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Abstract

Actual evapotranspiration (ET) is a major component of the water balance. While several international flux measurement

programs have been executed in the tropical rain forest of the Amazon, those measurements represent the evaporative

process at a few selected sites only. The aim of this study is to obtain the spatial distribution of ET, using remote sensing

techniques, across the entire Amazon River Basin. Results from six global ET products based on remote sensing techniques

(GLEAM, SEBS, ALEXI, CMRSET, MOD16, and SSEBop) were merged to obtain an ensemble prediction of the ET rates for the

complex and in-accessible environment of the Amazon at a spatial resolution of 250m. The study shows that the basin-

wide average ET is 1316mm/year with a standard deviation of 192mm/year. This new ET-Amazon product was validated

against seven different historic flux tower measurements. The energy balance closure of the in situ measurements varied

between 86 and 116%. Only months with more than 70% completeness of in situ measurements were considered for

validation. Different procedures for closure correction were included in the analyses. The correlation between measured and

remotely sensed ET is good (R2> 0.97 for consecutive periods of 2 to 12months), and the bias correction is negligible for

the energy balance residual method, which seemed most favorable. Monthly ET values have more uncertainty. The monthly

RMSE values vary between 7.4 and 27.8mm/month (the average RMSE is 22.2mm/month), and the coefficient of

determination (R2) varies between 0.48 and 0.87 (the average R2 is 0.53). The ET from the water balance is 1380mm/year,

being − 64mm/year difference and 4.6% less than ET derived from the water balance. The evaporation from the Amazon

basin inside Brazil is 5063 km3/year, followed by Peru with 1165 km3/year. ET-Amazon shows more spatial details and

accuracy than alternative global ET products such as LandFlux-EVAL, Model Tree Ensemble (MTE), and WACMOS-ET. This

justifies the development of new regional ET products.
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Introduction

The hydro-climatic regime of the Amazon River Basin has

a fundamental influence on the climate of South America

and the globe (Fisch et al. 1998; Malhi et al. 2015; Nobre

et al. 2016). The hydrology of the Amazon is dependent

on the water, heat, and carbon exchanges between land

and atmosphere. These processes in the Amazon rain

forest are important for global carbon sequestration and

biodiversity and play a critical role in regulation of the

regional and global climate. Given the large amount of

carbon stored in the Amazon forests, there is considerable

potential to influence the global climate if not properly

protected or managed. Due to continental-scale atmos-

pheric moisture recycling processes (e.g., Mohamed et al.

2005; van der Ent et al. 2012), rainfall in the Southern

Region of Brazil and South America depends on the

evapotranspiration of the Amazon (Salati et al. 1979;

Nobre 2014). Yet, due to its immense dimensions and
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natural land cover, this ecosystem is only partially

understood.

In recent years, the hydrology was characterized by

large fluctuations in wet and dry years (Costa and Foley

1999; Marengo 2006; Davidson et al. 2012; Gloor et al.

2013; Lopes et al. 2016). Major floods occurred during

2009, 2012, 2014, and 2015 (Marengo and Espinoza

2016). In contrast, 2005 and 2010 were characterized by

severe droughts (Nobre 2013). These increasing fluctua-

tions of rainfall and streamflow raise severe environmen-

tal and agricultural concerns, and local authorities need

to improve their assessment of droughts and floods and

the impact thereof on livelihood and ecosystems. A re-

analysis of these extreme events that occur in such a

short period of time cannot be undertaken without hav-

ing a deeper understanding of the bio-physical processes,

and local evapotranspiration (ET) in particular. Hydro-

logically based water accounting should be applied for

systematic reporting on the water resources of the Ama-

zon basin (e.g., Bastiaanssen and Chandrapala 2003; Kar-

imi et al. 2013).

The hydrological observation network in the Amazon

forest is neither meeting the required density nor de-

livers complete time series adequate for making ope-

rational assessments of river flow (Paca et al. 2011).

Incomplete observations hamper the process of obtain-

ing reliable streamflow and flood predictions. The con-

version of precipitation into streamflow is classically

done by means of rainfall–runoff models (e.g., Duan et

al. 1992). More recently, results were published where

runoff is determined from remotely sensed rainfall and

ET values in ungauged basins (e.g., Simons et al. 2016;

Poortinga et al. 2017). Predictions of ET in conjunction

with satellite estimates of precipitation and water storage

provide a new methodology to predict streamflow in

river basin (e.g., Liu et al. 2016). Such predictions can be

improved if accurate ET maps of the Amazon are

available.

The number of ET studies in the Amazon basin, based

on water budget analysis and climatological and aero-

logical methods by Marques (1980) and Salati (1987),

has increased since the beginning of the 1970s. The

average actual ET values in the entire Amazon basin

were estimated to vary between 1000 and 1905 mm/year.

Using isotopes, Marques (1980) obtained ET values

between 1146 and 1260mm/year, being much lower

than those found by Salati (1987).

The first ET studies based on flux tower measure-

ments in the Amazon basin were done during the Ama-

zonian Research Meteorological Experiment (ARME) in

1983 at the city of Manaus (Fisch et al. 2008). The next

expeditions are referred to as the Atmospheric Boundary

Layer Experiments (ABLE2A and ABLE2B) in 1989

(Harris 2008). Shuttleworth (1988) calculated ET at the

Ducke forest reserve 25 km from Manaus, and the near

K34 site, and reported values ranging between 1288 and

1344 mm/year over 2 years of combined in situ measure-

ments and calibrated modeling. His values were lower

than those of Salati (1044 to 1560mm/year), but higher

than those of Marques (1146 to 1260mm/year). These

were the first in situ measurements based on eddy covari-

ance techniques, which provided the basis for a follow-up

project: the Anglo-Brazilian Amazonian Climate Observa-

tion Study (ABRACOS). The study included six flux towers

in forest and grassland, in the cities of Manaus, Marabá,

and Ji-Paraná from 1991 until 1995. The ET measured dur-

ing the experiment ranged from 2.1 to 3.8mm/day or from

768 to 1392mm/year (Gash et al. 1996).

The ET studies in the Amazon basin culminated into

the Large-Scale Biosphere-Atmosphere Experiment in

the Amazon (LBA) (Saleska et al. 2013; de Gonçalves et

al. 2013). The LBA flux database is one of 12 from the

Earth Observing System Data and Information System

(EOSDIS). Da Rocha (2009) reviewed the ET measure-

ments and estimates from LBA and recorded a range of

2.7 to 6 mm/day (i.e., 986 to 2190mm/year, assuming

these measurement days are representative of the year).

Hence, after more than 40 years of research, ET statistics

(mean, standard deviation, range) for the basin as a total

ecosystem are still under discussion and review.

Von Randow et al. (2004) analyzed the energy balance

closure with data from the Rondônia stations and con-

cluded that the energy balance did not close due to (1)

slow wind speed, (2) short timescales causing failure of

instruments to record eddy processes, and (3) significant

amounts of energy being transported horizontally. A bias

correction on the energy balance parameters was pro-

posed similar to the corrections on the eddy correlation

fluxes of croplands in the semi-arid regions of Brazil

(Teixeira and Bastiaanssen 2012).

Due to a low density of stations and scaling point data

relative to the areas involved, the flux tower data cannot be

a true reflection of the average ET over the whole basin.

This was pointed out in earlier large-scale energy and water

balance field experiments such as EFEDA (Pelgrum and

Bastiaanssen 1996), FLUXNET sites (Wilson 2002), and

fluxes measured in ecosystems (Nagler et al. 2005). While

flux towers provide local ET estimates, the spatial variability

of ET across the Amazon is poorly understood. Hence,

methodologies need to be developed that describes the full

variability of ET fluxes, and remote sensing technique is

one of them.

The spatial variability and magnitude of ET can be de-

scribed by means of remote sensing technologies with an ac-

ceptable accuracy, especially when the fluxes are integrated

across a longer period (e.g., Kustas et al. 2003; Jia et al. 2010;

Karimi and Bastiaanssen 2015). This study includes global

scale state-of-the-art procedures to estimate ET for the
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complete Amazon basin for a period of 10 years (2003 to

2013) (Appendix 1 and Appendix 2). The availability of glo-

bal ET data sets from individual (GLEAM, SEBS, ALEXI,

CMRSET, MOD16, SSEBop) remote sensing products will

create new opportunities to determine local ET fluxes, also

when no in situ instruments are available. The objective of

this study is to develop a high resolution spatially distributed

ET map (250m× 250m) for the entire Amazon basin—thus

also from upstream countries—based on existing remote

sensing models and validated against independent flux

towers installed over different land use classes.

Material and methods

Climatology

The Amazon River Basin covers 6.1 × 106 km2 and ex-

tends over seven countries. The percentages of each

country covered by the basin are as follows: Brazil (63%),

Peru (16%), Bolivia (12%), Colombia (5.6%), Ecuador

(2.3%), Venezuela (0.8%), and Guyana (0.3%) (Villar

2009) (Fig. 1). The annual mean precipitation in the

Amazon basin based on rain gauges is 2460mm/year

(CPRM 2011). Areas with high rainfall occur on the

slope of the Andes Mountains (6000 mm/year) and near

the coast at the north-east region in Amapá (4000 mm/

year). The minimum rainfall is 600mm/year, and it oc-

curs at the central Brazilian plateau (Fisch et al. 1998,

Braga et al. 1999, and CPRM 2011). Figure 1 shows the

boundaries, the hydrographic network obtained from the

ORE-HYBAM database (http://www.ore-hybam.org), the

location of two climatological stations of which data

were obtained from SISDAGRO/INMET (http://sisda-

gro.inmet.gov.br/sisdagro/app/index), and the seven flux

tower locations from LBA project (https://daac.ornl.gov).

The monthly distribution of rainfall and standard ref-

erence evapotranspiration (ET0) for two selected up-

stream and downstream meteorological stations in the

Amazon are depicted in Fig. 2. The data are from the

stations of Rio Branco, in the State of Acre, and Porto

de Moz, in the State of Pará, both in Brazil. The Rio

Branco station is in the capital of the State of Acre, in

Brazil, near the Acre River, which is part of the Purus

River Basin. The Porto de Moz station is in the Low

Amazon Mesoregion, in the mouth of Xingu River; both

stations are at the right side of the river bank of the

Amazon River.

The rate of actual ET is mainly driven by climatic va-

riables, soil moisture, and leaf area index. Reference

evapotranspiration (ET0) integrates climatic data such as

cloud cover, solar radiation, temperature, air humidity,

and wind speed into one single parameter, which is plot-

ted against rainfall for the two climatological stations in

Fig. 2. The ET0 was obtained from the FAO-56 standard

Penman-Monteith equation. The plot of rainfall and ET0

gives an indication of the monthly climatic conditions of

the region. At the Porto de Moz station, average precipi-

tation over the period 2011 to 2013 was 205mm/month

and ET0 72mm/month. The precipitation at Rio Branco

was on average 177 mm/month and ET0 is 68.3 mm/

month. The monthly variability in the downstream part

Fig. 1 Location of the Amazon River Basin. The altitude is taken from the USGS Digital Elevation Model (USGS, 2004). The location of the flux

tower sites (black triangles) and two meteorological stations (brown dots) are indicated
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of the basin (i.e., Porto de Moz) shows more climatic

variability.

LBA flux tower database

LBA fluxes over the period 2003 to 2013 were used for the

ground truth comparison (Saleska et al. 2013). The data is

only partially accessible through the website https://daac

.ornl.gov for the 1999 to 2006 period and for four stations.

The remaining three datasets were acquired from contacting

the principal investigators. The description of the flux tower

sites and duration of ET data records are presented in

Table 1.

The Manaus site (K34) is a primary forest area 60 km

from Manaus. This flux tower has the longest recorded

data series covering a period of 23 months. Of the

months available, 14 was used for this study, since 9

months were before January 2003.

Three flux tower stations are located in Pará State

(Santarém) of which station K77 and station K83 were

de-activated, and K67 continues collecting data up to

Fig. 2 Mean monthly precipitation (P) and reference evapotranspiration (ET0) values for the period 2011 to 2013 at the Rio Branco (left) and Porto de Moz

(right) stations (source INMET, 2017). Two major seasons are observed: (1) the rainy season starting from December until May and (2) the dry season from

June to November. These patterns are more pronounced at the Porto de Moz station near the East Coast. Rio Branco reveals water shortage during July

(ET0 = 78.3; P= 38.2mm/month) and August (ET0= 100.2; P= 58.6mm/month). The dry period in Porto de Moz is also longer, suggesting an east-west

gradient from the coast to the upper parts of the Amazon basin. Over the 3 years (2011 to 2013), there was a water-deficit at Porto de Moz, in September

(ET0 = 90.4; P= 62.1mm/month), October (ET0 = 97.2; P= 63.8mm/month), and November (ET0= 90.3; P= 42.9mm/month)

Table 1 Flux tower sites in the Amazon River Basin and period of available data for the present study

Tower
code

Location Vegetation type Lat, Lon Tower height
(m)

Period of available data for this
study

Effective months
available

K34 Amazonas, Manaus Primary forest − 2.609, −
60.209

53 1999/2006 23

K67 Pará, Santarém Primary forest − 2.857, −
54.959

63 2008/2011 25

K77 Pará, Santarém Agriculture field − 3.02, −
54.894

18 2001/2004 5

K83 Pará, Santarém Primary forest − 3.018, −
54.971

64 2001/2003 12

BAN Tocantins, Ilha do Bananal Cerrado and
pasture

− 9.824, −
50.159

40 2003/2006 18

FNS Rondônia, Ouro Preto do
Oeste

Pasture − 10.750, −
62.367

8 2009/2010 10

JAR Rondônia, Ji-Paraná Primary forest − 10.083, −
61.931

63 2004/2009 27
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date. Data collected from K67 during 2008 to 2011 were

used for the current remote sensing study. These three

flux towers were all within a radius of 18 km, as shown

in Fig. 1 and described in Table 1.

The BAN flux tower is located in Tocantins State and

has been dismantled, but enough data for the period

2003 to 2006 were available for our purpose.

The flux towers Rebio-Jaru (JAR) and Fazenda Nossa

Senhora (FNS) are located in the State of Rondônia, but

only the latent heat flux was included in this study. Both

stations are still working.

More information on the sites are given in Fig. 1,

Table 1, and Appendix 4.

The distance between the seven stations is large, and con-

sequently, their ecosystems, physical land surface conditions,

and climatology differ vastly, which contributes to getting a

regional picture of ET fluxes. All flux towers are based on

the eddy covariance method. The turbulent fluxes and the

vertical profiles of CO2 concentration, air humidity, and air

temperature are measured above the canopy at heights ran-

ging between 8 and 64m above ground level. Staff security

and extreme weather conditions are practical limitations to

collect complete datasets. The long exposure to thunder-

storms and disappearance of solar panels and batteries have

led unavoidably to periods of missing data. The incomplete

time series is a limitation for validating monthly ET prod-

ucts from remote sensing technologies. Only months with

70% complete data sets—or longer—were included for the

validation in the current study. The JAR flux site, with 27

months of data, provided the most complete time series.

Interpretation of surface energy balance measurements

The land surface fluxes are coupled by means of the sur-

face energy balance equation:

λE ¼ Rn−H−G ð1Þ

where λE is the latent heat flux density associated with ac-

tual evapotranspiration, Rn is the net radiation flux density,

H is the sensible heat flux density, and G is the soil heat flux

density. Values of λE flux densities (W/m2) were converted

into ET rates (depth per unit time) using Eq. (2):

ET ¼
λE

λ ρw
ð2Þ

where λ (MJ/kg) is the latent heat of vaporization

(2.45 MJ/kg at 25 °C) and ρw (kg/m3) is the density of

water. Three different data interpretation methods were

used to obtain monthly ET data from LBA flux towers:

(1) direct measurement of latent heat flux λE, (2) re-

sidual of the energy balance closure method (λE =

Rn – G −H), and (3) the Bowen ratio closure forcing

method (see Eq. 3). The first method directly measures

the λE fluxes using the eddy flux equipment. Araújo et

al. (2002) and Restrepo-Coupe et al. (2013) used this

method for LBA ET rates. According to von Randow et

al. (2004), the direct λE fluxes are underestimating ET

for pasture land, and forests, so direct flux measure-

ments must be interpreted with caution. The energy bal-

ance closure method was evaluated by von Randow et al.

(2004) for two sites in the south-western Amazon (FNS

and JAR flux towers). The residual method was applied if

λE measurements were less accurate than measurements

of H. The Bowen ratio method (3) uses the sensible heat

flux Hraw to latent heat flux λEraw ratio (e.g., Twine et al.

2000) to force the energy balance to close for cases where

H and λE have the same degree of error:

λE ¼
Rn−G

1þ
H raw

λEraw

� � ð3Þ

The Bowen ratio method described in Eq. (3) is quite

popular, but it does not always provide the best results.

It is beyond the scope of the current paper to discuss all

measurement principles and interpretation methods at

length. Instead, a pragmatic approach was undertaken to

interpret the results for the three different closure

methods and to pinpoint the uncertainty related to eddy

covariance measurements in general. By absence of net

radiation or soil heat flux data, the FNS and JAR flux

towers were considered as direct λE measurements only.

The validation considered different footprints of the

flux towers. The footprint analysis ranged from one

single pixel (250 m × 250m) to 7 × 7 pixels (1750m ×

1750 m) assuming the flux towers to be present in the

center of the areas of interest. A rule of thumb is that

the required fetch should be 10 times the height of the

flux measurements. In our case, this would be a mini-

mum fetch requirement of 80 to 640 m. Considering that

the routine pixel size of most ET products is 1000m, a

downscaling to 250 m is required. For a single 250 m

pixel, the upwind distance will be half, hence 125 m. For

seven pixels, the upwind distance is 875 m. Hence, the

particular pixels selected represent the water vapor

source areas of the fluxes measured by the towers.

The LBA flux database has missing data. The data

series were classified into three categories (i.e., 100%,

85%, and 70% completeness). The gaps were filled with

the mean daily values for a given month for the 85% and

70% categories. Periods with less than 70% of complete

data series were excluded from further analyses.

Flux measurements

K34 provided 23 months of data records, of which

7 months were 100% complete, 8 months with 85% (i.e.,

15% missing records), and another 8 months with 70%

data available (i.e., 30% missing records). The monthly
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ET rates in the primary forest ranged from 72mm/

month in April 2006 to double the amount (141 mm/

month) in October 1999. The Porto de Moz station

shows the highest ET0 rates also to occur during Octo-

ber and November; hence, the actual ET fluxes seem to

follow the climate demand.

K67 is located in a primary humid tropical forest type.

There were 25months available for the analysis; 19months

contained complete data records and 6months had 85%

complete data. The monthly ET rates varied between 64

mm/month (September 2009) and 132mm/month

(October 2010).

Flux tower K77 is located in an agriculture field and

had 9 months of 100% complete data series. Three

months had 85% completeness. Five months were avail-

able after 2003 for comparison with the ET-Amazon.

The ET rates varied between 66 (November) and 151

mm/month (April). K83 in the eastern Amazon had

5 months of useable ET data records only, with 70%

complete daily total flux data sets. The ET values measured

varied between 126 and 159mm/month. BAN is located in

the Tocantins River Basin, just outside the boundaries of the

Amazon River Basin. Because of the inclusion of a vegeta-

tion transition zone with pastures and savanna, this station

was an attractive option to add for validation of the

ET-Amazon product. BAN had 1 month with 100%

complete data sets, 6 months with 85%, and 11months

with 70% data sets. The FNS and JAR sites provided direct

λE measurements from both flux towers. The FNS showed

the lowest ET, 85mm/month recorded in February 2009,

and the highest value of 135mm/month in March 2010.

The overall situation on the energy balance closure

is presented in Table 2. The differences between the

three energy balance closure methods did not exceed

25 mm/month, and the maximum difference occurred

at site K77. An error of 25 mm at an average monthly

ET rate of 125 mm would imply an error of 20%,

which agrees with findings in the international litera-

ture on eddy covariance measurements. Site K67 had

the smallest variability among the three interpretation

methods utilized. The surface energy balance closure

was 97%.

The overall conclusion of this quality control check is

that ET measurements in the Amazon have considerable

uncertainties. The lowest energy balance closure was

86% (K34) and the highest 116% (K77). At shorter time

scales, the field measurements become even more uncer-

tain. This poses a limitation to the validation of ET

Amazon, but remains to be in line with the quality of

flux data acquired in other flux sites.

ET-Amazon product

The spatial variability of ET in the Amazon basin was

determined by using the data layers from six existing

global scale ET products. They are based on physics and

have a global coverage, making them attractive for vari-

ous types of applications. All ET products used are based on

multi-spectral satellite measurements and surface energy bal-

ance models: (1) MODIS Global Terrestrial Evapotranspiration

Algorithm (MOD16) (Mu et al. 2011), (2) Atmosphere-Land

Exchange Inverse Model (MOD16) (Anderson et al. 2007), (3)

Global Land Evaporation Amsterdam Model (GLEAM)

(Miralles et al. 2011), (4) Surface Energy Balance System (SEBS)

(Su 2002), (5) Operational Simplified Surface Energy Balance

(SSEBop) (Senay et al. 2013), and (6) CSIRO MODIS

Reflectance-based Evapotranspiration (CMRSET) (Guerschman

et al. 2009). The main characteristics of each ET product are

described in Table 3. Appendix 3 specifies the source of each

product.

The underlying models have different parameterizations

and use different input data, so their ET predictions cannot

be the same (but similar). The usage of different ET products

will inherently create a range of ET values for every pixel.

This approach is preferred above the usage of one single

model. While one ET model will perform better on a certain

location, a different ET model will perform better on a differ-

ent location. Michel et al. (2016) in their WACMOS-ET

study tested several individual remote sensing ET layers and

concluded that there is no single best performing model

across all biome types in the USA and Europe. The same

was concluded by Ramoelo et al. (2014) in South Africa. An

ensemble ET value is acceptable under data sparse circum-

stances. The objective of the paper is to get better estimates

of ET variability across the Amazon and not a comparison of

Table 2 Energy balance closure statistics at the LBA flux sites and ET measurement results showing uncertainty compared to

ground truth data. The standard deviation is indicated between brackets

Tower
code

Average energy balance
closure, Rn – G – H − λE
(W/m2)

Average energy balance closure,
{(H + λE)/(Rn − G)} × 100% (%)

Direct
method
(mm/month)

Residual
method
(mm/month)

Bowen ratio
method
(mm/month)

ET difference between
methods
(mm/month)

K34 17.9 86 102.9 (17.5) 124.0 (18.9) 120.2 (19.1) 21.1

K67 2.3 97 99.7 (18.8) 108.5 (40.5) 110.4 (63.4) 10.7

K77 − 18.5 116 106.4 (26.5) 80.9 (27.4) 88.7 (22.6) 25.5

K83 5.6 95 133.9 (6.8) 146.9 (8.9) 144.1 (7.3) 13.0

BAN 12.8 90 111.6 (18.9) 128.1 (11.1) 123.6 (11.6) 16.5
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models in a data-poor environment. ET-Amazon is therefore

based on a linear averaging of the six individual ET products,

and subsequently downscaling to 0.0025° using the MODIS-

based, normalized difference vegetation index (NDVI) data

(Rouse et al. 1973). A priori information on certain ET prod-

uct performances in the humid forests of Amazon was not

convincing, as most ET products have been validated over

natural ecosystems. An earlier study using the same six ET

products in the Nile basin concluded that an ET product

based on simple linear averaging was more congruent with

the water balance of river sub-basins than individual ET

products (Hofste 2014). A similar conclusion was drawn by

Prior (2016) for the Niger basin where the average value of

six different ET products was in best agreement with river

flow measurements. We adopted the same pragmatic linear

averaging approach in order to minimize negative bias from

individual ET models. The same argument applies also to

ensemble predictions of weather and stream flow forecasts.

The ET predictions of all six models were compared

for each pixel, and outlier predictions of individual ET

products were rejected. The coefficient of variation be-

tween the six ET estimates was used as the metric for

rejection. Each pixel in ET-Amazon represents the mean

of minimally two or maximally six ET products, al-

though in the majority of cases, it will be based on five

to six products.

ET-Amazon was generated in monthly time steps from

January 2003 to December 2013 with a pixel size of

0.0025° × 0.0025° (approximately 250 m) following the

methodology outlined in Fig. 3. The ET products were

resampled (nearest neighbor) to match the pixel size of

all the different ET products without modifying the ori-

ginal values. Downscaling to a 0.01° spatial resolution

was needed for GLEAM, SEBS, ALEXI, and CMRSET.

Downscaling of the ET products was created with the

fraction of Absorbed Photosynthetical Radiation (fPAR),

being a function of NDVI. It is widely accepted that

fPAR behaves linearly with biomass production and Net

Primary Production (NPP) and that biomass and tran-

spiration fluxes behave linearly as well (Steduto 2007).

The within variability of fPAR in a larger fPAR pixel

<fPAR> can be used as a surrogate of ET/<ET>. The

chevron brackets describe the areal mean value of the

larger pixel. This method ensures that the total ET of

the large pixel <ET> remains conserved, but is broken

down into smaller pieces:

ET ¼ fPAR= fPARh i � ETh i ð4Þ

MODIS-based NDVI data has been used to assess the

spatial fPAR grids using the relationship provided by

Bastiaanssen and Ali (2003):

fPAR ¼ −0:161þ 1:257 NDVI ð5Þ

For each pixel, the coefficient of variation (CV) be-

tween the different ET products is computed. When CV

exceeds 0.5, the one ET product causing the variability

will be rejected, and the CV is recomputed. The CV

threshold for rejecting outliers is inversely proportional

to the ET values when ET is smaller than 10mm/month.

A small difference between ET products at low absolute

ET values increases CV, and this effect should be regu-

lated. The criteria for rejection are specified as follows:

Outlier ¼
ET < 10 mm=month : CV > 0:5þ 0:15 10−ETð Þ

ET > 10 mm=month : CV > 0:5

�

ð6Þ

After removing the outliers, the linear average ET product

is downscaled by NDVI towards a resolution of 0.0025°. The

ET-Amazon product excludes water pixels. The diagram of

the ET-Amazon algorithm is visualized in Fig. 3.

The water balance closure at regional scale

Local validation of fluxes is a necessity, but it does pro-

vide insights on the model performance for thousands of

pixels. Validation of remote sensing ET values at a large

scale is done classically by means of water balances (e.g.,

Bastiaanssen et al. 2002; Wu et al. 2012):

ΔS tð Þ ¼

Z

P tð Þ � ET tð Þ � Q tð Þ½ �dt ð7Þ

where ∆S(t) is the water storage change, P(t) is the pre-

cipitation, ET(t) is the actual evapotranspiration (mm/

year), and Q(t) is the runoff leaving the domain to which

Table 3 Description of the ET products selected for ET-Amazon

Product Spatial Resolution Temporal Resolution Version Latitudes Ongoing product until present Main Data Input

GLEAM 0.25° Daily V2b 50° N–50° S Yes PMW

SEBS 0.05° Monthly V0 40° N–40° S Yes VNIR, TIR

ALEXI 0.05° Daily – 70° N–60° S Yes VNIR, TIR

CMRSET 0.05° Monthly V1405 90° N–90° S No VNIR, SWIR

MOD16 0.01° 16 days MOD16A2 90° N–90° S No VNIR

SSEBop 0.01° Monthly – 90° N–90° S Yes TIR

VNIR visible near infrared, SWIR shortwave infrared, TIR thermal infrared, PMW is passive MicroWave
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Eq. (7) applies. Assuming that water storage changes for

a period of 10 years (2003 to 2013) can be disregarded,

the areal integrated ET can be determined from the

water balance as:

ETy ¼

Z

P tð Þ−Q tð Þ½ �dt ð8Þ

ETy from the water balance was used to validate the

ET-Amazon product for the whole basin at an annual

time scale. The annual mean precipitation P(t) obtained

by CPRM (2011) from rain gauges was 2460 mm/year

for the period 1977 to 2006. Salati et al. (1978) and

Ribeiro et al. (1979) acquired similar values for P(t) such

as 2478 mm/year. Molinier et al. (1996) recorded a mean

discharge (Q) of 209.000 m3/s for the Amazon River over

the period 1970 to 1990, and Callede et al. (2010) a value

of 206.000 m3/s. Normalizing the flow per unit of area

amounts to 1080 mm/year. ETy can be approximated as

1380 mm/year.

Results
Validation of the ET-Amazon product

Figure 4 shows the comparison of time-integrated

ET-Amazon values and ET measured by the flux towers.

The results shown are accumulated values of ET-Amazon

over 2 months or longer, for each of the three closure

methods. The maximum period of contiguous measure-

ments is 10months. The monthly results are presented in

Fig. 5. The dashed line in Fig. 4 is the one-to-one

reference line (through the origin) between the measured

ET and the ET-Amazon. In the plots, the solid line repre-

sents the trend line between the measured ET and the

ET-Amazon. The direct measurement of latent heat flux

(method 1) correlated well with ET-Amazon. Method 1

has the best agreement in terms of root mean square error

(slope = 0.900; R2 = 0.985; RMSE 89.7mm/period).

Method 3 reveals a slightly higher coefficient of determin-

ation R2 (slope = 1.028; R2 = 0.990; RMSE 62.7mm/period)

and rather importantly, a lower scatter with RMSE of 62.7

mm for the period considered. The lowest bias of 1.003 is

found for the residual method 2 (slope = 0.936; R2 = 0.960;

RMSE 119.9mm), but the scatter is higher. The residual

of method 2 thus does not require any bias correction, but

method 3 has a substantial lower RMSE. Direct measure-

ments of latent heat flux show a lower agreement with the

remote sensing data, which many other authors have

found as well.

Table 4 shows the validation metrics obtained for each

station for integration periods of 2 months or longer.

Flux towers K77 and K83 have a short period of overlap

and insufficient data points to perform a statistical ana-

lysis. The agreement for K34 is the best when method 2

is chosen. K67 shows more agreement for method 3 and

BAN for method 1. The table shown in Appendix 4 spe-

cifies the months used for each flux station, in summary:

BAN (18months), K34 (14 months), and K67 (20

months). It can be concluded that (i) the energy closure

method chosen has impact on the accuracy of the

remote sensing results and (ii) every flux station has its

Fig. 3 Flowchart of the averaging procedure to merge six existing ET products (GLEAM, SEBS, ALEXI, CMRSET, MOD16, and SSEBop) into one product,

i.e., ET-Amazon
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own closure and correction issues. Validation of ET

products in complex environments thus remains to be a

challenge, despite the great efforts made by the inter-

national LBA community.

Figure 5 and Table 5 represent the ET-Amazon perform-

ance against measured ET at monthly time steps. Because

of the shorter time interval, the ET range is small. Conse-

quently, the data points are more scattered, and statistical

agreements are lower compared to the longer periods. Fig-

ure 5 shows that results of the energy balance closure and

the Bowen ratio methods have a larger scatter for higher

ET values than the directly measured values. The Bowen

ratio method showed the best results. ET-Amazon overes-

timates the measured values in the average range of ± 15

mm/month. The range of ET flux measurements (60 to

140mm/month) is larger than the range captured by re-

mote sensing (90 to 140mm/month). It is not understood

why the remote sensing data does not encompass low ET

values. Perhaps, it is related to the performance of detect-

ing stomatal stress, which for GLEAM and MOD16 is

more difficult by their lack of utilizing TIR data.

Although the results of the monthly comparisons are

not shown for individual stations, K34 station has the

smallest RMSE (13.98mm/month). The highest correl-

ation was found for K67 (R2 is 0.84). The performance of

K34 is less satisfactory (R2 is 0.48 for method 1; R2 is 0.64

for method 2).

Table 5 shows the impacts of footprint dimensions.

Smaller footprints provide systematic better agree-

ments, indicating that the area surrounding the flux

tower needs special consideration. This was also ob-

served during earlier validation studies of remotely

sensed ET fluxes (e.g., Negron Juarez et al. 2008).

The findings for K34 seem to disagree with this

footprint-related observation because the dense pri-

mary forest is more spatially uniform.

Another validation is the comparison between the re-

sidual energy and water balance. ETy was approximated

to be 1380mm/year. There is also a certain margin of

error because the longer-term averages of P and Q are

not identical. The basin average value of ET-Amazon for

the period 2003 to 2013 was 1316mm/year. The mini-

mum value of ET-Amazon is 1299 mm/year and oc-

curred in the year 2003, while ET-Amazon reached a

maximum of 1380mm/year during 2013. A deviation of −

64mm (4.6%) between the water and energy balances for

Fig. 4 Scatter diagram of accumulated ET measured by flux towers plotted against ET-Amazon values for a 2-month or longer integration period,

for each of the three ET methods: (1) direct measurements (a), (2) the residual of energy balance (b), and (3) the Bowen ratio (c). The one-to-one

line (dashed) and the trend line (solid) are also shown
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the entire Amazon is an encouraging finding when consid-

ering that methods are entirely different and the water bal-

ance observation periods are different. Furthermore, one of

the first experiments carried out in Ducke Reserve by Shut-

tleworth (1988) showed average total evaporation ranging

from 87 to 130mm/month, for the period September 1983

to September 1985, which is in agreement with the mean

values found by ET-Amazon for the same site.

Figure 6 shows the ET-Amazon data averaged for the

period 2003 to 2013. The ET values vary between 91

mm/year in the high altitudes and 2430 mm/year in the

lowland fringe areas of the Guyana’s and Surinam. Be-

sides these lowlands, the highest ET rates occur in trop-

ical forests, the Atlantic Coast, and at the foothills of

Andes in Bolivia, where the rivers Madre Dios and Beni

emerge. The ET features coincide with the higher pre-

cipitation rates in the Atlantic Coast, and the lower ET

rates occur at the Bolivian and Peruvian rain-shadow

slopes of the Andes (ET is 620.4 mm/year). The water

divide on the Roraima Mountains in the Andes Cordil-

lera exhibits low ET values due to sparse vegetation with

cold climates prevailing at higher altitudes. The

Fig. 5 Scatter diagram of ET measured monthly at five flux towers, plotted against ET-Amazon from six global energy balance products and the

three ET methods: (1) direct measurements (a), (2) the residual of energy balance (b), and (3) the Bowen ratio (c). The one-to-one line (dashed)

and the trend line (solid) are also shown

Table 4 The RMSE and R2 metrics used to validate ET-Amazon for

integration periods of 2 months or longer. A footprint of one pixel

is considered

Direct measurement

250 m K34 K67 BAN

RMSE 83.49 147.44 52.89

R2 0.993 0.999 0.98

Residual energy balance closure

250 m K34 K67 BAN

RMSE 25.55 179.41 123.59

R2 0.999 0.996 0.998

Bowen ratio energy balance closure

250 m K34 K67 BAN

RMSE 38.21 87.21 95.80

R2 0.999 0.993 0.999
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deforested areas on the south-eastern part of the basin

exhibit low ET values as well (720.4 mm/year). Maps

with monthly ET values are presented in the Appendix

1. The seasonal trends are presented in Appendix 2.

Monthly average ET of the Amazon is presented in

Table 6. The average is 110.1 mm/month, and it varies

between 93.7 and 138.2 mm/month. A peak in ET values

occurred in January 2013 (138.2 mm/month) followed by

a second peak in October 2013 (130 mm/month). Janu-

ary has higher ET0 values than other months, so this

peak ET can be climatologically explained. The reason

that January shows high ET values is mainly because it is

part of the wet season with ample moisture supply

which outweighs the effects of a lower ET0, at least for

the downstream part of the basin. The minimum ET

rates occur in June 2011 (93.7 mm/month) (Fig. 7).

Comparative analysis

More global scale spatially distributed ET data sets have

been developed during recent years. A comparison is

needed to demonstrate that ET-Amazon is justified.

Three ET products based on ground flux measurements,

numerical land surface models, and artificial intelligence

(AI) were selected and compared with ET-Amazon: The

WAter Cycle Observation Multi-mission Strategy -

EvapoTranspiration—WACMOS-ET (Michel et al.

2016), LandFlux-EVAL (Mueller et al. 2013), and Model

Tree Ensemble (MTE) (Jung 2009).

The LandFlux-EVAL covers the period 1989 to 2005,

with a spatial resolution of 1° × 1° (https://data.iac.ethz.ch/

Table 5 Impact of footprint 250m× 250m (6.25 ha) vs. 1750m×

1750m (306.25 ha) of flux towers on the performance of ET-Amazon

for monthly time steps

Direct measurement

250 m × 250m K34 K67 BAN

RMSE 26.76 21.66 16.75

R2 0.48 0.84 0.55

1750m × 1750m K34 K67 BAN

RMSE 27.87 20.83 17.84

R2 0.5 0.87 0.36

Residual energy balance closure

250 m × 250m K34 K67 BAN

RMSE 14.89 22.02 24.71

R2 0.54 0.83 0.29

1750m × 1750m K34 K67 BAN

RMSE 13.98 27.47 23.62

R2 0.64 0.86 0.22

Bowen ratio energy balance closure

250 m × 250m K34 K67 BAN

RMSE 16.92 59.80 20.13

R2 0.54 0.30 0.51

1750m × 1750m K34 K67 BAN

RMSE 16.80 61.45 19.58

R2 0.62 0.36 0.34

Fig. 6 Spatial distribution of annual ET over the Amazon basin, averaged for the period 2003 to 2013
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Table 6 Monthly ET values (mm) averaged for the entire Amazon basin

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Jan 113.5 127.2 129.3 129 131.6 127.5 124.2 126.6 127.3 127.8 138.3

Feb 101.72 102.4 100.9 102.5 102.4 105 99.9 101.8 100.1 104.3 101

Mar 112.2 111.7 112.2 113.5 113.6 111.9 110.4 114.9 112.4 114.6 113.2

Apr 105 105 104.8 105.4 107.3 104.5 104.4 106.4 105.8 106.1 107.3

May 102.5 101 104.1 102.1 104.5 100.5 102.7 102.4 101.9 105.5 104.7

June 93.8 94.2 94.5 95.2 95.7 94.2 93.9 93.9 93.7 97.1 97.3

July 100.4 101.2 100.6 101 101.5 100.8 103.7 99.1 101.7 103.9 106.6

Aug 107.8 107.1 103.9 108.5 107 107.7 110.8 104.9 107.2 108.9 115.4

Sep 111 110.3 107.3 111.6 111.4 111.3 115.7 109.2 111.9 111.7 122.2

Oct 119.5 120 118.9 122 118.1 118.8 122.4 118.6 120.3 122.7 130

Nov 116.9 117.7 116.3 119 117.8 115.7 118.6 115.1 118.7 118.2 125.1

Dec 115 114.5 113.6 116 115.1 111.7 113.2 112.8 114.2 114.6 119.1

Total 1299.3 1312.3 1306.4 1325.8 1326.0 1309.6 1319.9 1305.7 1315.2 1335.4 1380.2

Fig. 7 Comparison of mean annual ET in the Amazon basin from four ET products: a ET-Amazon, b WACMOS-ET, c LandFlux-EVAL, and d MTE
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landflux/). The MTE product (Jung et al. 2010) is upscaled

from the database of the FLUXNET. The MTE ran for a

longer period, from 1982 to 2011, spatially distributed on

a 0.5° × 0.5° grid (https://www.bgc-jena.mpg.de/geodb/

projects/Home.php). The WACMOS-ET Project has a

better spatial resolution of 0.25° × 0.25°, for the period

2005 to 2007. The WACMOS-ET product is a combin-

ation of LandFlux-EVAL and MTE, and thus expected to

be superior. For more background information on these

products, the reader is referred to the original papers.

The ET obtained by the MTE product (Jung 2009) var-

ies between a rate of 2.7 and 9.5mm/day, with a mean an-

nual ET of 1153mm/year. The LandFlux-EVAL ET varies

between 3.3 and 10.0mm/day, with a mean annual ET of

1172mm/year. The ET mean value for the WACMOS-ET

is with 1087mm/year, even lower. Hence, the mean values

are significantly lower than ETy of 1380mm/year found

from the water balance. The statistics for WACMOS-ET,

LandFlux-EVAL, and MTE show that the minimum

values are reasonable, but the maximum values are far off

and occur in geographic areas where you do not expect

them. Global ET products based on an upscaling proced-

ure using flux measurements from other regions should

therefore be treated with caution.

Except for the MTE results, the comparison demon-

strates that the spatial ET patterns towards the north-east

of the Amazon basin are similar. The Andes and the nat-

ural fields surrounding the three borders of Brazil, Guyana,

and Venezuela show similarity for all four products. Al-

though the LandFlux-EVAL product has the coarsest reso-

lution, the spatial features best comply with ET-Amazon,

indicating that the Guyana’s have the largest ET.

ET-Amazon breakdown by country

The ET-Amazon values shown in Fig. 6 can be parsed by

sub-basins (e.g., Maeda et al. 2017), land use, and by coun-

try. A small portion of the Amazon territory (10%) is lo-

cated within Colombia, Ecuador, Venezuela, and Guyana.

Brazil, Bolivia, and Peru together occupy 90.8% of the

basin area. For the purpose of managing the transbound-

ary Amazon River, it is of essence to know how

consumptive use is broken down by country. The break-

down of total volumetric ET (7060 km3/year) for the basin

is shown in Table 7. Figure 8 shows box-plots of the actual

ET per month, by country. The main feature for the years

analyzed is that intra-variability is minimal. The main rea-

son for the low seasonal variation is the compensating ef-

fects of soil moisture and evaporative demand of the

atmosphere in combination with the presence of green

leaves. Root zone soil moisture availability is a constraint

during the dry season, while solar radiation and reference

ET0 reach its maximum (see Fig. 2). Radiation controls

the evaporation process during the wet season, when soils

can be assumed to be at field capacity. Moisture is stored

in the vadose zone for annual cycles and making water

available throughout the entire year. The deep root zone

of forests acts as a large buffer and provides storage of

water for the vegetation (Wang-Erlardson et al. 2016).

During elevated precipitation rates, soil moisture storage

is replenished by recharge and released again during dry

seasons or during dry years. This regulating mechanism is

responsible for the quasi-constant flux rates.

Bolivia has the lowest ET (1165 mm/year) while

Venezuela shows the highest ET value (1430 mm/year).

Bolivia and Peru show the largest intra-annual variabil-

ity. The latter can be attributed to rainfall and weather

variability yielding a certain behavior of soil moisture dy-

namics. Volume wise, the picture is entirely different.

Table 7 shows that Brazil evaporates 5062.6 km3/year

(65.2%), followed by Peru (1165.1 km3/year or 15.0%),

and Bolivia (832.1 km3/year or 10.7%).

Table 8 shows the relationship between land cover and

ET by trimester. The ET values are the lowest for sparse

vegetation and highest for dense forested areas. The

most common land use and land cover category is

closed to open broadleaved evergreen or semi-deciduous

forest. Closed to open grassland evaporates 925 mm/

year, being significantly less than closed forests (1370 to

1380 mm/year). Land use changes from forest to field, to

agricultural, to grazing, and to secondary forests (capo-

eira), all decrease the ET of the Amazon. According to

Tollefson (2016), deforestation across the Amazon River

Table 7 Annual ET statistics for the Amazon River Basin presented by country based on a validated ET-Amazon product

Country Mean
(mm/year)

Minimum
(mm/year)

Maximum
(mm/year)

Standard deviation
(mm/year)

Area (km2) ET volume
(km3/year)

ET volume
(%)

Bolivia 1165.0 45.4 2349.9 265.8 714,255.6 832.1 10.7

Brazil 1375.0 249.1 2577.8 157.7 3,681,897.3 5062.6 65.2

Colombia 1324.5 694.6 1800.1 90.7 342,154.2 453.1 5.8

Ecuador 1230.2 523.6 1751.1 138.0 132,230.8 162.6 2.1

Guyana 1318.7 674.1 1858.6 228.3 12,599.7 16.6 0.2

Peru 1205.7 104.2 1922.3 277.7 966,330.7 1165.1 15.0

Venezuela 1429.7 854.6 1785.6 55.8 52,962.1 75.7 1.0
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Basin has increased since 2008. Thus, reduction in ET is

a direct consequence of deforestation, something also

noted by Nobre (2014). A land cover change of 100,000

km2 from closed forest to pasture implies a reduction of

4500 km3/year of water transfer into the atmosphere. A

lower regional ET not only affects rainfall, it will also in-

crease the river flow and flood risk. It is thus essential to

understand ET by land cover type, and this paper

comprehensively describes this situation for the giant

and largely unknown Amazon basin.

Summary and conclusions

ET-Amazon is a new remote sensing evapotranspiration

product that facilitates the description of land surface

hydrological processes in one of the world’s largest river

systems that is still poorly understood. ET-Amazon was

Fig. 8 Monthly ET rates for Bolivia (a), Colombia (b), Ecuador (c), Guyana (d), Peru (e), Venezuela (f), and Brazil (g). The mean values and the standard

deviations are plotted
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created by linear averaging of six existing ET products.

This is a straightforward but effective methodology to

average out uncertainties related to one single ET model.

The data-poor environment did not permit development

of a more sophisticated ensemble ET prediction using a

priori knowledge.

The validation was performed by comparing results

with measured ET from flux towers. The average energy

balance closure varied between 86 and 116%, which is

acceptable by the international scientific community,

but implies practically that all validation exercises are

somewhat weak. Without any calibration, the correl-

ation coefficient, slope, and RMSE were 0.974, 1.003,

and 91.7 mm for longer periods (2 to 10 months), re-

spectively. For monthly periods, 0.991, 0.847, and 20.8

mm were found. The time-integrated ET flux measure-

ments had a bias correction of 0.3% only without any a

priori calibration of ET-Amazon. ET-Amazon was also

verified at river basin scale and showed a 4.6% differ-

ence only. The congruency with local flux tower mea-

surements and basin scale water balance data suggests

that the ET maps and their statistics by country and

land use are reliable. It is therefore concluded that this

new remote sensing product is justifiable.

The results of the ET-Amazon product were also com-

pared with three other state-of-art ET products often used

for ecological and hydrological studies. Their ET values

were systematically underestimated, they had a coarser

resolution, and the spatial pattern was not obvious. One

plausible factor for the poor performance is that training

on flux measurements from mainly Europe and the USA

cannot be used out of its geographical-specific context.

One limitation of ET-Amazon is that it only provides

monthly values and does not indicate which ET products

were used for the final data set. The authors have

checked that often most ET models form the basis of

the final ET layer.

The ET-Amazon has a spatial resolution of 0.0025°, and

it was developed with data from January 2003 to Decem-

ber 2013. It is a high-resolution product that makes it pos-

sible to analyze actual ET at local, up to river basin scale,

as well as by country and by land cover. The estimation of

evapotranspiration from remote sensing empowers the

implementation of frameworks such as water accounting

which can lead to the improvement of local river flow esti-

mates in ungauged basins and water management prac-

tices in the Amazon River Basin. This study shows the

amount of water consumed by agro-ecological processes

for each government, local water authorities, and non-gov-

ernmental organizations (NGOs) residing in the Amazon

basin. The use of ET-Amazon will greatly improve the

prediction of the impacts of land use changes on rainfall,

river flow, and floods. The data can be downloaded from

www.wateraccounting.org.

Table 8 Mean seasonal ET (and standard deviation) from ET-Amazon parsed by land cover and land use class (http://

due.esrin.esa.int/page_globcover.php)

Land cover Area (km2) Area (%) JFM (mm) AMJ (mm) JAS (mm) OND
(mm)

Annual
(mm/year)

Sparse vegetation 10,889.6 0.2 76.4 (13.9) 40.4 (18.4) 25.8 (16.9) 48.2 (20.5) 572.1

Mosaic grassland/forest-shrubland 6033.7 0.1 76.7 (12.1) 38.4 (13.7) 21.8 (12.6) 44.3 (15.7) 543.7

Artificial areas 753.0 0.1 82.0 (18.9) 58.5 (27.5) 52.2 (36.4) 71.3 (32.4) 792.0

Bare areas 6560.1 0.1 85.0 (17.4) 57.1 (26.0) 46.7 (32.3) 68.1 (30.9) 770.5

Closed to open grassland 76,620.0 1.3 93.1 (16.9) 71.9 (18.1) 60.4 (31.4) 83.0 (25.8) 924.9

Mosaic forest-shrubland/grassland 19,498.7 0.3 93.9 (18.2) 70.5 (25.7) 58.2 (34.4) 79.8 (30.1) 907.0

Closed to open shrubland 249,490.8 4.3 95.3 (19.3) 74.0 (24.5) 62.5 (35.1) 86.1 (27.8) 953.6

Open broadleaved deciduous forest 308.8 0.1 104.4 (15.7) 65.9 (19.4) 45.5 (23.1) 81.3 (21.0) 891.1

Rainfed croplands 943.7 1.1 108.5 (12.3) 70.9 (16.1) 44.0 (21.3) 91.2 (19.5) 943.7

Closed to open vegetation regularly flooded 97,001.6 1.7 109.8 (10.0) 93.9 (13.7) 96.8 (26.7) 113.7 (14.3) 1242.7

Mosaic croplands/vegetation 233,958.2 4.0 109.9 (11.8) 88.4 (17.8) 73.7 (28.3) 104.2 (17.9) 1128.7

Mosaic vegetation/croplands 87,718.3 1.5 111.5 (12.9) 81.6 (18.1) 64.2 (29.3) 99.7 (19.2) 1070.9

Closed to open broadleaved forest regularly
flooded (fresh-brackish water)

176,586.0 3.0 115.0 (7.2) 105.6 (7.6) 118.1 (16.6) 122.4 (9.0) 1383.1

Closed to open broadleaved evergreen or
semi-deciduous forest

4,690,468.8 80.1 116.4 (8.1) 105.4 (9.2) 114.7 (18.5) 122.2 (10.9) 1376.0

Closed broadleaved deciduous forest 51,243.9 1.0 117.2 (10.0) 74.1 (17.1) 57.4 (19.0) 98.5 (16.5) 1041.5

Closed broadleaved forest permanently flooded
(saline-brackish water)

53.5 0.1 121.3 (8.9) 99.1 (11.7) 99.5 (17.0) 123.6 (10.9) 1330.1
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Fig. 9 Monthly ET over the period 2003 to 2013 based on ET-Amazon

Appendix 1
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Fig. 10 Seasonal ET over the period 2003 to 2013 based on ET-Amazon

Appendix 3

Table 9 Sources of the ET products

Product Source

GLEAM hydras.ugent.be

SEBS ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/Data_Satellite/Evaporation/SEBS/SEBS/

ALEXI ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/Data_Satellite/Evaporation/ALEXI/World/

CMRSET ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/Data_Satellite/Evaporation/CMRSET/Global/

MOD16 http://files.ntsg.umt.edu/data/NTSG_Products/MOD16/MOD16A2_MONTHLY.MERRA_GMAO_1kmALB

SSEBOP https://edcintl.cr.usgs.gov/downloads/sciweb1/shared/fews/web/global/monthly/eta/downloads/

NDVI https://e4ftl01.cr.usgs.gov/MOLT/MOD13Q1.006/

Appendix 2
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