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Abstract 
Evapotranspiration (ET) is a key process in hydrological systems and, consequently, in agroecosystems. It can 
be measured or derived with a large variety of models at scales ranging from leaf to catchment. MODIS16A2 is 
a satellite ET product with 500 meters / 8-day spatio-temporal resolution worldwide. It is based on the Penman-
Monteith equation and considers the effect of vegetation dynamics, albedo and land cover. This technical paper 
compares the ET estimated from MODIS16A2 against the ET estimated at different scales from three reference 
methods: (1) the INIA-GRAS Water Balance on a country-scale, (2) the SWAT model of the Santa Lucia basin 
on the catchment scale, and (3) the Eddy Covariance Flux located in Colonia on a farmer scale. The analysis 
shows similarities between MODIS16A2 and the reference methods depending on seasonality, geographic lo-
cation and scale of ET estimation. The assumptions about vegetation cover, vegetation dynamics, meteorolog-
ical forcing and soil characteristics of the reference methods compared with MODIS16A2 ones could explain 
some deviations in the ET estimations. The results of this work contribute with a first approximation towards the 
quantification of the uncertainty of MODIS16A2 in Uruguay. 
Keywords: MODIS16A2, satellite evapotranspiration, water balance, SWAT, Eddy Covariance flux 
 
 
Resumen 
La evapotranspiración (ET) es un proceso clave en los sistemas hidrológicos y consecuentemente en los agroe-
cosistemas. Puede ser medida o simulada con una gran variedad de modelos implementados a diferentes es-
calas que abarcan desde pequeñas escalas a nivel de la hoja de una planta, hasta escalas más grandes en 
una cuenca hidrográfica. El MODIS16A2 es un producto satelital que estima la ET. Tiene una resolución espa-
ciotemporal de 500 metros y 8 días en todo el mundo. Se basa en la ecuación de Penman-Monteith y considera 
el efecto de la dinámica de la vegetación, el albedo y la cobertura del suelo. Esta nota técnica compara la 
estimación de la ET del MODIS16A2 con la ET estimada a diferentes escalas con tres métodos de referencia: 
(1) el Balance Hídrico INIA-GRAS a escala país; (2) el modelo SWAT de la cuenca Santa Lucía en la escala de 
cuenca, y (3) la Torre Eddy Covariance ubicada en Colonia a escala de chacra. La comparación muestra que 
la similitud del MODIS16A2 con estos métodos de referencia depende de la estacionalidad, la geolocalización 
de la estimación de ET, así como de la escala. Los supuestos sobre la cobertura vegetal, la dinámica de la 
vegetación, el forzamiento meteorológico y las características del suelo de los métodos de referencia en relación 
con los de MODIS16A2 podrían explicar algunas de las desviaciones en las estimaciones de ET. Los resultados 
de este trabajo contribuyen con una primera aproximación a la cuantificación de la incertidumbre de MO-
DIS16A2 en Uruguay. 
Palabras clave: MODIS16A2, evapotranspiración por satélite, balance de agua, SWAT, Eddy Covariance 
 
 
Resumo 
Evotranspiração (ET) é um processo chave nos sistemas hidrológicos. A mesma pode ser estimada utilizando 
medições indiretas ou simulada com uma grande variedade de modelos, que representam escala finas desde 
a folha de uma planta até escalas amplas em uma bacia hidrográfica. O MODIS16A2 é um produto de satélite 
que estima a ET. Apresenta uma resolução espaço-temporal de 500 metros e 8 dias no mundo inteiro. Está 
baseado na equação de Penman-Monteith e contempla o efeito da dinâmica da vegetação, o albedo e a cober-
tura do solo. Este documento técnico compara o modelo MODIS16A2 com três métodos de referência: (1) o 
balanço hídrico INIA-GRAS na escala país, (2) o modelo SWAT da bacia do Rio Santa Lucia na escala da bacia 
e (3) a Torre Eddy Covariance localizada em Colonia na escala de chacara. A comparação mostra que a simi-
litude do modelo MODIS16A2 com os métodos de referência depende da estacionalidade e localização espacial 
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da estimação de ET. O MODIS16A2 emprega diferentes suposições dos métodos de referência. Os pressupos-
tos sobre cobertura vegetal, dinâmica da vegetação, variáveis meteorológicas e características do solo dos 
métodos de referência em relação aos do MODIS16A2, poderia explicar alguns dos desvios nas estimativas de 
ET. Os resultados deste trabalho contribuem com uma primeira aproximação na quantificação da incerteza do 
modelo MODIS16A2 no Uruguai.  
Palavras-chave: MODIS16A2, detecção de evapotranspiração com satélite, balanço hídrico, SWAT, Eddy 
Covariance
 
 
 
 
1. Introduction 
Actual evapotranspiration (ET) is a key variable in 
water resources management since it could affect 
the soil water balances from farmer to catchment 
scale. ET is the sum of transpiration from plant can-
opy and evaporation from soil. It differs from the 
concept of reference evapotranspiration (ETo), 
which is the evaporation from a reference surface 
(hypothetical grass reference crop), not short of wa-
ter; and also differs from the concept of crop evap-
otranspiration (ETc), which is the evapotranspira-
tion of a given crop from disease-free, under opti-
mum soil water conditions. From a practical point of 
view, the ET process affects mainly the crop yields, 
then the runoff characteristics; in both cases, deci-
sions like irrigation strategies or water allocations 
are made with partial information of ET. 
ET is usually measured by lysimeters, Eddy Covar-
iance flux, sap flux or estimated by satellite remote 
sensing products; it can also be simulated by using 
empirical/physical relationships as soil water bal-
ances, energy balances, or the Penman-Monteith 
model. The advantages of using satellite ET estima-
tions to provide information have been recognized; 
e.g. ET estimated by MODIS16 could help to iden-
tify structural errors of hydrological models(1). De-
spite this, satellite ET is still not used as it could be. 
This may be for a number of reasons. On the one 
hand, satellite ET can be affected by significant er-
rors which are difficult to quantify. On the other 
hand, issues related to scales need to be assessed 
and incorporated in the conceptualization of the hy-
drological system. 
This technical paper examines similarities and dis-

crepancies of ET derived by MODIS16A2 (ET-
modis) in Uruguay with respect to three reference 
techniques: (1) INIA-GRAS Water Balance on a 
country-scale (ETgras); (2) Soil & Water Assess-
ment Tool (SWAT) on the catchment-scale 
(ETswat); and Eddy Covariance Flux on a farmer-
scale (ETedco). 

 
2. Materials and methods  
MODIS16A2 is the 6th version of an Evapotranspi-
ration satellite product hosted by NASA Earth Ob-
serving System Data and Information System. This 
product provides an estimation of ET (ETmodis) as 
well as potential evapotranspiration (PET) with 500 
meters/8-day spatio-temporal resolution. It is based 
on the Penman-Monteith model, using daily meteor-
ological reanalysis and 8-day remote sensing data 
products(2). Surface net radiation and soil heat flux 
are estimated by MODIS 8-day albedo and daily 
meteorological reanalysis. The net radiation is then 
distributed between soil and vegetation by the Frac-
tion of Photosynthetically Active Radiation. Surface 
stomatal conductance, aerodynamic resistance and 
wet canopy are estimated by daily air temperature, 
vapour pressure deficit and relative humidity data. 
Additionally, MODIS land cover is used to specify 
the biome type. Data is freely available from 2001 to 
present with worldwide coverage(2). 
The experiment presented in this technical paper 
consists of comparing the ET derived by ETmodis 
against the ET estimated from three reference 
methods: (1) INIA-GRAS Water Balance (ETgras), 
(2) SWAT model (ETswat), and (3) the Eddy Covar-
iance Flux (ETedco). The comparison is made in the 
temporal resolution of MODIS16A2 (8-day total ET). 
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R-squared (R2), percentage bias (PBIAS), and root 
mean squared deviation (RMSD) are used (equa-
tions 1-3). 
 

𝑅𝑅2 = 1 − ∑(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ)2

∑(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ�������������)2
 [Eq. 1] 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 100∑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ

 [Eq. 2] 

 

𝑅𝑅𝑅𝑅𝑃𝑃𝑅𝑅 =  �∑(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸ℎ)2

𝐸𝐸
 [Eq.3] 

 
Where ETbench is the ET obtained by the reference 
methods scaled to the temporal resolution of ET-
modis (8-days), and n is the number of samples.  
INIA-GRAS water balance model is an operational 
product of the GRAS Unit of the National Institute of 
Agriculture Research (INIA Uruguay) that estimates 
the water content for the soils of Uruguay. Addition-
ally, it offers an estimation of potential evapotranspi-
ration, actual evapotranspiration (ETgras), effective 
precipitation and runoff. The model for PET is based 
on the Penman-Monteith equation(3). The water bal-
ance uses the conservation of mass and a logarith-
mic model for the daily water retention. The model 
runs throughout the country on a daily basis, grid-
ded with 30×30 km spatial resolution (Figure 1). The 
model incorporates local soil information, agromete-
orological data and kriged precipitation from a rich 
rain gauge network (84 rain gauges). The method-
ology considers that the vegetation cover is grass-
land, which intercepts 100% of the incident radiation 
and is actively growing(4)(5)(6)(7). The study period is 
2004-2018. 
The Soil & Water Assessment Tool (SWAT) is a wa-
tershed model used to predict water availability and 
environmental impacts(8). Spatial heterogeneities 
are grouped in Hydrological Response Units (HRU) 
and a mesh of sub-basins. Then, ETswat is esti-
mated at HRU level by a soil water balance, where 
two methods for PET could be used: Penman-Mon-
teith or Hargreaves. This study uses a previous im-
plementation of the SWAT model in the Santa Lucía 
basin at Paso Pache (Figure 1)(9)(10). It is based on 

the Penman-Monteith equation with 41 sub-basins 
and 865 HRU. The comparison was done on the 
sub-basin level, ranging from 20 to 300 km2 in 2010 
to 2016. 
Eddy Covariance Flux is a micrometeorological 
technique to estimate carbon, water and heat flux 
with high temporal resolution (less than an hour), 
and on spatial scales ranging from 100-2000 me-
ters. The technique uses high frequency measure-
ments of wind velocities, carbon dioxide and water 
vapour as well as low frequency measurements of 
other standard micrometeorological parameters 
(solar radiation, air temperature, relative humidity, 
etc.). The method calculates the covariance of fluc-
tuations in the vertical wind velocity and in the phys-
ical quantity to be measured (i.e. water vapour), and 
derives an integrated estimate of flux over a short 
time period (typically half an hour or one hour)(11). In 
this work, a 3×3 neighbouring grid of ETmodis (res-
olution 500×500 m) is compared against ETedco 
derived by an Eddy Covariance located in Colo-
nia(12)(13) (Figure 1, 3). The study period starts in 
February 2011 and finishes in May 2012, it contains 
13 complete samples of 8-days of total ET. 
 

Figure 1. Study area and spatial domain of INIA-
GRAS Water Balance (grid), SWAT model (green 

polygons), and Eddy Covariance (red dot) 
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3. Results  
On the country-scale, Figure 2 shows the R2, PBIAS 
and RMSD of ETmodis vs ETgras. The spring 
shows the highest spatial variability of R2 being the 
best values in the western part of the country. Also, 
this season shows negative bias on the west and 
mid to low RMSD across the country. During the 
summer the R2 is improved, especially in the east. 
However, non-negligible positive PBIAS and high 
spatial variability of the RMSD appear. During the 
autumn-winter season ETmodis is quite similar to 
ETgras; they show high R2, low PBIAS and low 
RMSD. Additionally, in the winter, similarities are 
spatially homogeneous. The overall similarity of ET 
estimations across all the seasons shows R2 values 
above 0.5, positive/negative bias on the east/west 
and only a few pixels with RMSD above 8 mm/8-
day. 

 
The catchment-scale was analyzed in the Santa Lu-
cia Basin. Figure 3 shows the statistics on the 41 
sub-basins of the SWAT model. The highest R2 and 
the lowest PBIAS and RMSD occur during the au-
tumn. Spring and summer show relatively low 
PBIAS. Furthermore, ETmodis in the sub-basins 
near to the main river are slightly above ETswat. R2 
values ranging from 0.4 to 0.6 and high RMSD are 
observed in summer. The winter season shows bet-
ter R2 than summer. However, it has large negative 
PBIAS, which produces higher RMSD in the winter 
than in the autumn. ET estimations through all sea-
sons show R2 above 0.6, slightly negative PBIAS 
with minor positive zones near the main river, and 
RMSD around 6 mm/8-day. 
 

 
Figure 2. R-squared (top panel), percentage bias (mid panel) and root mean squared error (bottom panel) of 

ET from MODIS16A2 against INIA-GRAS water balance 
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Figure 3. R-squared (top panel), percentage bias (mid panel) and root mean squared error (bottom panel) of 
ET from MODIS16A2 against SWAT model 

 
 
 

Figure 4. Location of the Eddy Covariance (red cross) with the MODIS16A2 pixels (left panel), and scatter 
plots of MODIS16A2 against Eddy Covariance (right panel) 

 
 

Similarities on the farmer scale are shown in Fig-
ure 4. The left panel shows an aerial image from 
IDE(14) with the location of Eddy Covariance and the 
3×3 neighboring grid of ETmodis. The right panel 
shows scatter plots of the ETmodis of each pixel vs 
ETedco. Note that the Eddy Covariance Flux is in 

pixel P22, and the comparison is done even on the 
neighboring pixels. The highest similarity is found 
for P23 and P33 with R2 above 0.5, and the linear 
regression that passes close to the origin. However, 
all pixels show large PBIAS above 30%. Both P23 
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and P33 are the pixels that contain in largest pro-
portion parts of the paddock where the tower was 
set up, thus greater agreement is expected. P22 
also contains a large portion of the paddock, but 
also comprises other paddocks on the upper left and 
right parts of the grid cell. 

 
4. Discussion  
In this technical paper, the similarities and discrep-
ancies of ETmodis in Uruguay with respect to three 
reference techniques and scales have been ana-
lyzed. The reference techniques give ET estima-
tions on different scales and periods. In all cases, 
ET was scaled to match with ETmodis. Results 
show that the similarity of ETmodis with respect to 
the reference methods changes by season and spa-
tial location. 
On the country scale, ETmodis is above ETgras in 
the eastern part of the country, and below it in the 
west. This because ETmodis is a dynamic product 
capable of including variations of Land Cover. Sev-
eral land uses and land covers are present across 
Uruguay (crops mainly on the west and native 
grasslands on the southeast); then the deviation 
could be explained because ETgras use local infor-
mation about land use/cover with some assump-
tions (e.g. grassland, intercepts 100% of radiation, 
active growth), while ETmodis use a Land Cover 
Dynamics product with an estimation of vegetation 
growth, maturity and senescence(15). These as-
sumptions could be marking the seasonal deviation 
between ETgras and ETmodis. Another possible 
explanation for these discrepancies could be the 
meteorological input and the soil information used. 
ETgras uses a very rich network of stations which 
reduce the uncertainties of the meteorological in-
puts, while the ETmodis uses meteorological rea-
nalysis data that may be biased from surface 
data(16). On the other hand, soil characteristics con-
trol the water balance(17), being the effect of soil wa-
ter availability neglected by the ETmodis algo-
rithm(18).  
ETswat uses dynamic land-use information, which 
has been included in the model by management op-
erations and crop rotations. This allows represent-
ing the crop development, growth, yield and water 

uptake of grassland, small grains, and forestry. 
However, in the winter season ETmodis has large 
negative PBIAS compared to ETswat. This PBIAS 
could be caused by two reasons: (1) misrepresen-
tation of the SWAT crop model: parameters like the 
minimal temperature for the plant growth or the plant 
uptake compensation factor could be reviewed, (2) 
meteorological phenomena during the winter that 
perturb satellite measurements: Some regions of 
Uruguay are characterized by radiation fog during 
the winter; furthermore it is know that fog is often a 
problem in high frequency remote sensing(19). Thus, 
the implications of such phenomena need to be as-
sessed in future works; on the one hand it could af-
fect a part of the satellite spectrum, on the other 
hand fog could produce a non-negligible amount of 
water in the form of dew which has not been in-
cluded in the soil water balance(20). Another interest-
ing pattern found in summer was the positive PBIAS 
observed in the sub-basins near the main river. This 
could be due to major soil water availability in low-
lands or irrigation operations that have not been 
considered in the current version of the Santa Lucía 
SWAT model. 
The farm-scale highlights the difficulties of estimat-
ing ET because of the heterogeneity of small crop 
fields due to mixed vegetation or land cover within 
the pixels of ETmodis. The experiment was carried 
out with limited information of ETedco (only 13 sam-
ples of 8-day total ET). Results show similar scatter 
to that presented in the validation of the 
MODIS16A2 algorithm, but with slightly more 
bias(21). Note that the validation was done far from 
Uruguay. Furthermore, the precision of the satellite 
ET increases with the precision of the ET used by 
which the satellite product was calibrated(22). So, it 
is to be expected that the uncertainty will be greater 
for Uruguay. 

 
5. Conclusions 
Evapotranspiration derived by MODIS16A2 was 
compared with three references techniques: the 
INIA-GRAS water balance, the SWAT model and 
the Eddy Covariance Flux. Results from this work 
show that ET estimations depend on seasonality, 
spatial location and the technique used. Results 
show the problems that must be solved to quantify 
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the uncertainty of the evapotranspiration estimation 
in hydrological systems. One of the main difficulties 
is the lack of direct measurements of ET, specially 
at the catchment scale. In this scenario: the main 
challenge is how to merge the different available 
techniques to deliver an improved estimation of ET. 
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