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A B S T R A C T

Study region: Continental Africa, encompassing diverse climatic zones—tropical, arid, and tem
perate—and spanning major transboundary river basins such as the Nile, Niger, Congo, Volta, and 
Zambezi River Basins. The region exhibits pronounced hydroclimatic gradients and heteroge
neous land use systems ranging from rainfed croplands and rangelands to dense tropical forests 
and irrigated schemes.
Study focus: Actual evapotranspiration (ETa) is a central component of the terrestrial water bal
ance, governing the redistribution of water and energy between the land surface and the atmo
sphere. Accurate estimation of ETa at continental scale is critical for hydrological monitoring, 
water resource management, and climate adaptation, as well as for quantifying water, energy, 
and carbon fluxes that underpin sustainable development. In this study, we applied the agro- 
hydrologic VegET v2 model to simulate a new, high-resolution, continental-scale ETa dataset 
for Africa (2000–2021). The model results were benchmarked against four widely used remote 
sensing-based products—MODIS16 v6.1, SSEBop v6.1, WaPOR v3, and GLEAM v4.1a—across 
major climate zones, land use types, and River Basins, providing a comprehensive multi-product 
evaluation of evapotranspiration dynamics across the continent.
New hydrological insights for the region: Validation against eddy covariance flux tower observations 
at eight representative sites confirmed that VegET v2 accurately reproduces the seasonal dy
namics of observed ETa, achieving a correlation (r) of 0.8 and an RMSE of 25 mm 
month⁻¹ —accuracy that is comparable to or higher than accuracies of satellite-based products 
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MODIS16, SSEBop, and GLEAM. This study represents one of the first Africa-wide hydrological 
simulations of ETa, extending the VegET model beyond basin-scale applications. In
tercomparisons reveal that VegET aligns closely with MODIS16, SSEBop, and GLEAM in humid 
and tropical regions (r = 0.80–0.90; RMSE < 20 mm month⁻¹), while greater discrepancies appear 
in arid and semi-arid zones, where WaPOR tends to overestimate ETa (RMSE ≥ 28 mm month⁻¹). 
Despite these differences, VegET effectively captures spatial and temporal ETa variability across 
rainfed croplands, forests, and savannas, supporting its utility in regional water balance assess
ments, water accounting, and drought monitoring. A key application of VegET v2 is the Evapo
transpiration Deficit Index (ETDI), derived by integrating VegET-based ETa with potential 
evapotranspiration (PET) to quantify water stress. ETDI successfully captured major drought 
episodes across Africa, including persistent Sahelian and southern African dry spells, the 
2020–2021 winter drought in the Maghreb, and the 2018–2019 austral summer drought in 
southern Africa, while identifying positive anomalies over central Africa indicative of recurrent 
wetness. These results underscore VegET’s capability as a hydrologically consistent, operational 
tool for continental ETa monitoring and drought assessment, offering support for basin-scale 
water balance studies, food security planning, and climate resilience across Africa’s diverse hy
drological environments.

1. Introduction

Actual evapotranspiration (ETa) is a central component of the terrestrial water balance that directly controls partitioning of 
precipitation into soil moisture, groundwater recharge, and river discharge (Bayat et al., 2021; Pokorny, 2009). Beyond its hydro
logical role, ETa links the water, energy, and carbon cycles (for more detail, refer to (Katul et al., 2012)), influencing atmospheric 
dynamics and ecosystem productivity. Water vapor released through ETa also acts as a greenhouse gas, making ETa a sensitive 
diagnostic variable for climate change (Wang and Dickinson, 2012). Globally, terrestrial ETa accounts for approximately 70% of 
precipitation (Oki and Kanae, 2006; K. Zhang et al., 2016), and in Africa, nearly 50% of annual rainfall originates from land-surface 
transpiration (Te Wierik et al., 2022, Van Der Ent et al., 2010), underscoring the central role ETa plays in regional hydrological cycles 
(Werth and Avissar, 2004). In most African catchments, ETa represents the largest consumptive use of rainfall, often exceeding 70% of 
annual precipitation (Blatchford et al., 2020; Fuentes et al., 2024; Kiptala et al., 2013; Weerasinghe et al., 2020). Accurate 
continental-scale estimation of ETa is therefore essential for hydrological monitoring (Velpuri et al., 2013a; Xu and Singh, 2005), water 
resources management, and climate adaptation (Hssaine et al., 2018; Vinukollu et al., 2011).

Despite its importance, ETa is inherently difficult to measure and predict at large spatial scales (Zhang et al., 2016) due to complex 
interactions at the soil–vegetation–atmosphere interface. Under- or over-estimation of ETa propagates directly into errors in river 
discharge projections (Thompson et al., 2014), compromises agricultural drought monitoring that depends on ET-based indices 
(Narasimhan and Srinivasan, 2005), and distorts water balance assessments that underpin regional water resource planning (Bo et al., 
2011; Jin et al., 2009). ETa also affects groundwater recharge (Jin et al., 2009; Pool et al., 2021) and soil moisture dynamics (Dong 
et al., 2020; Huang et al., 2021) with direct implications for agricultural productivity (Blatchford et al., 2019) and environmental 
sustainability. In agriculture, ETa governs crop water requirements and irrigation scheduling (Nagappan et al., 2020), while at 
landscape scale, ETa is an indicator of ecosystem health and carbon sequestration (Lan et al., 2021; Liu et al., 2024; Yang et al., 2021; 
Zhao et al., 2022). Variations in ETa can signal changes in vegetation cover, land use, and climate conditions (Akpoti et al., 2016), 
making ETa an essential climate variable for environmental monitoring (Bayat et al., 2021).

Remote sensing offers a unique capacity to monitor ETa over vast and heterogeneous landscapes where ground-based measure
ments are sparse or absent, a condition that characterizes much of Africa (Glenn, Neale, et al., 2011). These techniques integrate 
visible, near-infrared, and thermal-infrared spectral bands to retrieve parameters such as vegetation indices, surface temperature, and 
albedo, from which ETa can be estimated (Zhang et al., 2016). Sensors including the Moderate Resolution Imaging Spectroradiometer 
(MODIS), the Visible Infrared Imaging Radiometer Suite (VIIRS), Landsat, and Sentinel-2 provide spatially explicit and temporally 
continuous ETa estimates at varying resolutions (Guerschman et al., 2022). Building on these observations, energy-balance models 
such as the Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen, 2000) and Mapping EvapoTranspiration at high 
Resolution with Internalized Calibration (METRIC), Allen et al., (2007) further constrain ETa by incorporating thermal infrared data.

When validated against eddy covariance (EC) flux tower measurements—widely regarded as the benchmark for ETa eval
uation—remote sensing products typically achieve accuracies within 15 to 20% (Chen et al., 2009) or 11 to 14% in some studies (Ha 
et al., 2015). However, the reliability of these validations is itself constrained by well-documented limitations of EC data, including 
energy-budget non-closure of 10 to 30% (Glenn et al., 2010) and the restricted spatial footprint of tower measurements, which 
typically cover fetches of 100–1000 m (Vinukollu et al., 2011). Moreover, the accuracy of remote sensing-based ETa models depends 
on the quality of ground-based calibration data because errors or biases in reference measurements propagate into model parame
terization and ultimately into ETa estimates (Glenn et al., 2010; Ha et al., 2015). Despite advances in satellite technology—such as 
MODIS Collection 6 (Wan, 2014; Wan et al., 2021), VIIRS (Justice et al., 2013; Hulley and Hook, 2018), and Sentinel-2 (Drusch et al., 
2012; European Space Agency (ESA), 2021)—that have improved spatial and temporal resolution, remote sensing-based ETa models 
remain sensitive to cloud cover, which limits observation frequency in tropical and cloud-prone regions (Awada et al., 2022). Inte
grated approaches combining remote sensing with surface energy balance and soil moisture modeling have been proposed to construct 
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continuous ETa time series under such data-limited conditions (Awada et al., 2024).
Given the availability of multiple ETa estimation methods (Zhang et al., 2016), systematic intercomparison of algorithms and 

products is essential for understanding the strengths and limitations of each approach across diverse climatic and land cover condi
tions. While remote sensing approaches provide critical spatial coverage, they are primarily diagnostic and rely on empirical or 
energy-balance relationships. Hydrological models, in contrast, explicitly account for soil water storage, precipitation inputs, and 
vegetation phenology in simulating ETa, thereby offering complementary value for water balance analysis and drought monitoring. 
Continental-scale hydrological simulations of ETa remain rare in Africa (Trambauer et al., 2013), where most VegET applications to 
date have focused on the U.S. (Senay, 2008; Senay et al., 2011; Velpuri et al., 2013) and the Horn of Africa (Senay et al., 2023).

At the global scale, several reviews and intercomparisons have highlighted both the progress and persistent limitations of existing 
ETa products. Tang et al., (2024) reviewed 25 global ETa datasets and found that remote sensing-based and hybrid products generally 
outperform reanalysis-based estimates, though significant inter-product variability persists due to differences in spatial resolution, 
temporal coverage, and underlying algorithms. Zhang et al., (2016) similarly underscored persistent uncertainties arising from model 
parameterization and reliance on ground-based calibration data, noting that different models yield varying results depending on 
climatic and land cover conditions. To address these challenges, multi-model comparisons have become indispensable. Vinukollu 
et al., (2011) evaluated process-based models including SEBS, PM-Mu, and PT-Fi using NASA Aqua satellite inputs, highlighting the 
strengths of energy-balance approaches but also the sensitivity of models like SEBS to simplistic assumptions. Velpuri et al., (2013a) 
compared MODIS16 and SSEBop across the conterminous United States and demonstrated that SSEBop’s integration of thermal data 
increased accuracies of estimates in forested regions and varying climate zones, with uncertainties ranging from 15 to 30% at basin 
scales. Studies using two-source energy balance and vegetation-index approaches have further demonstrated that dynamic models 
incorporating stomatal resistance or crop-coefficient relationships outperform simpler vegetation-index-only methods, which fail to 
adequately capture moisture stress conditions (Gonzalez-Dugo et al., 2009; Ha et al., 2015). Pôças et al., (2020) confirmed the utility of 
spectral vegetation indices such as the Normalized Difference Vegetation Index (NDVI) and Soil Adjusted Vegetation Index (SAVI) for 
correlating with crop coefficients in irrigation management, despite limitations in cloud-prone regions. However, the consistent un
derestimation by MODIS ETa products remains a concern requiring further refinement (Gonzalez-Dugo et al., 2009; Ha et al., 2015). 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) MODIS Reflectance Scaling Evapotranspiration (CMRSET) 
(Guerschman et al., 2022) offer flexible alternatives by integrating data from multiple satellite platforms. Collectively, these findings 
underscore the need for comprehensive multi-product evaluations, particularly in data-scarce regions like Africa (Tang et al., 2024), 
where such assessments are essential to improving ETa estimation accuracy and informing effective water resource management 
(Wang and Dickinson, 2012).

Several studies have evaluated ETa models and products across Africa, revealing substantial spatial and temporal variability driven 
by the continent’s diverse climates and landscapes. In West Africa, Adeyeri and Ishola, (2021) analyzed ETa trends using Global Land 
Evaporation Amsterdam Model (GLEAM), CSIRO Penman-Monteith Leuning (PML), and FLUXNET-MTE products and found signifi
cant inter-product differences across ecological zones, with rainfall identified as the primary driver of ETa variability in semi-arid 
regions like the Sahel. Jung et al., (2019a) further investigated ETa uncertainties in West Africa and showed that land surface 
model parameterization contributed over 90% of total uncertainty in humid zones, emphasizing the need for improved modeling 
approaches in data-scarce regions. At continental scale, Trambauer et al., (2014) documented notable discrepancies among PCRaster 
Global Water Balance (PCR-GLOBWB), ERA-Interim, and MOD16, particularly in arid and semi-arid regions where input data vari
ability and model uncertainties are most pronounced. Sun et al. (2012) combined The MODerate resolution Imaging Spectroradi
ometer (MODIS) and The Spinning Enhanced Visible InfraRed Imager (SEVIRI) data to increase accuracies of daily ETa estimates across 
Africa but found that satellite-based estimates underestimated ETa by 13 to 35% during wet periods, illustrating the difficulty of 
achieving accurate measurements across diverse climatic conditions. In sub-Saharan and East Africa, Marshall et al. (2013a) 
demonstrated increased accuracies from integrating remote sensing with land surface models in humid regions but identified persistent 
difficulties in semi-arid areas where traditional models often face challenges (Dile et al., 2020). Kiptala et al., (2013) showed that 
SEBAL, when integrated with ground-based meteorological data, provided more accurate ETa estimates than MODIS16 in the upper 
Pangani River Basin, especially during dry periods. Across South Africa, Majozi et al. (2017) conducted an intercomparison of 
satellite-based daily ETa estimates and found that no single model consistently outperformed others across all biomes and seasons, 
with significant underestimations during wet periods. Dzikiti et al. (2019) evaluated the Penman-Monteith based MODIS16 and the 
modified Priestley-Taylor (PT-JPL) in seasonally arid ecosystems and confirmed that both performed adequately primarily during 
periods of severe water stress. These studies collectively reveal the persistent challenges in estimating ETa accurately across Africa’s 
varied landscapes and highlight the need for comprehensive multi-product and multi-model evaluations across major basins, land use 
classes, and climate zones.

The VegET model (Senay, 2008; Senay et al., 2023) is a large-scale agro-hydrological model that estimates ETa through a daily 
soil-water balance approach. It uses NDVI-derived landscape crop coefficients (Kcp) to represent vegetation water demand without 
requiring a land cover map or site-specific crop coefficients. A soil water stress function (Ks) modulates ETa based on root-zone 
moisture availability, ensuring that estimates are dynamically constrained by precipitation inputs and soil storage capacity. Unlike 
purely remote sensing-based ETa products that rely on empirical or energy-balance relationships, VegET’s hydrological foundation 
provides explicit linkages between precipitation, soil moisture, and evapotranspiration, making it well suited for basin-scale water 
accounting and drought monitoring.

Building on this background, we applied and calibrated the enhanced VegET v2 at the scale of the entire African continent 
(2000–2021). This represents one of the first continental-scale hydrological simulations of ETa for Africa and moves beyond basin-level 
applications using VegET, thus provides a basis for intercomparison with existing remote sensing ETa products and a hydrologically 
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grounded dataset for continental water balance analysis.
The main objectives of this study are to: (i) apply and evaluate VegET v2 to simulate continental-scale ETa for Africa (2000–2021) 

and validate it against eddy-covariance (EC) flux-tower observations across representative ecosystems; (ii) benchmark VegET v2 
against four widely used remote sensing-based ET products—MODIS16 v6.1 (Mu et al., 2011), SSEBop v6.1 (Senay et al., 2013, 2022), 
WaPOR v3 (FAO and IHE Delft, 2019), and GLEAM v4.1a (Martens et al., 2017; Miralles et al., 2011) —through systematic inter
comparison across major river basins, land-use classes, and climate zones; and (iii) demonstrate the suitability of VegET v2 for 
operational drought monitoring using the Evapotranspiration Deficit Index (ETDI). Through the combination of modeling, validation, 
intercomparison, and drought applications, this research advances the understanding of evapotranspiration dynamics in Africa and 
strengthens the basis for basin-scale water accounting, agricultural planning, and climate adaptation strategies.

2. Materials and methods

This study applies the VegET v2 model (Senay et al., 2023) across the entire African continent to generate spatially explicit, daily 
ETa estimates for the period 2000–2021. The implementation builds on recent continental-scale hydrological applications of VegET 
within Africa (Akpoti et al., 2024), but here we focus specifically on the ETa component and its evaluation. The detailed model 
description, including root-zone soil moisture dynamics and water balance partitioning, is presented in Section 2.4.

2.1. Study area description

The study area encompasses the entire African continent, characterized by a wide range of climatic zones, major river basins, 
diverse land use patterns, and significant cropland areas. Accurately estimating ETa across Africa is complicated by pronounced 
climate variability that ranges from hyper-arid Saharan conditions to humid equatorial forests with highly heterogeneous land cover, 
and a persistent scarcity of ground-based hydrometeorological observations (Weerasinghe et al., 2020; Trambauer et al., 2014). The 
continent is divided into multiple Köppen-Geiger climate zones (Fig. 1a), ranging from tropical (Af, Am, Aw) to arid (BWh, BWk) and 
temperate (Cfa, Cfb) (Beck et al., 2018). These zones significantly influence evapotranspiration processes due to variations in tem
perature, humidity, and precipitation patterns. The tropical regions, for example, are characterized by high temperatures and hu
midity, resulting in higher ETa while the arid regions exhibit lower ETa due to limited water availability. The study focuses on 10 major 
River Basins across Africa, including the Nile, Niger, Congo, Volta, Senegal, Chad, Okavango, Zambezi, Limpopo, and Orange River 
Basins (Fig. 1b). These basins are relevant for understanding regional water balances because they represent diverse hydrological 
conditions, from the humid tropics of the Congo River Basin to the arid conditions of the Chad River Basin. The comparison of ETa 
across these basins helps in understanding the spatial variability of water availability and usage across the continent. Land use and land 
cover (LULC) across Africa are highly heterogeneous, with major categories including forests, shrublands, grasslands, and croplands 
(Fig. 1c). Croplands are further categorized into rainfed and irrigated systems (Fig. 1d). The distinction between rainfed and irrigated 
agriculture is important for ETa estimation because irrigation significantly alters the water balance and evapotranspiration rates. 
Understanding how different land cover types, especially croplands, influence ETa is key for effective water resource management, in 
water-scarce regions.

2.2. Data Sources and Spatio-Temporal Characteristics

When applied across the entire African continent, VegET version 2.0 integrates various datasets including precipitation, reference 
evapotranspiration (ETo), land surface phenology (LSP), and soil properties (detailed in Table 1). Building on the findings from a prior 
comprehensive evaluation of satellite and reanalysis of rainfall products over Africa (Mekonnen et al., 2023), we selected the Climate 
Hazards Group InfraRed Precipitation with Station Data (CHIRPS) dataset (Funk et al., 2015) for this study. The model derives its LSP 
data from MODIS NDVI, provided by NASA’s Land Processes Distributed Active Archive Center (LP DAAC) (Didan, 2015). We 
computed a daily median NDVI for the years 2003–2017, using linear interpolation from the 8-day composite data of the Aqua and 
Terra satellites. Reference ETo data was sourced from NOAA (Hobbins et al. 2023). The interception fraction layer in the model was 
developed using the MODIS Vegetation Continuous Fields (VCF) (Hansen et al., 2003), which estimates interception as a function of 
tree, herbaceous, and bare ground coverage in each pixel, following Eq. 1 as outlined in (Senay et al., 2023): 

Interception = 0.15 × Tcover+0.1 × Hcover (1) 

Here, Tcover represents the percentage of tree cover, assigned a maximum interception value of 15% based on published canopy 
interception studies for tropical and subtropical forests (Miralles et al., 2011; De Groen, Savenije, 2006). Hcover represents herbaceous 
cover with a maximum interception of 10%, consistent with values reported for grasslands and croplands (Senay et al., 2023; Gerrits 
et al., 2010). Bare ground does not contribute to interception. Soil data used to generate layers for Water Holding Capacity (WHC), 
Field Capacity (FC), and Porosity (POR) were obtained from the International Soil Reference and Information Centre (ISRIC) through 
their Soil Data Hub (Batjes, 2005). The POR layer was specifically used to determine saturation (SAT) levels in the model. To convert 
these raster data from a volumetric percentage (m³/m³) to depth (mm) per meter of the root-zone, we applied a conversion factor of 10 
(Senay et al., 2023). Moreover, SAT values were calibrated to ensure they did not fall below the FC thresholds. ETo datasets were also 
transformed from their original NetCDF format into GeoTiff format for use in the model.

Table 2 summarizes the characteristics of the four remote sensing-based ETa products used as benchmarks in this study. SSEBop 
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Fig. 1. Overview of the study area for ETa comparison across Africa. (a) Köppen-Geiger climate classification showing the diverse climatic zones across 
the continent, with data obtained from (Beck et al., 2018). (b) Selected major river basins used for ETa comparison, highlighting the Nile, Niger, Congo, 
Volta, Senegal, Chad, Okavango, Zambezi, Limpopo, and Orange Basins. (c) Land use and land cover (LULC) map illustrates the distribution of various 
vegetation and land cover types, including forests, shrublands, grasslands, and croplands, based on WaPOR v2 2021 land use data. (d) Focus on cropland 
distribution, distinguishing between rainfed and irrigated agricultural systems, for understanding regional ETa dynamics. This cropland distribution is 
obtained from (Owusu et al., 2024) cropland disaggregation assessment. For the climate zones legend: Af = Tropical, rainforest, Am = Tropical, 
monsoon, Aw = Tropical, savannah, BSh = Arid, steppe, hot, BSk = Arid, steppe, cold, BWh = Arid, desert, hot, BWk = Arid, desert, cold, Cfa 
= Temperate, no dry season, hot summer, Cfb = Temperate, no dry season, warm summer, Csa = Temperate, dry summer, hot summer, Csb 
= Temperate, dry summer, warm summer, Cwa = Temperate, dry winter, hot summer, Cwb = Temperate, dry winter, warm summer, Cwc = Temperate, 
dry winter, cold summer. For the land use legend: Shr = Shrubland, Gras = Grassland, RainC = Rainfed/Fallow Cropland, IrriC = Irrigated Cropland, 
Bup = Built-up, BarV = Bare/Sparse Vegetation, WaB = Water Bodies, EvCF = Evergreen Closed Forest, DMCF = Deciduous/Mixed Closed Forest, UTC 
= Unknown Tree Cover, OpF = Open Forest.
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v6.1 (Senay et al., 2023) estimates ETa by combining VIIRS thermal imagery with predefined reference temperature differences, 
operating at 10-day temporal and 1-km spatial resolution. MODIS16 v6.1 (Mu et al., 2011) applies the Penman-Monteith equation 
using MODIS vegetation indices and meteorological reanalysis data at 500-m resolution. WaPOR v3 (FAO and IHE Delft, 2019), uses 
the ETLook model with satellite thermal and optical data, providing ETa at 300-m global and 100-m Africa-specific resolutions. 
GLEAM v4.1a (Martens et al., 2017; Miralles et al., 2011) combines satellite observations with the Priestley-Taylor equation at 0.25◦

resolution. All products provide continental-scale coverage with varying spatial and temporal resolutions, as detailed in Table 2.

2.3. Eddy covariance data

For validation, we used eddy covariance (EC) flux tower measurements of latent heat flux (LE) from FLUXNET and complementary 
regional networks (Table 3). Eight sites were selected across major ecological zones in Africa: Dahra (Senegal), Ankasa, Kayoro, and 
Sumbrungu (Ghana), Demokeya (Sudan), Mongu (Zambia), Nazinga (Burkina Faso), and an irrigation site in Tunisia, spanning forests, 
savannas, croplands, and irrigated systems. The dataset consists of monthly aggregated LE fluxes covering periods between 2007 and 
2021, harmonized across sites and filtered for data quality following standard FLUXNET protocols.

2.4. Overview of VegET modeling framework

The VegET model, a large-scale agro-hydrological model (Fig. 2), functions as a bucket-type model (Senay et al., 2023). Soil 
moisture (SM) simulations start with initial levels set to zero, followed by a stabilization or spin-up period lasting one year. For 
simulations covering 2000–2021, the year 2000 is used as the spin-up period. The model's handling of soil water storage is dictated by 
the physical characteristics of the soil, with soil properties derived from ISRIC's gridded datasets for Africa (ISRIC; (Batjes, 2005), as 
detailed in Table 1). In this model, soil porosity (POR) represents the saturation level (SAT), while the field capacity (FC) indicates the 
maximum amount of water that the soil can retain for plant use. The permanent wilting point (WP) marks the threshold below which 

Table 1 
Summary of data used in this study.

Parameters Spatial 
Resolution

Temporal Resolution Reference

Precipitation: CHIPRS 0.05 
◦

Daily; 1981—current CHIRPS (Funk et al., 2015)

Land Surface Phenology 1 km Every 8 days (Aqua and Terra); 
2003–2017

MODIS NDVI (Didan, 2015)

Reference 
Evapotranspiration

0.625◦

x 0.5 
◦

daily; 1980-present NOAA ETo (Hobbins et al. 2023)

Soil Properties 250 m Static ISRIC (Batjes, 2005)
Interception 250 m Static MODIS Vegetation Continuous Field (VCF) (Hansen et al., 

2003)

Table 2 
Remote sensing ETa products characteristics.

ET Products Major Characteristics of Model Spatio-temporal availability Reference

MODIS16 
v6.1

Global ET estimation using the Penman-Monteith equation, 
integrating MODIS-derived vegetation indices and 
meteorological data at 500 m resolution. Provides 8-day 
and annual ETa composites since 2000.

Global coverage, 8-day, and annual composites from 
2000 to present at 1 km spatial resolution

(Mu et al., 2011)

SSEBop v6.1 Simplified surface energy balance model estimates actual ET 
by predefining temperature differences between "hot" and 
"cold" reference conditions for each pixel. Version 6.1 
introduces the Forcing And Normalizing Operation (FANO) 
algorithm to establish a dynamic wet-bulb boundary 
condition, enhancing model accuracy across diverse 
landscapes and seasons, and utilizes ET fractions derived 
from VIIRS thermal imagery updated every 10 days to refine 
spatiotemporal ETa estimates

Global coverage, monthly since 2012 (version6) at 1 km 
spatial resolution

(Senay et al., 2013, 
2022)

WaPOR v3 Remote sensing-based ETa estimation using the ETLook 
model. Version 3 introduces higher spatial resolution by 
switching from MODIS to VIIRS for thermal infrared data, 
enhancing land surface temperature (LST) detail to 375 m, 
and incorporates a thermal sharpening method to improve 
ETa accuracy across diverse scales

Africa and Near East, decadal, seasonal, monthly, and 
annual data from 2009 to present for at 250 m, 100 m, 
30 m for version 2. Version 3 starts from 2018, at 300 m 
resolution, with higher resolutions of 100 m for Africa 
and the Near East and 20 m for specific irrigation areas.

(FAO and IHE Delft, 
2019)

GLEAMv4.1a Global ETa estimation using the Priestley-Taylor equation 
and satellite-derived inputs like soil moisture and 
vegetation indices.

Global coverage, daily, monthly, and annual data from 
1980 to present at 0.25-degree resolution.

(Martens et al., 
2017; Miralles 
et al., 2011)
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plants can no longer effectively extract water. The water holding capacity (WHC), defined as the difference between FC and WP, 
denotes the volume of water available to plants. As soil moisture decreases below the maximum allowable depletion (MAD) level, the 
model anticipates an increase in water stress on plants.

VegET enhances the management and understanding of agricultural water needs, in regions where defining crop coefficients (Kc 
values) over extensive areas is challenging (Senay et al., 2023). This challenge stems from uncertainties regarding crop types and the 
limited generalizability of published Kc values beyond their original experimental contexts. To overcome these issues, VegET in
corporates land surface phenology (LSP) data derived from remotely sensed NDVI. The NDVI data, sourced from MODIS (Aqua and 
Terra – 1-km, 8-day composites) (Didan, 2015); Table 1), provide a more accurate and dynamic depiction of vegetation conditions and 
growth stages. Using this approach, VegET simulates crop water demands in a manner that accounts for regional specifics and 
landscape characteristics, thereby improving the precision of water requirement estimates. This method can be used to manage water 
resources in regions with complex agricultural practices and diverse environmental conditions. The model replaces the traditional crop 
coefficient (Kc) values, as proposed by (Allen et al., 1998), with a landscape coefficient (Kcp) derived from NDVI. This 
phenology-based Kcp is assumed to represent the collective water needs of the landscape in areas with stable land cover. Utilizing 
NDVI within a climatological framework provides more reliable and accurate seasonal water usage patterns compared to traditional Kc 
values (Senay et al., 2023). When soil moisture exceeds the saturation level (SAT), the model simulates surface runoff. Additionally, 
moisture within the zone between SAT and FC is distributed between surface runoff and deep drainage. The model simulates runoff (R) 
when soil moisture surpasses the WHC, with the excess classified as either surface runoff or deep drainage, depending on its position 
relative to SATfc, the volume between SAT and FC.

The same VegET v2 modeling system was used to generate the runoff and discharge fields (Akpoti et al., 2024), where simulated 
1-km runoff was routed with mizuRoute to produce discharge for > 64,000 river segments across Africa. In this study, we leverage that 
same hydrological modeling framework but focus on the ETa outputs as the primary water balance flux, enabling direct evaluation 
against flux tower data and intercomparison with remote sensing ET products. We implemented the VegET model using a cloud-based 
infrastructure on Amazon Web Services (AWS), facilitating the preparation of both dynamic and static inputs necessary for the model's 
operation. The selected timeframe for the dataset, 2000–2021, was chosen to represent current hydrological conditions, allowing for a 
better understanding and management of present-day water resources. The choice of this period is influenced by the availability of 
high-quality remote sensing data, from the Moderate Resolution Imaging Spectroradiometer (MODIS), which has been consistently 
available since 2000. This time span is for capturing the climate and hydrological dynamics relevant to the study.

2.5. VegET ETa calculation methodology

For full model description, refer to (Akpoti et al., 2024; Senay et al., 2023). The VegET model calculates actual evapotranspiration 
(ETa) using a water balance approach that integrates vegetation dynamics and climatic factors, effectively simulating soil moisture and 
associated fluxes over time. The ETa is derived daily using the following formulation: 

Table 3 
Overview of eddy covariance flux tower sites used for ETa validation. Sites span diverse ecosystems across Africa, including savanna, forest, cropland, 
grassland, and irrigated systems. References indicate the original site descriptions and publications documenting each flux tower dataset.

Longitude Latitude Site name Country Site description Reference

-15.4322 15.4028 Dahra Senegal Savanna, characterized by 10–30% forest canopy cover with trees 
exceeding 2 m in height and a predominantly herbaceous 
understory layer

(Tagesson et al., 2015, 2016)

-2.6942 5.2685 Ankasa Ghana Evergreen broadleaf forest site is characterized by > 60% woody 
vegetation cover with trees exceeding 2 m in height and year-round 
green canopy foliage

(Chiti et al., 2010; Valentini 
et al., 2016)

30.4783 13.2829 Demokeya Sudan Savanna, characterized by 10–30% forest canopy cover with trees 
exceeding 2 m in height and a predominantly herbaceous 
understory layer

(Ardö et al., 2008, 2016)

23.2525 -15.4391 Mongu Zambia Deciduous broadleaf forest site characterized by > 60% woody 
vegetation cover with trees exceeding 2 m in height and annual 
leaf-on/leaf-off phenological cycles

(Kutsch et al., 2016; Merbold 
et al., 2009)

9.013889 36.54662 Gendouba Tunisia Irrigation scheme (wheat, maize, faba bean, sorghum) (Biradar et al., 2022)
-1.5857 11.15156 Nazinga Burkina 

Faso
Near-natural savanna site located within the protected Nazinga 
Game Ranch wildlife area in Burkina Faso. Features mixed 
vegetation with shrubs, medium-sized trees (averaging 4.5 m 
height), and tall grass that can reach 2.5 m during rainy season.

(Bliefernicht et al., 2018; 
Hingerl et al., 2025; Nadolski 
et al., 2024)

-1.3209 10.9181 Kayoro Ghana Cropland site characterized by agricultural use with livestock 
grazing. Dominated by rainfed crops including sorghum, 
groundnut, and pearl millet, with maximum vegetation height 
typically under 1 m.

(Bliefernicht et al., 2018; 
Hingerl et al., 2025; Nadolski 
et al., 2024)

-0.9174 10.8466 Sumbrungu Ghana Degraded grassland is used primarily as rangeland for livestock. 
Features severely degraded soils with sparse grass typically not 
exceeding 10 cm height even during rainy season. Surrounded by 
scattered medium-sized trees and shrubs.

(Bliefernicht et al., 2018; 
Hingerl et al., 2025; Nadolski 
et al., 2024)
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Fig. 2. Overview of the VegET model version 2.0 as adopted from (Senay et al., 2023) and (Akpoti et al., 2024). The main components of the model encompass vegetation and climatic inputs that 
influence soil water dynamics. It differentiates between gravity water, which accumulates when soil moisture exceeds field capacity (FC), and plant-available water, which lies between FC and the 
permanent wilting point (WP). The model incorporates various datasets, including MODIS Vegetation Continuous Fields (VCF) for deriving the interception fraction layer, precipitation (P), reference 
evapotranspiration ( ), landscape water uses coefficient (Kcp), land surface phenology (LSP), soil stress coefficient (Ks), water holding capacity (WHC), maximum allowable depletion (MAD), soil 
saturation (SAT), and the volume between SAT and FC (SATfc). The model’s output includes gridded data for surface runoff, deep drainage, soil moisture (SM), and actual evapotranspiration. Rn = net 
radiation; Ta = air temperature; U = wind speed; RH = relative humidity; ρ = air pressure; NDVI = Normalized difference vegetation index; ETa = Actual evapotranspiration; P = precipitation; Peff 

= effective precipitation.
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ETa = Kcp × Ks × ET0 (2) 

Where Kcp is the landscape crop coefficient, derived from land surface phenology (LSP) based on Normalized Difference Vegetation 
Index (NDVI) data, Ks is the soil water stress coefficient, which varies between 0 and 1 depending on the soil moisture levels, ET0 is the 
reference evapotranspiration, representing the potential evapotranspiration under optimal water conditions.

The calculation of Kcp depends on the NDVI values and follows these equations: 

Kcp =

{
1.25 × NDVI + 0.20 if (NDVI > 0.4)

1.25 × NDVI if (NDVI ≤ 0.4) (3,4) 

This approach allows the VegET model to dynamically adjust the crop coefficient based on the real-time vegetative conditions of 
the landscape, ensuring that the ETa calculations represent the actual water demands of the vegetation.

The soil water stress coefficient Ks is calculated as: 

Ks =

⎧
⎨

⎩

SMi

MAD
if (SMi < MAD)

1 if (SMi ≥ MAD)
(5,6) 

Where SMi is the soil moisture at the current time step, MAD (Maximum Allowable Depletion) is the threshold below which 
vegetation starts to experience water stress, typically set as 50% of the Water Holding Capacity (WHC).

The VegET model simulates soil moisture (SM) by incorporating effective precipitation, ETa, and other water balance components. 
Soil moisture is updated daily using Eq. 7: 

SMi = SMi−1 +Peff i +ETai (7) 

Where SMi−1 is the soil moisture was from the previous day, Peff i is the effective precipitation for the current day, accounting for 
interception losses.

This continuous soil moisture calculation informs the daily ETa, ensuring that the model adjusts for changes in available water and 
vegetative demand throughout the growing season. The integration of these components allows VegET to provide accurate, spatially 
explicit estimates of ETa. This represents one of the first Africa-wide implementations of VegET at continental scale, with explicit 
calibration of soil hydraulic properties and phenology-based vegetation coefficients. By running VegET as a process-based hydrological 
model, we produce a new, consistent ETa dataset that complements existing satellite products but remains rooted in water balance 
closure principles.

2.6. Conversion of latent heat flux to actual ETa

Observed actual evapotranspiration from EC towers was derived by converting measured latent heat flux (LE, W m⁻²) into 
equivalent water fluxes (mm month⁻¹). The conversion used the standard relation: 

ETa =
LE
λ
× Δt (8) 

where λ is the latent heat of vaporization (2.45 MJ kg⁻¹), and Δt is the time conversion factor to express fluxes in mm per month 
(1 W m⁻² ≈ 0.035 mm h⁻¹). Monthly totals were computed by integrating daily values. Only positive LE values were considered, and 
data gaps were excluded from the analysis.

2.7. Evaluation metrics

In the evaluation of the VegET ETa product, several statistical metrics are used to assess its performance against reference ETa 
products, including MODIS16, SSEBop, GLEAM, and WaPOR. We focus on the Pearson correlation coefficient (r), the regression slope, 
and the Root Mean Square Error (RMSE) as indicators of model performance. The Pearson correlation coefficient (r) is used to measure 
the strength of the linear relationship between the simulated and reference ETa values. Values approaching 1 indicate a high degree of 
agreement between the simulated and reference data. The formula for r is given by: 

r =
∑n

t=1
(
Xo,t − μo

)(
Xs,t − μs

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

t=1
(
Xo,t − μo

)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
t=1

(
Xs,t − μs

)2
√ (9) 

The regression slope provides insight into the scaling bias between the simulated and reference ETa values. A slope close to 1 is 
expected when the simulated ETa values are in good agreement with the reference values. The slope is calculated as: 

Slope =

∑n
t=1

(
Xo,t − μo

)(
Xs,t − μs

)

∑n
t=1

(
Xo,t − μo

)2 (10) 

The Root Mean Square Error (RMSE) quantifies the average magnitude of the differences between the simulated and reference ETa 
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values, thereby providing a measure of the overall accuracy of the model. RMSE is computed using: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

t=1

(
Xs,t − Xo,t

)2
√

(11) 

In these equations, n is the total number of time-steps, Xs,t is the simulated VegET ETa value at time-step t, Xo,t is the corresponding 
value of the reference ETa data (e.g., from MODIS16, SSEBop, GLEAM, or WaPOR), and μs and μo denote the means of the simulated 
and reference datasets, respectively.

While the VegET model simulates data from 2000 to 2021, the evaluation using the statistical metrics focuses on the period 
2003–2021 for MODIS16, SSEBop, and GLEAM, and 2009–2021 for WaPOR. This alignment ensures consistency in data availability 
across the different ETa products, enabling a more accurate and meaningful comparison. In addition to these statistical measures, we 
use Taylor diagrams (Taylor, 2001) to facilitate the model intercomparison across climate zones, major basins, and land use/cover 
classes. The Taylor diagram graphically summarizes how closely the simulated ETa products (VegET, MODIS16, SSEBop, GLEAM, and 
WaPOR) match the reference data by simultaneously displaying three statistics: the correlation coefficient, the root mean square 
difference (RMSD), and the standard deviation. In changing the reference ETa product within the Taylor diagram, we can visualize the 
relative performance of each ETa model in capturing the spatial and temporal variability of evapotranspiration across diverse envi
ronmental conditions. The use of Taylor diagrams in this context provides a comprehensive overview of model performance briefly. 
This visual approach is essential for understanding the complex dynamics of evapotranspiration across Africa's varied landscapes, 
enabling a more nuanced assessment of how different models perform relative to one another in specific zones and under different 
scales. Beyond statistical agreement, these metrics are interpreted in hydrological terms, with RMSE values indicating the magnitude 
of water balance closure errors, correlation indicating consistency in seasonal flux dynamics, and Taylor diagrams providing an in
tegrated view of spatial variability critical for basin-scale hydrology.

2.8. Drought assessment with VegET ETa

To assess agricultural drought across Africa during 2000–2021, we use the Evapotranspiration Deficit Index (ETDI) adapted from 
methodologies established by (Narasimhan and Srinivasan, 2005) and further evaluated in subsequent studies (e.g., (Wu et al., 2021). 
The ETDI is a robust metric for capturing the severity and spatial extent of drought by comparing ETa from VegET to potential 
evapotranspiration (PET), with the latter derived from GLEAM data in this study.

2.8.1. Calculation of Water Stress Ratio (WS)
The water stress ratio (WS) is a component in determining the ETDI and is calculated monthly as follows: 

WS =
PET − ETa

PET
(12) 

Where PET is the potential evapotranspiration derived from GLEAM and ETa is the actual evapotranspiration from the VegET model.
The WS ratio ranges from 0 to 1, where 1 indicates no evapotranspiration, signifying severe drought, and 0 indicates that ETa equals 

PET, indicating no drought stress.

2.8.2. Calculation of Water Stress Anomaly (WSA)
To quantify the anomaly in water stress for each month, we calculate the Water Stress Anomaly (WSA) by comparing the current 

WS to the historical median WS for that specific month: 

WSAi,j =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

MWSj − WSi,j

MWSj − minWSj
× 100 if

(
WSi,j ≤ MWSj

)

MWSj − WSi,j

maxMWSj − WSj
× 100 if

(
WSi,j ≥ MWSj

)
(13,14) 

Where MWSj is the long-term median water stress for month j, minWSj and maxMWSj are the minimum and maximum WS for 
month j over the historical period.

The WSA values range from −100–100, indicating conditions from extremely wet to extremely dry, respectively.

2.8.3. Evapotranspiration Deficit Index (ETDI)
The ETDI for any given month is calculated incrementally, considering both the current WSA and the preceding month’s ETDI: 

ETDIj = 0.5ETDIj−1 +
WSAi,j

50
(15) 

Where ETDIj−1 is the ETDI was from the previous month, WSAi,j is the water stress anomaly for the current month.
The ETDI values range from −4 to + 4, with negative and positive values indicating drought and wet conditions, respectively. This 

index provides a clear, temporally integrated measure of drought severity. The ETDI is calculated for each pixel across Africa using the 
spatially explicit VegET ETa data. This spatially distributed approach allows for a detailed analysis of drought trends and patterns over 
the 21-year period. In integrating the VegET model outputs with GLEAM PET data, this methodology offers a nuanced and dynamic 
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assessment of agricultural drought, considering both water supply (through precipitation and soil moisture) and demand (via 
evapotranspiration). The use of ETDI enables the identification of regions where water stress is most severe, supporting efforts in 
drought monitoring and mitigation.

ETDI classification presented in Table 4 categorizes drought and wetness severity into distinct classes following a similar approach 
by (Vicente-Serrano et al., 2010). The classification helps assess the extent of water stress or surplus by assigning negative values to 
drought conditions, with thresholds ranging from mild to extreme drought. Positive values indicate increasing levels of moisture, 
culminating in extremely wet conditions, which can lead to waterlogging or flooding. This ETDI-based classification provides a robust 
tool for monitoring agricultural drought across Africa, complementing other indices like the Standardized Precipitation Evapotrans
piration Index (SPEI) by incorporating both water demand and availability. Because VegET is explicitly soil-water balance-based, the 
ETDI derived from VegET ETa and PET provides a physically consistent measure of water stress that is directly relevant for operational 
drought early warning and basin-scale hydrological monitoring.

3. Results

3.1. Validation against Eddy covariance observations

Validation against eddy covariance (EC) tower observations demonstrated that all ETa products reproduced the seasonal variability 
of observed ETa reasonably well, but with notable differences in magnitude and accuracy across sites (Fig. 3). Scatter plots comparing 
monthly observed ETa with product estimates indicated that VegET v2 showed the strongest correlation (r = 0.80, slope = 0.96, RMSE 
= 25.5 mm/month). SSEBop v6.1 and GLEAM v4.1a also demonstrated moderately strong correlations (r = 0.67 and 0.65, respec
tively), although with some bias at higher fluxes. MODIS16 v6.1 yielded moderately strong correlation (r = 0.62), while WaPOR v3 
demonstrated the lowest correlation (r = 0.56), possibily due to limited data availability (N = 21). Time series analyses across the 
eight stations further revealed that VegET, SSEBop, and GLEAM generally captured seasonal cycles, whereas MODIS16 and WaPOR 
tended to underestimate peak ETa values (Fig. 4). Given that VegET explicitly simulates root-zone soil water balance, the ETa fields 
should be interpreted not only as flux estimates but also as integral components of basin water balance closure. This hydrological 
foundation distinguishes VegET from diagnostic satellite-based ETa products and explains its robust performance across diverse Af
rican climates. In particular, the strong correspondence between VegET and flux tower observations indicates that the model captures 
both the seasonal soil moisture control on ETa and the transition between water-limited and energy-limited regimes, which are critical 
to basin-scale hydrological monitoring.

3.2. Overall spatial comparison of VegET with remote sensing-based ETa products

Fig. 5 presents the spatial distribution of mean annual ETa across Africa for VegET v2, SSEBop v6.1, MODIS16 v6.1, WaPOR v3, and 
GLEAM v4.1a (Refer to Appendix A, Figures A1 to A5 for monthly climatology profiles). All products capture the broad climatological 
gradients, with higher ETa values in humid tropical regions (especially the Congo River Basin) and lower values in the arid and semi- 
arid zones (such as the Sahara, the Sahel, the Horn of Africa, southern Africa, and much of North Africa). VegET v2 and MODIS16 v6.1 
exhibit particularly close agreement in many parts of the continent, including West Africa, the Sahel, the Congo River Basin, the Horn 
of Africa, southern Africa, and Madagascar, consistently identifying regions of high and low ETa. GLEAM v4.1a, MODIS16 v6.1, and, to 
a lesser extent, WaPOR v3 tend to produce slightly higher ETa estimates overall, most notably in the Congo River Basin and coastal 
West Africa. These differences likely stem from the underlying modeling assumptions, input data, and retrieval algorithms specific to 
each dataset. Nonetheless, the broad consistency among products in identifying major hydrological gradients highlights their col
lective utility for regional-scale assessment of evapotranspiration patterns.

3.3. Comparison of ETa across major climate zones

The intercomparison across Köppen–Geiger climate zones highlights how water balance constraints dominate in arid/semi-arid 
regions, where VegET tends to yield lower ETa than some products. This demonstrates the model’s explicit accounting of soil mois
ture limitations, consistent with drought-prone conditions, whereas satellite products relying on energy balance or VI-based upscaling 

Table 4 
Classification of the Evapotranspiration Deficit Index (ETDI) values into drought and wetness categories. Negative ETDI values indicate varying 
degrees of drought severity, while positive values reflect wet conditions, ranging from mild moisture increases to extreme waterlogging.

ETDI Value Range Classification Description

< -3 Extreme Drought Severe water deficit and vegetation stress. Very low evapotranspiration.
-3 to −2 Severe Drought Significant moisture shortage, resulting in noticeable vegetation stress.
-2 to −1 Moderate Drought Moderate water deficit, affecting vegetation and crop health.
-1–0 Mild Drought Mildly below average moisture conditions. Some water stress is noticeable.
0–1 Normal Average moisture conditions, no significant water stress.
1–2 Slightly Wet Moist conditions and increased soil moisture are beneficial for vegetation growth.
2–3 Moderately Wet Noticeably higher than average moisture conditions, potential for waterlogging.
> 3 Extremely Wet Excessive moisture, waterlogged conditions, potential for flooding.
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Fig. 3. Scatterplots of monthly observed ETa from eddy covariance towers versus ETa from (a) VegET v2, (b) SSEBop v6.1, (c) MODIS16 v6.1, (d) 
GLEAM v4.1a, and (e) WaPOR v3. Blue dashed line is the 1:1 line; black solid line is the regression fit. Reported statistics include Pearson correlation 
(r), regression slope, RMSE, and sample size (N).
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Fig. 4. Time series comparison of monthly observed ETa (black) with ETa from VegET v2, SSEBop v6.1, MODIS16 v6.1, and GLEAM v4.1a at eight 
eddy covariance sites across Africa. Boxplots (right panels) show seasonal variability of ETa (January–December) for each site.
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Fig. 5. Spatial distribution of total average annual ETa. The total annual is calculated for the period 2003–2021 for VegET v2, MODIS16 v6.1 and GLEAM v4.1a for comparison purposes and 2012–2021 
for SSEBop v6.1, and 2018–2021 for WaPOR v3. White spaces in map c) represent no data pixels in MODIS16 product.
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may overestimate ETa when soil water is limiting.
Fig. 6 presents scatter plots of monthly ETa estimates between VegET v2 and each remote sensing ETa product, stratified by 

Koppen–Geiger climate zones ranging from tropical (Af, Am, Aw) to arid (BWh, BWk, BSh, BSk) to temperate (e.g., Cfa, Cfb, Csa, Csb). 
Across most zones, VegET exhibits strong agreement with MODIS16 v6.1 and GLEAM v4.1a, indicated by relatively high correlation 
coefficients (e.g., r ≥ 0.79), slopes approaching unity, and moderate RMSE values (∼17–20 mm.month−1). SSEBop v6.1 also shows 
robust performance (r ≈ 0.81) with a slope near 1.0 and RMSE around 20 mm.month−1, particularly in tropical and temperate regions. 
WaPOR v3 demonstrates some divergence in humid and semi-arid areas (r ≈ 0.79 and RMSE= 22 mm.month−1).

A more detailed view of product performance is shown in box plots (Fig. 7) that illustrate monthly ETa distributions across climate 
zones. In tropical rainforest (Af) and monsoon (Am) zones, most products cluster closely in both magnitude and seasonal pattern, yet 
WaPOR typically estimates higher peak ETa values as indicated by a broader interquartile range. In arid deserts (BWh, BWk) and 
steppe regions (BSh, BSk), the products display more variability—especially during the dry season—though VegET, SSEBop, and 
GLEAM generally align well, while WaPOR continues to exhibit larger ETa values in water-stressed conditions. MODIS16, conversely, 
tends toward slightly lower ETa during certain peak growing months, a pattern also observed in the time series (Figure A2). The time 

Fig. 6. Comparison of monthly ETa estimates from the VegET v2 model with four remote sensing ETa products (SSEBop v6.1, MODIS16 v6.1, 
WaPOR v3, and GLEAM v4.1a) across major climate zones. Each scatter plot represents the relationship between VegET and the corresponding 
remote sensing ET product. The solid black line shows the linear regression fit, while the dashed blue line indicates the 1:1 line. Climate zones are 
color-coded as indicated by the legend, with the following classifications: Af = Tropical, rainforest; Am = Tropical, monsoon; Aw = Tropical, 
savannah; BWh = Arid, desert, hot; BWk = Arid, desert, cold; BSh = Arid, steppe, hot; BSk = Arid, steppe, cold; Csa = Temperate, dry summer, hot 
summer; Csb = Temperate, dry summer, warm summer; Cwa = Temperate, dry winter, hot summer; Cwb = Temperate, dry winter, warm summer; 
Cwc = Temperate, dry winter, cold summer; Cfa = Temperate, no dry season, hot summer; Cfb = Temperate, no dry season, warm summer.
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series in Figure A2 underscore these seasonal cycles, showing how all datasets respond similarly to the major rainy and dry periods in 
tropical, arid, and temperate zones. WaPOR’s higher ETa spikes in humid regions and semi-arid transitions are again evident, whereas 
VegET, GLEAM, SSEBop, and MODIS16 follow more moderate trajectories. These monthly cycles further highlight a notable 
convergence among VegET, GLEAM, and SSEBop, particularly in temperate climates (e.g., Cfa, Cfb, Csa, Csb), where the products’ ETa 
estimates remain closely aligned throughout the year.

In the Cfb climate zone (temperate, no dry season, warm summer), the ETa estimates across all five models show a high degree of 

Fig. 7. Box plots of monthly actual evapotranspiration (ETa) estimates across major climate zones in Africa (see Fig. 1a for the climate zones). ETa 
estimates are compared between the VegET v2 model and four remote sensing ETa products for the period 2003–2021 (MODIS16 v6.1, and GLEAM 
v4.1a), 2018–2021 (WaPOR v3) and 2013–2021 (SSEBop v6.1). Each panel corresponds to a specific climate zone, including tropical (a) rainforest 
(Af), (b) monsoon (Am), (c) savannah (Aw); arid (d) hot desert (BWh), (e) cold desert (BWk), (f) hot steppe (BSh), (g) cold steppe (BSk); temperate 
(h) dry summer, hot summer (Csa), (i) dry summer, warm summer (Csb), (j) dry winter, hot summer (Cwa), (k) dry winter, warm summer (Cwb), (l) 
dry winter, cold summer (Cwc); and (m) no dry season, hot summer (Cfa), (n) no dry season, warm summer (Cfb). The interquartile range shows the 
variability of each product's estimates, with outliers represented by black dots.

Fig. 8. Taylor diagrams comparing actual evapotranspiration (ETa) estimates for various products, combining all climate zones together, for the 
period 2013–2021. The diagram depicts the overall standard deviation (SD) and correlation coefficient (R), and Root Mean Square Error (RMSE) for 
each ETa product when averaged across all climate zones. The reference product is indicated in the title of the panel, and the other products are 
compared against this reference.
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convergence. This can be attributed to the biophysical characteristics of this zone, which include evenly distributed precipitation 
throughout the year, moderate temperatures, and typically dense vegetation cover. These conditions reduce both water stress and the 
influence of energy extremes, resulting in stable and consistent evapotranspiration patterns. Consequently, model differences—such as 
those between water balance and energy balance approaches—become less pronounced, leading to similar ETa outputs.

The climate-zone-wise monthly ETa profiles reveal several features. First, the divergence among ETa products in Af (tropical 
rainforest), Am (monsoon), and Csb (temperate dry summer) zones occurs during the January–April period, which corresponds to key 
seasonal transitions (e.g., end of short rains or dry season onset). These periods are characterized by rapid shifts in rainfall, solar 
radiation, and vegetation phenology, which are handled differently by the models. For instance, VegET's water balance approach may 
be slower to respond to abrupt increases in vegetation activity following rainfall onset, whereas energy balance models (like SSEBop 
and GLEAM) are more responsive to changes in surface temperature and net radiation. Secondly, in the Csa climate zone (temperate 
with dry, hot summer), VegET v2 exhibits the lowest ETa during the core summer months (June to August), followed by GLEAM and 
MODIS16. This reduction likely indicates the model's sensitivity to water limitations during periods of high evaporative demand and 
minimal precipitation. VegET’s estimates are constrained by soil moisture dynamics and a fixed 366-day NDVI climatology, which 
effectively captures seasonal vegetation phenology but does not capture interannual anomalies, such as intensified vegetation stress or 
premature senescence during exceptionally dry summers. In contrast, models like SSEBop and WaPOR maintain higher ETa during this 

Fig. 9. Comparison of monthly ETa estimates from the VegET v2 model with four remote sensing ETa products (SSEBop v6.1, MODIS16 v6.1, 
WaPOR v3, and GLEAM v4.1a) across major land use classes, excluding water bodies. Each scatter plot represents the relationship between VegET 
and the corresponding remote sensing ETa product. The solid black line shows the linear regression fit, while the dashed blue line indicates the 
1:1 line.
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period, possibly due to differences in how they incorporate surface energy fluxes or assume water availability.
The Taylor diagrams in Fig. 8 (and Appendix Figure B1) integrate correlation, relative variability, and standard deviation, 

providing a succinct overview of agreement within each climate zone. When VegET is used as the reference, SSEBop, MODIS16, and 
GLEAM exhibit high r values (≳0.8) and standard deviations similar to VegET, underscoring their consistent performance across 
tropical and temperate areas. WaPOR’s larger deviations in standard deviation and somewhat lower r demonstrate its distinctive 
spatial and temporal ETa patterns in more extreme environments. The diagrams also illustrate that although all products capture the 
main hydroclimatic gradients, each has unique characteristics—particularly in regions with strong seasonal transitions or intense 
agricultural activity—leading to differences in both slope and RMSE. VegET v2 aligns most closely with MODIS16 v6.1, GLEAM v4.1a, 
and SSEBop v6.1 across most climate zones, as evidenced by consistently high r (0.79–0.89), slopes near 1.0, and moderate RMSE 
values (17–20 mm.month−1). WaPOR v3 typically reports higher ETa in wetter and semi-arid zones, resulting in lower correlation 
(∼0.79) and a slightly higher RMSE (∼22 mm month−1). Nevertheless, all products broadly capture the seasonal and spatial ETa 
dynamics across Africa’s major climate regimes, with differences primarily manifesting in regions characterized by strong moisture 
gradients, intensive agriculture, or complex topography.

Fig. 10. Taylor diagrams comparing actual evapotranspiration (ETa) estimates for various products, combining all land use classes together, for the 
period 2013–2021. The diagram depicts the overall standard deviation (SD) and correlation coefficient (R), and Root Mean Square Error (RMSE) for 
each ETa product when averaged across all climate zones. The reference product is indicated in the title of the panel, and the other products are 
compared against this reference.
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3.4. Comparison of Eta across major land use and land cover classes

Fig. 9 presents scatter plots illustrating the relationship between VegET v2 and each remote sensing ETa product over various LULC 
classes, including croplands, forests, grasslands, and urban/built-up areas. Overall, VegET shows the strongest alignment with 
MODIS16 v6.1 and GLEAM v4.1a as indicated by high correlation coefficients (r ≥ 0.90 in some classes), near-unity slopes, and RMSE 
values generally in the range of 15–20 mm.month⁻¹ . These findings are most evident in rainfed/fallow cropland, open forest, and 
grassland classes, where points cluster closely along the 1:1 line. SSEBop v6.1 also exhibits strong agreement (r ≈ 0.84, slope ≈ 0.85, 
RMSE ≈ 18 mm.month⁻¹), particularly in shrubland and grassland areas. Its performance in forested zones, however, displays slightly 
elevated RMSE, suggesting higher uncertainty where dense vegetation might influence water fluxes. In contrast, WaPOR v3 deviates 
more markedly in irrigated cropland and built-up areas as indicated by lower correlation (r ≈ 0.80) and higher RMSE (up to 22 mm. 
month⁻¹). These discrepancies imply a tendency to overestimate ETa in heavily managed agricultural zones or urban settings, possibly 
due to distinct water consumption patterns or complex surface characteristics that the retrieval algorithm interprets differently from 
other datasets.

Seasonal cycle analyses in Figure A4 reinforces these findings. Across grasslands, croplands, and forested areas, VegET, GLEAM, 
SSEBop, and MODIS16 display comparable median ETa values with relatively tight interquartile ranges. WaPOR, however, often 
exhibits higher or more variable ETa in irrigated cropland and built-up classes, manifesting as larger spread and higher outliers. This 

Fig. 11. Comparison of monthly ETa estimates from the VegET v2 model with four remote sensing ETa products (SSEBop v6.1, MODIS16 v6.1, 
WaPOR v3, and GLEAM v4.1a) across ten African river basins. Each scatter plot represents the relationship between VegET and the corresponding 
remote sensing ETa product. The solid black line shows the linear regression fit, while the dashed blue line indicates the 1:1 line.
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Fig. 12. Taylor diagrams comparing actual evapotranspiration (ETa) estimates for various products, combining all ten basins together, for the 
period 2013–2021. The diagram depicts the overall standard deviation (SD) and correlation coefficient (R), and Root Mean Square Error (RMSE) for 
each ETa product when averaged across all basins. The reference product is indicated in the title of each panel, and the other products are compared 
against this reference.
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Fig. 13. Box plots of monthly ETa estimate for the periods 2003–2021 (MODIS16 v6.1, and GLEAM v4.1a), 2018–2021 (WaPOR v3) and 2013–2021 
(SSEBop v6.1) across major river basins in Africa. ETa estimates are compared between the VegET model and four remote sensing ET products 
(GLEAM, MODIS16, SSEBop, WaPOR). The interquartile range shows the variability of each product's estimates, with outliers represented by 
black dots.

K. Akpoti et al.                                                                                                                                                                                                         Journal of Hydrology: Regional Studies 66 (2026) 103511 

22 



overestimation is particularly pronounced during periods of active crop growth or potential irrigation demand, underscoring WaPOR’s 
unique retrieval behavior in heavily managed landscapes. VegET v2 aligns most closely with MODIS16 v6.1, GLEAM v4.1a, and 
SSEBop v6.1 across a wide array of land use and cover classes, consistently showing high correlation, near-unity slopes, and moderate 
RMSE (∼15–20 mm.month⁻¹). WaPOR v3 typically diverges in agricultural and built-up regions, where it tends to estimate higher ETa, 
leading to lower correlation and elevated RMSE. Collectively, these comparisons indicate that while all products capture broad ETa 
patterns across different LULC types, divergences emerge in zones of concentrated human activity or dense vegetation, where dif
ferences in retrieval algorithms and water use assumptions become most apparent` (Fig. 10).

3.5. Comparison of ETa across major basins

Fig. 11 shows monthly ETa scatter plots for each remote sensing dataset versus VegET v2, revealing overall strong agreement in 
large basins such as the Congo and Nile River Basins. GLEAM v4.1a and SSEBop v6.1 typically exhibit the highest correlations with 
VegET (r ≈ 0.79–0.89), near-unity slopes (∼1.0), and moderate RMSE values (e.g., 19–24 mm.month⁻¹). MODIS16 v6.1 also dem
onstrates high alignment (r ≈ 0.86), although it displays slightly greater dispersion in basins with strong seasonal variation (e.g., 
Limpopo, Okavango), resulting in an RMSE around 18 mm.month⁻¹ . WaPOR v3 generally shows lower correlation (r ≈ 0.67) and a 
higher RMSE (∼28–30 mm.month⁻¹), indicating a tendency to overestimate ETa in certain river basins characterized by wetter cli
mates or complex hydrological conditions (e.g., the Congo and Okavango River Basins). The Taylor diagrams (Fig. 12) indicate that 
VegET v2 and GLEAM v4.1a generally showed higher correlations and closer agreement with the reference, while SSEBop v6.1 and 
MODIS16 v6.1 exhibited larger deviations in standard deviation and RMSE when averaged across all basins during 2013–2021.

Monthly box plots (Fig. 13) of each basin further highlight seasonal variability in ETa estimates. In high-ETa basins like the Congo 
and Niger River Basins, VegET, GLEAM, and SSEBop generally group together, with moderate interquartile ranges and higher peak ETa 
during rainy seasons. WaPOR’s estimates for these basins often exceed those of the other products, resulting in broader distributions 
and outlier points. Smaller or more arid basins such as the Okavango and Chad River Basins similarly show that while VegET, SSEBop, 
MODIS16, and GLEAM share broadly similar cycles, WaPOR diverges more frequently, especially during transition months between 
dry and wet seasons. Time series plots (Figure A6) underscore these seasonal and interannual patterns from 2003 onward. In the Congo 
and Nile River Basins, all products capture pronounced wet-season ETa peaks, yet WaPOR tends to produce higher maxima, while 
MODIS16 occasionally dips below the group average during peak growth periods. In contrast, SSEBop, VegET, and GLEAM typically 
track each other closely throughout most seasons. VegET v2 maintains strong agreement with GLEAM, SSEBop, and MODIS16 across 
most of Africa’s major basins, as evidenced by correlation coefficients often exceeding 0.80 and RMSE values in the range of 
18–24 mm.month⁻¹ . WaPOR v3, though broadly consistent in certain basins, shows more pronounced deviations in humid or hy
drologically complex regions (e.g., Congo and Okavango River Basins), leading to lower correlation (r ≈ 0.67) and higher RMSE 
(≳28 mm month⁻¹). This basic level analysis underscores both the strengths and limitations of each product under differing hydro
logical regimes, illuminating where model assumptions and retrieval algorithms exert the greatest influence on ETa estimation.

3.6. Application of VegET ETa for drought monitoring using ETDI

The annual average ETDI maps presented in Appendix C (Figure C.1) illustrate the spatial distribution of drought and wetness 
conditions across Africa from 2002 to 2021. Over this 20-year period, distinct patterns emerge, highlighting persistent drought 
conditions in arid regions such as the Sahel and southern Africa, where ETDI values frequently fall below −2, indicating severe to 

Fig. 14. Monthly Evapotranspiration Deficit Index (ETDI) maps from November 2020 to April 2021, zoomed in on Northern Africa, the Maghreb 
region. The color scale indicates the range of ETDI values, with negative values representing drought conditions and positive values indicating 
wetness. These maps capture the seasonal variation in water stress, with drought conditions becoming more severe during the late winter and early 
spring of 2021.

K. Akpoti et al.                                                                                                                                                                                                         Journal of Hydrology: Regional Studies 66 (2026) 103511 

23 



extreme drought. Conversely, regions such as central Africa and parts of Madagascar show recurring wetness, with ETDI values 
exceeding 2, suggesting consistent above-average moisture availability. The maps also capture inter-annual variability, such as the 
widespread wet conditions observed in 2007 and 2010, contrasted with severe drought conditions in 2017 and 2021.

The monthly ETDI maps for northern Africa shown in Fig. 14 illustrate the progression of drought conditions in the Maghreb region 
from November 2020 to April 2021. The rainy season, typically extending from October to March, experienced below-average rainfall 
during this period, in the core winter months of December 2020 to February 2021. The ETDI values during these months indicate 
increasing drought severity, with much of Morocco, Algeria, and Tunisia experiencing moderate to extreme drought, as indicated by 

Fig. 15. Monthly Evapotranspiration Deficit Index (ETDI) maps for the Horn of Africa in 2016, covering the three main rainy seasons: boreal spring 
(March to May), boreal summer (July to September), and boreal autumn (October to December). The color scale shows the ETDI values, with 
negative values indicating drought conditions and positive values indicating wetness. The progression of drought and wetness conditions over the 
year highlights the seasonal variability of water stress across the region.
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values falling below −2. By March and April 2021, ETDI values remained predominantly in the drought range, highlighting the 
persistence of water stress in the region despite the expected rainfall. The southern parts of the Maghreb, closer to the Sahara, also 
experienced extreme drought conditions.

Fig. 15 presents the monthly ETDI maps for the Horn of Africa throughout 2016, showcasing the distinct patterns during the re
gion’s three main rainy seasons: boreal spring (March to May), boreal summer (July to September), and boreal autumn (October to 
December). During the boreal spring, in March and April, the ETDI maps reveal widespread wet conditions, especially in southern 
Ethiopia and parts of Kenya, with values exceeding 2, indicating above-average moisture. However, by the boreal summer, dry 
conditions dominate, in Somalia and northeastern Ethiopia, where ETDI values fall below −2, signaling severe drought conditions. In 
the boreal autumn, drought conditions intensify in October and November, with large areas of Somalia, eastern Ethiopia, and northern 
Kenya experiencing extreme drought as indicated by ETDI values below −3. These patterns are consistent with the region’s depen
dence on the short rains during autumn to alleviate the water deficit from the dry summer months. However, the late onset and 
variability of the autumn rains in 2016 contributed to prolonged drought conditions, exacerbating water scarcity and impacting 
agriculture and livelihoods across the region.

The monthly ETDI maps for southern Africa during November 2018–April 2019 (Fig. 16) provide a detailed view of drought dy
namics during the austral summer rainy season. The results indicate widespread drought conditions across much of the region, in South 
Africa, Namibia, Botswana, and Zimbabwe. Starting in November 2018, large parts of the region exhibited ETDI values below −2, 
signifying severe drought, which persisted into December and January. The period from February through April 2019 shows some 
localized wetness in parts of Madagascar and Mozambique, likely related to tropical cyclones and other weather systems, while the 
core inland areas remained under severe drought. This period coincides with a documented drought event in southern Africa, exac
erbating food insecurity, water shortages, and agricultural losses, especially in South Africa, Namibia, and Zimbabwe. The ETDI maps 
highlight the regional variability of drought severity, with some regions, coastal areas, experiencing slightly more favorable moisture 
conditions compared to the interior regions. The persistent drought across central Southern Africa during the peak of the rainy season 
underscores the ongoing vulnerability of the region to water scarcity and climate variability.

4. Discussion

This study represents one of the first applications of VegET at continental scale in Africa, providing a hydrologically grounded ETa 

Fig. 16. Monthly Evapotranspiration Deficit Index (ETDI) maps for Southern Africa from November 2018 to April 2019. These maps capture the 
austral summer rainy season, showing the progression of drought and wetness conditions across the region. The color scale indicates ETDI values, 
with negative values representing drought conditions and positive values indicating wetness.
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dataset that complements existing remote sensing products. The systematic evaluation against flux towers and four widely used ETa 
products across diverse climatic zones, land use classes, and major river basins reveals that the choice of modeling framework—water 
balance versus energy balance versus hybrid—systematically influences ETa magnitude and seasonality, with implications that vary by 
hydroclimatic regime. The following sections interpret these differences in terms of underlying mechanisms, compare them with 
published findings, and discuss their implications for drought monitoring and water resource management.

4.1. Performance in arid and semi-arid zones

In arid and semi-arid regions, VegET tends to produce lower ETa than WaPOR and SSEBop, particularly during dry seasons. This 
divergence is mechanistically linked to the models’ contrasting treatment of soil moisture constraints. VegET’s water-balance 
framework explicitly limits ETa when root-zone moisture falls below the maximum allowable depletion threshold (Ks → 0), pro
ducing estimates that track precipitation-driven soil moisture closely, consistent with evidence that surface soil moisture information 
can identify transitions between water- and energy-limited evapotranspiration regimes (Dong et al., 2022). This behavior is consistent 
with Adeyeri and Ishola (2021), who identified rainfall as the primary driver of ETa variability in the Sahel. In contrast, energy-balance 
products like WaPOR and SSEBop derive ETa primarily from thermal signatures and vegetation indices, which may remain elevated 
even when soil moisture is depleted—for example, through residual canopy greenness or warm bare-soil temperatures—leading to 
overestimation in water-limited environments (Blatchford et al., 2020; Trambauer et al., 2014). GLEAM, which assimilates 
satellite-derived soil moisture, occupies an intermediate position and captures short-term ETa fluctuations effectively but exhibits 
increased variability during wet-dry transitions (Martens et al., 2017). These findings suggest that in water-limited environments, the 
accuracy of ETa estimates depends less on the sophistication of the atmospheric forcing and more on how accurately the model 
represents soil water availability and its control on plant-accessible moisture. Integrating ground-based soil moisture observations or 
satellite-derived root-zone moisture products could improve VegET’s accuracies in these zones, as demonstrated by Kiptala et al. 
(2013) for SEBAL-based approaches in East Africa.

4.2. Performance in humid and tropical zones

In humid tropical regions such as the Congo River Basin and coastal West Africa, VegET, MODIS16, and GLEAM converge closely, 
demonstrating that when water is not limiting, ETa is primarily controlled by available energy and vegetation cover—processes that all 
three frameworks capture through vegetation indices and radiation inputs. This convergence across fundamentally different modeling 
approaches (water balance, Penman-Monteith, Priestley-Taylor) provides mutual corroboration of ETa magnitudes in these regions. 
WaPOR, however, tends to overestimate ETa in humid zones, likely because its vegetation-index emphasis does not fully account for 
canopy interception partitioning and may attribute intercepted rainfall evaporation to transpiration (Blatchford et al., 2020).

A distinct challenge in the Congo River Basin is precipitation recycling, where land-surface evapotranspiration sustains a sub
stantial fraction of regional rainfall (Brubaker et al., 1992; Eltahir and Bras, 1994). VegET, as a one-dimensional soil-column model, 
does not represent this atmospheric feedback, which may contribute to underestimation during peak wet seasons when recycled 
moisture amplifies precipitation and, consequently, ETa. Additionally, VegET’s soil stress coefficient (Ks) responds to root-zone 
depletion rather than surface water ponding or rapid infiltration events characteristic of high-intensity tropical rainfall, potentially 
limiting its responsiveness to short-term moisture pulses. Despite these limitations, the close agreement with MODIS16 and GLEAM 
indicates that VegET provides reliable ETa estimates in humid environments when appropriately calibrated, and its water-balance 
framework offers the added value of internally consistent runoff and recharge fields that purely diagnostic remote sensing products 
cannot provide.

4.3. Impact of land use and irrigation practices

Land use exerts a strong influence on ETa model performance across Africa. In rainfed agricultural areas, VegET’s NDVI-derived 
crop coefficients effectively capture seasonal vegetation water demand, consistent with Pôças et al. (2020), who demonstrated that 
phenology-based coefficients reliably represent crop water requirements across diverse cropping systems. However, in irrigated 
regions—such as the Nile Delta and parts of North Africa—all precipitation-driven models face a fundamental limitation: irrigation 
water inputs are not represented in their forcing data. VegET, which derives soil moisture exclusively from precipitation, will sys
tematically underestimate ETa in irrigated areas because the additional water supply is unaccounted for. Conversely, WaPOR’s reli
ance on vegetation indices can lead to overestimation in irrigated zones because elevated NDVI from irrigation-sustained vegetation is 
interpreted as high transpiration demand regardless of the water source (Blatchford et al., 2020). This asymmetry highlights a 
structural gap: neither precipitation-driven nor vegetation-index-driven approaches alone can accurately capture ETa in managed 
landscapes without explicit irrigation information. Integrating irrigation maps or satellite-derived soil moisture anomalies, as 
demonstrated by Kiptala et al. (2013) using SEBAL in East Africa, could help bridge this gap for future VegET applications.
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4.4. Temporal and seasonal variability

All models capture the broad seasonal cycle of ETa across Africa, with peaks corresponding to rainy seasons. However, inter-model 
divergence increases during intra-seasonal transitions and extreme events, revealing how different frameworks handle temporal dy
namics. VegET and SSEBop track seasonal trends consistently in semi-arid regions because both respond to surface conditions—soil 
moisture for VegET, land surface temperature for SSEBop—that indicate recent precipitation inputs. MODIS16, which relies primarily 
on atmospheric demand variables (vapor pressure deficit, air temperature), shows lower sensitivity to short-term soil moisture pulses 
and consequently underestimates ETa during brief wet spells in otherwise dry seasons. GLEAM’s assimilation of satellite soil moisture 
provides increased intra-seasonal responsiveness but introduces additional variability during wet-dry transitions, consistent with 
Martens et al. (2017). These temporal characteristics have direct implications for drought monitoring: models that respond to soil 
moisture and vegetation phenology in near-real time—such as VegET and GLEAM—are likely better positioned to support early 
warning systems than those driven primarily by atmospheric variables.

4.5. Modeling frameworks and methodological insights

The systematic divergence among ETa products can be attributed to three fundamental differences in their modeling frameworks: 
(i) how ETa demand is defined—through atmospheric variables (MODIS16), thermal signatures (SSEBop), or vegetation phenology 
(VegET, WaPOR); (ii) how water availability constrains that demand—explicitly via soil moisture budgets (VegET, GLEAM) or 
implicitly via land surface temperature departures (SSEBop); and (iii) whether the model operates within a closed water balance 
(VegET) or as a diagnostic estimate (remote sensing products). These structural differences explain why products converge in humid 
energy-limited environments—where demand, not supply, controls ETa—but diverge substantially in water-limited regions where the 
representation of soil moisture stress becomes the dominant source of uncertainty. This finding is consistent with Jung et al. (2019), 
who showed that model parameterization accounts for over 90% of ETa uncertainty in West African humid zones, and with Trambauer 
et al. (2014), who documented large inter-product discrepancies in African arid zones. Future advancements should prioritize hybrid 
approaches that combine the spatial coverage of remote sensing with the water-balance consistency of hydrological models, poten
tially through data assimilation of satellite soil moisture into frameworks like VegET (Awada et al., 2022, 2024).

Our study results underscore that ETa intercomparisons should not be viewed solely as validation exercises, but as a way to un
derstand how different modeling frameworks represent hydrological processes. For example, VegET’s lower ETa relative to WaPOR in 
semi-arid zones demonstrates stricter water-balance constraints, which aligns with observed drought impacts. Conversely, agreement 
with MODIS16 and GLEAM in humid regions shows convergence across frameworks when water is not limiting. Because VegET is 
embedded within a full root-zone water balance framework, the ETa fields can be directly linked with runoff and recharge estimates. 
This aligns with recent continental-scale discharge modeling (Akpoti et al., 2024) where VegET runoff was routed with mizuRoute 
(Mizukami et al., 2016) to model pan-African discharge fields. Together, these applications highlight VegET’s capability to support 
integrated hydrological assessments, from ETa to river discharge.

4.6. Limitations and uncertainties

Several limitations should be considered when interpreting the results of this study. First, VegET is a one-dimensional, precipi
tation-driven soil-water balance model that does not represent lateral water transfers, groundwater contributions, or irrigation inputs. 
In irrigated areas and regions with shallow water tables, this leads to systematic underestimation of ETa resulting from a lack of 
accounting for additional water sources beyond precipitation. Incorporating irrigation maps or satellite-derived soil moisture 
anomalies in future versions could partially address this gap. Second, VegET’s reliance on NDVI-derived crop coefficients assumes that 
satellite-observed greenness is a reliable proxy for vegetation water demand. In regions with persistent cloud cover, such as the Congo 
River Basin, NDVI compositing artifacts can introduce noise into the Kcp signal, potentially affecting ETa seasonality. Third, the model 
does not explicitly represent canopy interception as a separate flux; instead, interception is parameterized through fixed maximum 
values for tree and herbaceous cover, which may not capture the variability of interception across different forest types and rainfall 
intensities.

Validation is constrained by the limited availability and spatial representativeness of eddy covariance (EC) flux towers in Africa. 
Only eight tower sites were available for this study, spanning a subset of the continent’s climatic and land cover diversity. Key bio
mes—including tropical montane forests, and the Saharan fringe—remain unrepresented in the validation dataset. Furthermore, the 
spatial mismatch between EC tower footprints (typically 100–1000 m) and the 1-km VegET grid introduces scale-dependent uncer
tainty, particularly in heterogeneous landscapes where land cover varies within a single model pixel. EC data have associated un
certainties of 10–30% due to energy balance non-closure (Glenn et al., 2010, 2011), meaning that both the model and the reference 
data contribute to observed discrepancies.

Input data quality represents an additional source of uncertainty. Precipitation products used to force VegET, while state-of-the-art, 
exhibit well-documented biases in regions with sparse rain gauge networks, particularly in Central Africa, the Sahel, and highland 

K. Akpoti et al.                                                                                                                                                                                                         Journal of Hydrology: Regional Studies 66 (2026) 103511 

27 



areas. Since VegET’s soil moisture and ETa are directly driven by precipitation, these biases propagate into the ETa estimates. 
Similarly, the benchmark remote sensing products against which VegET is compared carry their own uncertainties, including sensi
tivity to cloud contamination, thermal calibration, and algorithm-specific assumptions—meaning that the intercomparison charac
terizes relative consistency among products rather than absolute accuracy. Finally, the study period (2000–2021) is defined by the 
availability of MODIS-era satellite data, which limits the ability to assess longer-term trends or pre-2000 baseline conditions. Despite 
these limitations, the consistency of VegET with flux tower observations and multiple independent remote sensing products across 
diverse environments supports its utility as a continental-scale hydrological ETa product for Africa.

4.7. Implications for drought monitoring and water resource management

The application of VegET-derived ETa in calculating the Evapotranspiration Deficit Index (ETDI) illustrates the utility of hydro
logically grounded ETa compared to purely diagnostic remote sensing products. Unlike traditional drought indices that rely on po
tential evapotranspiration derived from temperature (e.g., SPI, PDSI), ETDI incorporates actual water consumption by vegetation, 
capturing the interplay between precipitation inputs, soil moisture depletion, and atmospheric demand (Narasimhan and Srinivasan, 
2005). This is particularly relevant in Africa, where even minor deviations from seasonal rainfall norms can severely impact rainfed 
agricultural productivity. The ETDI results demonstrate the ability to capture region-specific drought dynamics: the 2015–2016 and 
2018–2019 droughts in southern Africa, driven by El Niño-related precipitation deficits; the persistent seasonal water stress in the 
Horn of Africa (Nicholson, 2014); and the progressive drying in the Maghreb associated with declining winter rainfall and rising 
temperatures (Masih et al., 2014).

A key strength of using VegET ETa for ETDI is its internal consistency with the soil water balance: because ETa, runoff, and soil 
moisture are jointly simulated, drought signals in ETDI represent actual hydrological deficits rather than atmospheric proxies. This 
contrasts with meteorological drought indices that may underestimate agricultural impacts when precipitation deficits are partially 
offset by stored soil moisture, or overestimate impacts when antecedent conditions buffer the effect of a dry spell. As climate change 
intensifies the frequency and severity of droughts across Africa, integrating hydrological model-derived ETa into operational drought 
monitoring frameworks offers a pathway toward more physically grounded early warning systems for food security and water resource 
management.

5. Summary and conclusions

This work advances beyond a product evaluation by providing one of the first continental-scale hydrological simulations of ETa for 
Africa, validated against flux towers and benchmarked against four widely used satellite products. The integration with drought 
monitoring through ETDI demonstrates its operational value for water managers. Beyond ETa, the VegET framework links to runoff 
and discharge modeling (Akpoti et al., 2024), supporting basin-scale water accounting, agricultural water management, and climate 
resilience planning. For hydrologists and decision-makers, this study highlights VegET’s utility as a model evaluation tool and a 
practical hydrological modeling framework for monitoring evapotranspiration and drought at continental scales. The study provides a 
comprehensive comparative analysis of the Agro-Hydrologic VegET model and four widely recognized remote sensing-based ETa 
products—MODIS16, SSEBop, WaPOR, and GLEAM—across various climatic zones, land use types, and spatial scales in Africa. The 
results reveal that no single ETa model consistently outperforms others across all regions, demonstrating the inherent complexities of 
estimating evapotranspiration in diverse environments.

In humid and tropical zones, such as the Congo River Basin and coastal West Africa, the VegET model demonstrates strong 
comparability with MODIS16 and GLEAM, effectively capturing the seasonal dynamics of ETa. This consistency can be attributed to the 
models’ reliance on vegetation indices and water balance principles, which are appropriate in regions where water is not a limiting 
factor. However, some discrepancies arise, particularly during peak wet seasons, where models like WaPOR tend to overestimate ETa 
due to their over-reliance on vegetation indices, which may not fully account for canopy interception or other land surface processes. 
Moreover, VegET’s reliance on soil moisture through the soil stress coefficient (Ks) may limit its ability to capture rapid changes in 
water availability, such as intense rainfall events and high precipitation recycling observed in tropical rainforests. In contrast, ETa 
values of VegET are lower in arid and semi-arid regions, such as the Sahel, where water is limited, and evapotranspiration is primarily 
constrained by soil moisture availability. Here, model like SSEBop, which is based on energy balance principles, generally provide the 
most accurate estimates of ETa, particularly in water-limited conditions. However, these models also exhibit increased variability 
during transitions between wet and dry periods, likely due to their sensitivity to short-term fluctuations in soil moisture and atmo
spheric demand. WaPOR, with its focus on agricultural water productivity, demonstrates high accuracy in irrigated regions but tends 
to overestimate ETa in areas where soil moisture limitations are not well represented.

Land use and land cover were also found to be critical factors influencing model performance. VegET, with its phenology-based 
approach, accurately estimated ETa in rainfed croplands and natural vegetation zones, where soil moisture from rainfall is a pri
mary driver of ETa. However, its limitations become apparent in irrigated agricultural areas, particularly in North Africa and other 
regions relying on groundwater or supplemental irrigation. In these settings, VegET does not fully capture the complexities of managed 
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water use because it is specifically designed to estimate ETa based on soil moisture within a shallow 1-meter root zone driven by 
rainfall alone without accounting for additional water inputs from irrigation or groundwater sources. In these areas, WaPOR’s design, 
which emphasizes agricultural water use, provides higher ETa estimates, but often at the cost of overestimations in dry seasons. The 
findings emphasize the importance of model calibration and the integration of multi-source data—including soil moisture observa
tions, vegetation indices, and thermal infrared data—to improve ETa estimation across Africa’s diverse landscapes. Given the vari
ability in model performance, no single ETa product is universally superior. Instead, the strength of each model lies in its ability to 
capture specific environmental and land-use characteristics, underscoring the need for hybrid approaches that leverage the strengths 
of different methodologies.

Future research could focus on developing hybrid models that combine the strengths of precipitation-driven models like VegET 
with energy balance models like SSEBop and GLEAM. This will enable increased spatial and temporal resolution of ETa estimates, 
particularly in regions with high environmental variability. Furthermore, the incorporation of ground-based measurements is essential 
for validating and refining remote sensing estimates, especially in areas where remote sensing data may be limited or subject to bias. 
Expanding ground-based networks for soil moisture and vegetation monitoring will greatly enhance model accuracy and reliability, 
helping to close the gap between model predictions and observed ETa dynamics. In conclusion, increasing the accuracy and reliability 
of ETa models is key for supporting informed decision-making in water resource allocation, agricultural planning, and drought 
mitigation efforts. As Africa faces increasing challenges related to water scarcity, climate change, and population growth, robust and 
accurate ETa models are essential for ensuring the sustainable management of the continent's vital water resources. Advancing ETa 
modeling capabilities and integrating multi-source datasets, stakeholders can develop more effective strategies for managing water 
resources and adapting to the impacts of climate variability and change.

Furthermore, the application of VegET-derived actual evapotranspiration (ETa) in calculating drought indices like the Evapo
transpiration Deficit Index (ETDI) highlights the potential for enhanced drought monitoring and management across Africa. Inte
grating both PET and ETa, ETDI provides a more accurate reflection of water stress experienced by vegetation, particularly in regions 
with highly variable climatic conditions. ETDI provides a more accurate representation of water stress experienced by vegetation, 
particularly in regions with highly variable climatic conditions. This approach allows for the timely detection of agricultural droughts, 
enabling stakeholders to implement mitigation strategies more effectively. As climate change continues to alter precipitation patterns 
and increase the frequency of extreme weather events, incorporating ETa into drought assessment frameworks becomes increasingly 
crucial for safeguarding food security and optimizing water resource allocation (Narasimhan and Srinivasan, 2005; Marshall et al., 
2013). The enhanced precision in drought detection offered by models like VegET can significantly contribute to the development of 
resilient agricultural systems and inform policy decisions aimed at climate adaptation and sustainable resource management.
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Figure A1. Monthly average ETa using VegET v2 for the period 2003–2021
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Figure A2. Monthly average ETa using GLEAMv4.1a for the period 2003–2021
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Figure A3. Monthly average ETa using MODIS v6.1 for the period 2003–2021. White spaces in the maps represent no data pixels in MODIS16 product
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Figure A4. Monthly average ETa using SSEBop v6.1 for the period 2012–2021
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Figure A5. Monthly average ETa using WaPOR for the period 2018–2021

K. A
kpoti et al.                                                                                                                                                                                                         

Journal of H
ydrology: Regional Studies 66 (2026) 103511 

34 



Appendix B. ETa comparison

Figure B1. Taylor diagrams comparing actual evapotranspiration (ETa) estimates for various products (VegET v2, MODIS16 v6.1, WaPOR v3, and 
GLEAM v4.1a) across distinct climate zones for the period 2013–2021. The diagrams depict the standard deviation (SD) and correlation coefficient 
(R) of each product relative to the reference product. Reference points for individual climate zones are indicated by numbered arrows, corre
sponding to the following climate zones: (1) Af = Tropical, rainforest, (2) Am = Tropical, monsoon, (3) Aw = Tropical, savannah, (4) BSh = Arid, 
steppe, hot, (5) BSk = Arid, steppe, cold, (6) BWh = Arid, desert, hot, (7) BWk = Arid, desert, cold, (8) Cfa = Temperate, no dry season, hot summer, 
(9) Cfb = Temperate, no dry season, warm summer, (10) Csa = Temperate, dry summer, hot summer, (11) Csb = Temperate, dry summer, warm 
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summer, (12) Cwa = Temperate, dry winter, hot summer, (13) Cwb = Temperate, dry winter, warm summer, (14) Cwc = Temperate, dry winter, 
cold summer. The five panels (a-e) represent individual comparisons of each reference ET product against the others

Figure B2. Temporal evolution of monthly actual evapotranspiration (ETa) estimates from the VegET v2 model and six remote sensing ETa products 
for the periods 2003–2021 (MODIS16 v6.1 and GLEAM v4.1a), 2018–2021 (WaPOR v3) and 2013–2021 (SSEBop v6.1) across major climate zones 
in Africa. Each panel shows the time series of ETa estimates for a specific climate zone, including tropical (a) rainforest (Af), (b) monsoon (Am), (c) 
savannah (Aw); arid (d) hot desert (BWh), (e) cold desert (BWk), (f) hot steppe (BSh), (g) cold steppe (BSk); temperate (h) dry summer, hot summer 

K. Akpoti et al.                                                                                                                                                                                                         Journal of Hydrology: Regional Studies 66 (2026) 103511 

36 



(Csa), (i) dry summer, warm summer (Csb), (j) dry winter, hot summer (Cwa), (k) dry winter, warm summer (Cwb), (l) dry winter, cold summer 
(Cwc); and (m) no dry season, hot summer (Cfa), (n) no dry season, warm summer (Cfb)

Figure B2. cont
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Figure B3. Taylor diagram comparing the performance of evapotranspiration (ET) products (VegET, SSEBop, MODIS16, WaPOR, and GLEAM) 
against VegET as the reference, for different land use classes across Africa for the period 2013–2021. The diagram evaluates the correlation co
efficient and standard deviation of each product against VegET across the land use classes: Shrubland (Shr), Grassland (Gras), Rainfed/Fallow 
Cropland (RainC), Irrigated Cropland (IrriC), Built-up (Bup), Bare/Sparse Vegetation (BarV), Water Bodies (WaB), Evergreen Closed Forest (EvCF), 
Deciduous/Mixed Closed Forest (DMCF), Unknown Tree Cover (UTC), and Open Forest (OpF). The numbers on the x-axis correspond to different 
land use classes, with arrows indicating their respective positions. Each subplot represents a different ET product as the reference for comparison
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Figure B4. Monthly actual evapotranspiration (ETa) distribution across land use classes for Africa during the periods 2003–2021 (MODIS16 v6.1, 
and GLEAM v4.1a), 2018–2021 (WaPOR v3) and 2013–2021 (SSEBop v6.1). The box plots show the median, interquartile range, and outliers for 
each ETa products. The major land use classes include Shrubland, Grassland, Rainfed/Fallow Cropland, Irrigated Cropland, Built-up, Water Bodies, 
Evergreen Closed Forest, Deciduous/Mixed Closed Forest, Unknown Tree Cover, and Open Forest. The interquartile range shows the variability of 
each product's estimates, with outliers represented by black dots
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Figure B5. Taylor diagrams showing basin-specific comparisons of evapotranspiration (ETa) products (MODIS16 v6.1, WaPOR v3, and GLEAM 
v4.1a). Each panel presents a Taylor diagram with one ETa product as the reference dataset. The standard deviation (SD) and correlation coefficient 
are calculated for individual basins across Africa, represented by numbered markers
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Figure B6. Temporal evolution of monthly ETa estimates from the VegET v2 model and six remote sensing ETa products for the periods 2003–2021 
(MODIS16 v6.1, and GLEAM v4.1a), 2018–2021 (WaPOR v3) and 2013–2021 (SSEBop v6.1) across major basins in Africa
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Figure B6. cont

Appendix C. Annual average Evapotranspiration Deficit Index (ETDI)
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Figure C1. Annual average Evapotranspiration Deficit Index (ETDI) maps from 2002 to 2021 for Africa, generated using VegET ETa and GLEAM 
PET data. The color scale indicates the range of ETDI values, with negative values representing drought categories and positive values indicating 
wetness categories. These maps provide a visual representation of the spatial variability of drought and wetness conditions across the African 
continent over the 20-year period

Data Availability

Data will be made available on request.
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