.37 W/m=, while site with forest
(DBF/DNF/EBF/ENF/MF) show the lowest (MAE=28.67 W/m=2 RMSE=36.91 W/m=. Due to the scarcity of sites
categorized as barren (BAR), snow (SNO), urban (URB), and water (WAT), the Energy Balance Ratio (EBR) was not
calculated for these types. overall, the energy balance closure ratios for different land cover types are satisfactory, with an
average EBR of 0.79. In grassy sites (GRA/SAV/WSA), the energy balance closure is optimal, with averaged EBR of 0.84;
conversely, in wetland (WET) sites, it is least effective, with averaged EBR of 0.64.
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Figure 11: Energy balance closure of gap-filled ET across different surface types.

Figure 12 illustrates the energy balance closure of gap-filled ET across different latitude zones. Overall, the EBR

tends to decrease as latitude increases. The correlation between latent and sensible heat fluxes (LE + H) and available
energy (Rn — G) is notably lower in the latitude zones (10,20] and (20,30], with R? of 0.74 and 0.78, respectively. Sites
377 within the latitude zone (70,80] display relatively high energy transformation efficiency (MAE=19.15 W/ m2RMSE=26.12
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378 W/m3. In contrast, sites in other zones show comparable efficiencies, with MAE ranging from 24.34 W/m=30 29.11 W/m=

379 and RMSE ranging from 31.31 W/m=o 37.38 W/m=
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Figure 12: Energy balance closure of gap-filled ET across different latitudinal zones.

4.5 Temporal distribution of continuous ET after gap-filling

The gap-filled ET at each site has been aggregated to annual value to analyse their spatiotemporal coverage. The

dataset encompasses 313 sites, categorized as follows: 131 forest sites, 80 grass sites, 42 crop sites, 32 shrub sites, 25

wetland sites, and 3 sites of other cover types (Figure 13). The duration of data at these sites ranges from 1 to 27 years. For

instance, among forest sites, 41 sites have ET data spanning 1 to 4 years, 35 sites range from 5 to 8 years; 21 sites from 9
to 12 years; 19 sites from 13 to 17 years; and 15 sites have records from18 to 27 years. Similar diversity in the data record

durations is observed across other land cover types.

The spatial distribution of sites across various land cover types reveals notable differences in annual average ET.

Among them, annual average ET at forest sites ranges from 145 to 1259 mm, at grass sites from 143 to 1208 mm, at crop

sites from 71 to 1466 mm, at shrub sites from 88 to 852 mm, and at wetland sites from 53 to 1508 mm. The magnitude of

annual average ET is strongly influenced by climatic zones.
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393 Figure 13f highlights the variations in annual ET at specific sites. Specifically, in Australia, a site with water (WAT)

394 has an annual average ET of 1241mm, with data recorded over 22 years. In the USA, a snow (SNO) site reports an annual

395 average ET of 113mm, with data spanning 8 years. In China, a bare soil (BAR) site features an annual average ET of
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396 231mm, with records covering 5 years.
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5 Discussion

Gaps in ET data obstruct the training and validation of ET models, as well as the accurate analysis of drivers behind
ET changes (Jiang et al., 2024; Niu et al., 2024). Our statistics (Figure 3) indicate that the average gap rate of ET data from
the multi-source flux network exceeds 50%, underscoring the urgency of performing gap filling to compile a continuous
ET dataset. Utilizing site-measured ET and meteorological variables, along with meteorological reanalysis products, we
employed a full-factorial method to fill these gaps, creating a comprehensive gap-filled ET dataset. In our evaluation, we
compare the gap-filled ET with three well-known ET products and find a high degree of consistency at 80% of the sites.
Significant discrepancies were also noted at some sites. Specifically, Section 4.2.1 details how the gap-filled ET data
accurately continued the seasonal variations observed in the measured ET, which the three ET products failed to capture.
In Section 4.2.2, the range of the gap-filled ET data closely matched the observed data, while the three ET products showed
various degrees of overestimation or underestimation. These findings suggest that the full-factorial method effectively
simulate the actual ET process, yielding data that closely align with actual observations.

The full-factorial method utilizes a physics-based model that comprehensively considers factors influencing ET,
including meteorological conditions, vegetation characteristics, and soil state. This method simulates the actual physical
process of ET through an integrated framework. By using the site-measured ET and corresponding meteorological variable
data, along with meteorological data at the time of the ET gap, the filled ET were more accurately estimated. This
integration is key to the method's effectiveness in filling ET gaps.

For some uncertainty noted at some sites, they are stemming from meteorological reanalysis products used to fill gaps
in meteorological data. Although these products generally show good accuracy, as indicated in Figure 4, anomalies persist
at individual sites, leading to reduced reliability of the filled ET at these sites in sections 4.3. Future research should aim
to evaluate the performance accuracy of the meteorological reanalysis products across various sites. Additionally,
comparative analyses of different products may also be necessary to further refine and validate the gap-filling process.

Another source of uncertainty arises from the failure to capture sudden changes in Leaf Area Index (LAI). Although
the full-factorial method incorporates nearly all meteorological variables and uses aerodynamic resistance to reflect
vegetation characteristics, it may not effectively detect rapid LAI declines caused by extreme events such as fires, especially
in areas with sparse vegetation. This insensitivity can lead to significant uncertainties in ET estimates (Hu et al., 2023;
Trebs et al., 2021). For instance, the sudden changes in LAI at the US-xSJ site, as depicted in Figure 9, are likely triggered
by fire events. To enhance the accuracy of ET data filling, incorporating LAI data as an additional input variable will be

considered to better account for the impact of such extreme events.
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When assessing the energy closure for ET data filling, we noted that wetland sites exhibit a relatively lower energy
closure ratio due to their high moisture content, unique vegetation, and complex hydrological characteristics, creating
distinctive environmental conditions that affect ET accuracy (Eichelmann et al., 2018; Wondim & Melese, 2023).
Traditional ET estimation models such as the Penman-Monteith, Penman combinations, and the Priestley-Taylor often
yield unsatisfactory results for wetland (Abtew, 1996; Jacobs et al., 2002). Furthermore, variances in drainage have been
shown to significantly affect ET in wetlands (Wu et al., 2016). Eichelmann et al. (2018) also highlight how land cover
types and structures influence ET in California wetlands. To address these challenges, the full-factorial method will be
refined to include specific environmental variables for wetlands, such as water body coverage and adjusted vegetation
parameters.

The energy closure ratio also exhibits a discernible correlation with latitude, showing a decreasing trend as latitude
increases. This trend may attributed to the heightened complexity of climatic conditions and vegetation responses in higher
latitude regions (Ma et al., 2024; Tang et al., 2024). For instance, despite numerical values of turbulent fluxes closely
resembling available energy at sites within the (70, 80] latitude zone, the average Energy Balance Ratio (EBR) is only 0.2.
This underscores the challenge posed by energy non-closure in high-latitude areas, which is influenced by seasonal
variations, micro-meteorological diversity, radiation transmission uncertainties, and ecosystem adaptability and feedback
mechanisms (Simpson et al., 2019). Therefore, future data-filling strategies should consider latitude influence, particular

in polar or high-latitude areas, by employing different parameters or methods to enhance filling accuracy.

6 Conclusion

In this study, we utilized the full-factorial method to fill ET gaps from 339 sites from multiple flux networks, and
subsequently compared the filled ET at each site with three ET products. Among these sites, 264 demonstrated high
consistency between the filled ET and the ET products, with average absolute mean error (JIME|) of 0.32 mm/d, root mean
square error (JRMSE]|) of 0.92 mm/d, and a correlation coefficient (R) of 0.79. For the remaining 75 sites, we conducted
further analysis using adjacent ET observations and the temporal trends of net radiation (Rn) and Leaf Area Index (LAI):
49 sites showed closer alignment or consistent temporal trends with nearby ET observations, while the remaining 26 sites
require further verification due to issues such as insufficient input data or limited ET observations.

As aresult, 313 sites exhibited relatively high-quality filled ET data, categorized as follows: 131 forest sites, 80 grass
sites, 42 crop sites, 32 shrub sites, 25 wetland sites, and 3 sites of other cover types. Additionally, an energy balance closure
analysis was performed, revealing an average Energy Balance Ratio (EBR) of 0.73 across these sites, indicating satisfactory

energy closure.
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In summary, these 313 sites with high-quality ET data filling offer robust support for ET model developments, ET

product comparisons, climate change research, and other related tasks that require reliable site-specific ET data.

Data availability

Daily evapotranspiration data for 339 global FLUXNET sites, filled with the full-factorial method, are saved in Excel
files named according to the site names. In each Excel file, the column "TIMESTAMP" indicates time, while the columns
"Longitude" and "Latitude" capture the geographical coordinates. The column "IGBP" details the vegetation type at the
site, according to the International Geosphere-Biosphere Programme classification (Abelson, 1986), and the column "LE"
indicates evapotranspiration amount (W/m=3; The column "LE_QC" indicates data quality (0 = measured; 1 = filled). Data
from 313 sites with high-quality filled data is stored in the "Filled Data with High Quality" folder, while data from the
remaining 26 sites is stored in the "Filled Data with Uncertainty” folder. The data are available for download at
https://doi.org/10.57760/sciencedb.11651 (Wang & Jiang, 2024).
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