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LE = LEs + LEc + LEi

Net Radiation
 MODIS | CERES | SRB | ISCCP 


Air Temperature
 MODIS | AIRS 


Relative Humidity
 MODIS | AIRS 


Vegetation fraction
 MODIS | Landsat 
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Rn = (1− albedo)*SWdn + LWdn − LWup

J P L  M O D I S  R n 


Component of Rn    MODIS products and method 
Albedo Albedo from MCD43 (500 m, 8-day), land cover from MCD12 (500 m, 

annual) 
Incoming Shortwave 
(SWdn) 

Cloud optical thickness, cloud top altitude, and solar zenith angle from 
MOD06 (5 km, daily); aerosol optical thickness at 550 nm from 
MOD04 (10 km, daily); Input MODIS data to a radiative transfer model 
(Kobayashi et al., 2008) 

Incoming Longwave 
(LWdn) 

Near surface air temperature and vapor pressure from MOD07 (5 km, 
daily); estimate emissivity from vapor pressure and temperature  

Outgoing Longwave 
(LWup) 

Land surface temperature and emissivity from MOD11  (1 km, daily); 
estimate broadband emissivity  

§   We combined 11 variables from 6 different MODIS products daily over the 
MODIS era to estimate the components of Rn. 



J P L  M O D I S  R n 


!
!
Figure'4.'Mean'global'netEradiation'(2001'to'2007)'at'0.1O'from'MODIS.''
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
Figure'4.'Mean'global'netEradiation'(2001'to'2007)'at'0.1O'from'MODIS.''
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!



J P L  M O D I S  R n 


 

 

Tropical
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Boreal
Mediterranean

§   Validation at 126 sites across FLUXNET and SURFRAD. 
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a  b  s  t  r  a  c  t

We  evaluated  the  performance  of  four  commonly  applied  land  surface  evaporation  models  using a
high-quality  dataset  of  selected  FLUXNET  towers.  The  models  that  were  examined  include  an  energy
balance  approach  (Surface  Energy  Balance  System;  SEBS),  a combination-type  technique  (single-source
Penman–Monteith;  PM),  a  complementary  method  (advection-aridity;  AA)  and  a  radiation  based
approach  (modified  Priestley–Taylor;  PT-JPL).  Twenty  FLUXNET  towers  were  selected  based  upon sat-
isfying  stringent  forcing  data  requirements  and  representing  a wide range  of biomes.  These  towers
encompassed  a number  of  grassland,  cropland,  shrubland,  evergreen  needleleaf  forest  and  deciduous
broadleaf  forest  sites.  Based  on  the  mean  value  of  the  Nash–Sutcliffe  efficiency  (NSE)  and  the  root  mean
squared  difference  (RMSD),  the  order  of overall  performance  of  the  models  from  best to  worst  were:
ensemble  mean  of  models  (0.61,  64),  PT-JPL  (0.59,  66),  SEBS  (0.42,  84),  PM  (0.26,  105)  and  AA  (0.18,
105)  [statistics  stated  as  (NSE,  RMSD  in  W  m−2)]. Although  PT-JPL  uses  a  relatively  simple  and  largely
empirical  formulation  of  the  evaporative  process,  the  technique  showed  improved  performance  com-
pared  to  PM,  possibly  due  to its  partitioning  of  total  evaporation  (canopy  transpiration,  soil  evaporation,
wet  canopy  evaporation)  and  lower  uncertainties  in  the  required  forcing  data.  The  SEBS  model  showed
low  performance  over  tall  and  heterogeneous  canopies,  which  was  likely  a consequence  of  the effects
of  the  roughness  sub-layer  parameterization  employed  in  this  scheme.  However,  SEBS  performed  well
overall.  Relative  to PT-JPL  and  SEBS,  the  PM and  AA  showed  low performance  over  the  majority  of  sites,
due to their  sensitivity  to  the parameterization  of resistances.  Importantly,  it should  be  noted  that no
single  model  was  consistently  best  across  all  biomes.  Indeed,  this  outcome  highlights  the  need  for  further
evaluation  of each  model’s  structure  and  parameterizations  to identify  sensitivities  and  their  appropriate
application  to  different  surface  types  and  conditions.  It  is expected  that  the results  of this  study  can  be
used  to inform  decisions  regarding  model  choice  for  water  resources  and  agricultural  management,  as
well as providing  insight  into  model  selection  for  global  flux  monitoring  efforts.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Reliable estimates of evaporation (E) are required for the accu-
rate representation of mass and energy exchanges at the land
surface. In hydrological and water resource studies, an evapora-
tion model is required to characterize the exchange of moisture
between the surface and the overlying atmosphere. Not surpris-
ingly, the choice of model can have considerable impact on water

∗ Corresponding author. Tel.: +61 403053522.
E-mail addresses: a.ershadi@studnet.unsw.edu.au (A. Ershadi),

matthew.mccabe@kaust.edu.sa (M.F. McCabe), jason.evans@unsw.edu.au
(J.P. Evans), nchaney@princeton.edu (N.W. Chaney), efwood@princeton.edu
(E.F. Wood).

resource planning and decision support across a range of tempo-
ral and spatial scales. Improved understanding of the influence of
model choice on flux estimation is required in order to better char-
acterize the fidelity of these simulations, particularly in light of an
increasing number of regional and global scale efforts to produce
land surface heat flux data products (Jiménez et al., 2011; Mueller
et al., 2013).

A number of models have been developed for the estimation
of either the reference, potential or actual values of evaporation
(see reviews of Kalma et al., 2008 and Wang and Dickinson, 2012).
The reference evaporation is defined as the evaporation from a
hypothetical, well-watered ‘reference’ crop (Allen, 2000), while
potential evaporation is the maximum evaporation for a given sur-
face if moisture is not limiting (Penman, 1948; Irmak and Haman,
2003). Estimation of the reference and potential evaporation is

0168-1923/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.agrformet.2013.11.008

PT-JPL was the best performing 
ET retrieval algorithm. 
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Work in progress: 
•  Global, 1 km, daily, MODIS-era (10+ years) 
•  PT-JPL, PM-MOD16, SEBS, PMBL 
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balance closure estimates due to severe energy balance
mismatch. Meteorological measurements included in
this analysis were Rn, VPD, Ta, u, and PPT. We defined
VPD as the difference in water vapor content between
100% relative humidity (RH) at the air temperature near
the leaves and the ambient specific humidity of the air
at the above-canopy measurement point. Micrometeor-
ological instruments were attached to towers extending
above the site canopies. The eddy covariance method
was used to quantify vertical fluxes of scalars (i.e.,
water vapor) between the ecosystem and the atmo-
sphere from the covariance between vertical wind
velocity and scalar fluctuations (Shuttleworth et al.,
1984; Baldocchi et al., 2001).
Most tropical forests sites within the LBA are report-

ing energy balance closure1 to within 70–80%, but the
missing 20–30% is poorly understood due, in part, to
footprint representation (Malhi et al., 2002; Wilson et al.,
2002; Hasler & Avissar, 2007). Because flux measure-
ments are often unreliable at night due to low and
intermittent wind turbulence (Aubinet et al., 2003; Fisher
et al., 2007), daytime measurements were used in this

analysis though closure increases slightly when night-
time values are included (night-time LE is minimal,
regardless), as the canopy storage flux approaches zero
over periods greater than 24h. Energy balance closure at
the tropical forests sites in this analysis was 80% for
monthly daytime averages (Fig. 2). Although the storage
term (G) was not always available, on average it was less
than 2% of total Rn. We used monthly averages based on
averaging of half-hour (provided) to daily to monthly
values. We excluded any given average if fewer than
75% of data time steps were available – for example, we
would include a daily average if 18 of the 24 half-hourly
values were not missing. We did not gap-fill with a
model to avoid circularity with model testing.
Perhaps the most important question when compar-

ing eddy covariance data against models of LE is how
we treat the lack of energy balance closure. Does the
lack of energy balance closure at eddy covariance sites
indicate (i) ‘missing’ turbulent fluxes (both latent
and sensible heat), through flaws in measurements such
as inability to capture low-frequency turbulent trans-
fer, or (ii) accurately measured LE fluxes, and the
missing energy can be explained otherwise (advection,
storage, footprint mismatch)? If (i) is correct, then it is
appropriate to take the relative proportion of latent to

Fig. 1 Locations of the 21 tropical eddy covariance sites with insets to the Amazon and South-East Asia for detailed locations of the

sites.

1(LE1H1G1 S)/Rn5 1, where H is the sensible heat flux, G is

the soil heat flux, and S is the canopy storage flux.

2696 J . B . F I S H E R et al.

r 2009 The Authors
Journal compilation r 2009 Blackwell Publishing Ltd, Global Change Biology, 15, 2694–2714
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their lowest RMSEs, and PE had its best slope, but PM
and SW had their worst slopes at RJA.

Santarem KM83 (S83) (selectively logged rainforest). This
was the best site for the FCmodel for RMSE and slope. S83

was selectively logged in September 2001 (Goulden et al.,
2004). Three months after the logging, there was a drop in
LE that the FC model failed to match; model accuracy
resumed when LE increased the following month. All of
the models performed better than average at S83.
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Fig. 6 Time series of tower measurements and model predictions at each site sorted in descending order by evaporative fraction. The

y-axis is latent heat of evaporation (LE) (Wm!2) and x-axis is year. Open circles are observed and closed squares are predicted LE based

on the FC model.
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estimate the moisture stress at each location, we
compiled meteorological data sets and determined
the maximum dry-season intensity for each year
in the 2005 measurement interval and for each
year in the entire pre-2005 measurement period.
Forest sensitivity to drought was then determined
by relating the change in biomass dynamics to
the change in mean maximum moisture stress.
The results presented below are based on the
sampling unit of individual plots; in (20) we ex-
plore the sensitivity of our findings to varying
both the spatial scale of the sampling unit and the
method of estimating moisture stress.

Before 2005, plots recorded a long-term net
increase in aboveground (dry-weight) biomass,
weighted by sampling effort, of 0.89 Mg ha−1

year−1 (bootstrapped 95% confidence intervals:
0.65, 1.12). This increase occurred through a
multidecadal period spanning dry and wet epi-

sodes, including several El Niño events. The net
biomass gain was widespread and is not a sam-
pling artifact (20). These results confirm pre-
vious measured and modeled indications of a
persistent biomass carbon sink—now based on
a much larger data set—and are consistent with
Amazon forest productivity increasing with time
(21–25).

By contrast, through the 2005 drought pe-
riod there was no net biomass increase in moni-
tored plots [net rate of change –0.71 (–1.93,
+0.30) Mg ha−1 year−1; n = 55, interval mean
1.97 years]. Before 2005, 76% of plots (93 of
123) gained biomass, but during the 2005 inter-
val only 51% did so (28 of 55); this difference is
highly significant (P < 0.01, Mann-Whitney U
test). To assess whether biomass changes were
drought-related, we developed meteorological and
soil data sets to estimate evapotranspirational

demand and soil moisture stress (20). For plots
with longer and more intense moisture deficits
than normal, there were clear net losses [–1.62
(–3.16, –0.54) Mg ha−1 year−1; n = 38, inter-
val mean 1.96 years]. The distribution through
time of all measured biomass dynamics (Fig.
1) reveals that the drought coincided with the
first substantial decline in measured biomass in
Amazonian plots since measurements started.
However, fingerprinting the drought impact is
complicated by switching among plots being
monitored, the nonequilibrium initial conditions,
divergent climatologies and soils, and contrast-
ing conditions in 2005 itself. Within-plot anal-
yses help to control for such effects and confirm
the drought’s impact: Relative to their extended
period of earlier biomass gains, plots monitored
through 2005 experienced negative change
[difference = –1.50 (–3.01, –0.44) Mg ha−1

year−1; n = 43]. Among the 28 plots with longer
and more severe water deficits than normal dur-
ing 2005, the rate of aboveground woody bio-
mass accumulation declined by 2.39 (1.12 to 3.97)
Mg ha−1 year−1, whereas by contrast the 15 non-
droughted plots continued to gain [difference =
+0.76 (–0.78, +2.00) Mg ha−1 year−1].

The Amazon forest spans a large climatic range,
from the almost aseasonal high-precipitation
northwest to the strongly seasonal southern fringes
with frequent prolonged moisture deficits (26, 27).
Distributions of neotropical trees reflect their
drought sensitivity (28), so we hypothesized that
any drought impacts will be experienced by plants
as a function of relative departure from their long-
term environmental conditions. For each site, we
therefore estimated the magnitude of the drought
experienced during the 2005 interval relative to
local, long-term estimates of water balance. We
find that relative drought is indeed strongly

Fig. 1. Interval-by-interval, plot-by-plot net bio-
mass change measured in Amazonia since 1980.
The multidecadal carbon sink is evident, strongly
reversed in 2005. Long sampling intervals may
have obscured earlier fluctuations (see fig. S1).
Red line (scale on right) represents the total cu-
mulative biomass increase of Amazon trees ≥10 cm
in diameter as actually measured in permanent
plots, as a function of the mid-date of each census
interval, with a running mean of 50 intervals. Black
and blue distributions (scale on left) represent
mean and 95% bootstrapped confidence intervals
for interval-by-interval biomass change weighted
by sampling effort (20). Black distributions indi-
cate predefined periods (1980–1989, 1990–1994,
1995–1999) where the chronological span of each
bin represents the interval mid-dates that fall
within that period. Blue distributions align intervals with the 2005 drought event to reveal its impact,
contrasting all 2000–2004 predrought measurements with all droughted plots monitored in 2005.

Fig. 2. Biomass dynamics
response to the relative in-
tensity of the 2005 drought.
Differences in (A) plot bio-
mass change (blue) and (B)
mortality rate (red) and
growth rate (green) are
shown for trees ≥10 cm in
diameter for the drought in-
terval relative to pre-2005 as
a linear function of drought
relative intensity, weighted
by monitoring effort (20).
Change in drought intensity
is measured by change in
maximum climatological wa-
ter deficit (MCWD, accounts
only for rainfall). Uncertainty
in precipitation is included in
the bootstrapped estimates
of the relationship of dif-
ference in biomass change
versus difference in MCWD
and confidence intervals (20). Plots known to have different 2005 interval MCWD are treated as independent; values are otherwise averaged across contributing plots.
Alternative models that account for variation in soil properties, evapotranspiration, and plot definitions give very similar results (20). Polynomial or break-point
functions do not provide closer fits.
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estimate the moisture stress at each location, we
compiled meteorological data sets and determined
the maximum dry-season intensity for each year
in the 2005 measurement interval and for each
year in the entire pre-2005 measurement period.
Forest sensitivity to drought was then determined
by relating the change in biomass dynamics to
the change in mean maximum moisture stress.
The results presented below are based on the
sampling unit of individual plots; in (20) we ex-
plore the sensitivity of our findings to varying
both the spatial scale of the sampling unit and the
method of estimating moisture stress.

Before 2005, plots recorded a long-term net
increase in aboveground (dry-weight) biomass,
weighted by sampling effort, of 0.89 Mg ha−1

year−1 (bootstrapped 95% confidence intervals:
0.65, 1.12). This increase occurred through a
multidecadal period spanning dry and wet epi-

sodes, including several El Niño events. The net
biomass gain was widespread and is not a sam-
pling artifact (20). These results confirm pre-
vious measured and modeled indications of a
persistent biomass carbon sink—now based on
a much larger data set—and are consistent with
Amazon forest productivity increasing with time
(21–25).

By contrast, through the 2005 drought pe-
riod there was no net biomass increase in moni-
tored plots [net rate of change –0.71 (–1.93,
+0.30) Mg ha−1 year−1; n = 55, interval mean
1.97 years]. Before 2005, 76% of plots (93 of
123) gained biomass, but during the 2005 inter-
val only 51% did so (28 of 55); this difference is
highly significant (P < 0.01, Mann-Whitney U
test). To assess whether biomass changes were
drought-related, we developed meteorological and
soil data sets to estimate evapotranspirational

demand and soil moisture stress (20). For plots
with longer and more intense moisture deficits
than normal, there were clear net losses [–1.62
(–3.16, –0.54) Mg ha−1 year−1; n = 38, inter-
val mean 1.96 years]. The distribution through
time of all measured biomass dynamics (Fig.
1) reveals that the drought coincided with the
first substantial decline in measured biomass in
Amazonian plots since measurements started.
However, fingerprinting the drought impact is
complicated by switching among plots being
monitored, the nonequilibrium initial conditions,
divergent climatologies and soils, and contrast-
ing conditions in 2005 itself. Within-plot anal-
yses help to control for such effects and confirm
the drought’s impact: Relative to their extended
period of earlier biomass gains, plots monitored
through 2005 experienced negative change
[difference = –1.50 (–3.01, –0.44) Mg ha−1

year−1; n = 43]. Among the 28 plots with longer
and more severe water deficits than normal dur-
ing 2005, the rate of aboveground woody bio-
mass accumulation declined by 2.39 (1.12 to 3.97)
Mg ha−1 year−1, whereas by contrast the 15 non-
droughted plots continued to gain [difference =
+0.76 (–0.78, +2.00) Mg ha−1 year−1].

The Amazon forest spans a large climatic range,
from the almost aseasonal high-precipitation
northwest to the strongly seasonal southern fringes
with frequent prolonged moisture deficits (26, 27).
Distributions of neotropical trees reflect their
drought sensitivity (28), so we hypothesized that
any drought impacts will be experienced by plants
as a function of relative departure from their long-
term environmental conditions. For each site, we
therefore estimated the magnitude of the drought
experienced during the 2005 interval relative to
local, long-term estimates of water balance. We
find that relative drought is indeed strongly

Fig. 1. Interval-by-interval, plot-by-plot net bio-
mass change measured in Amazonia since 1980.
The multidecadal carbon sink is evident, strongly
reversed in 2005. Long sampling intervals may
have obscured earlier fluctuations (see fig. S1).
Red line (scale on right) represents the total cu-
mulative biomass increase of Amazon trees ≥10 cm
in diameter as actually measured in permanent
plots, as a function of the mid-date of each census
interval, with a running mean of 50 intervals. Black
and blue distributions (scale on left) represent
mean and 95% bootstrapped confidence intervals
for interval-by-interval biomass change weighted
by sampling effort (20). Black distributions indi-
cate predefined periods (1980–1989, 1990–1994,
1995–1999) where the chronological span of each
bin represents the interval mid-dates that fall
within that period. Blue distributions align intervals with the 2005 drought event to reveal its impact,
contrasting all 2000–2004 predrought measurements with all droughted plots monitored in 2005.

Fig. 2. Biomass dynamics
response to the relative in-
tensity of the 2005 drought.
Differences in (A) plot bio-
mass change (blue) and (B)
mortality rate (red) and
growth rate (green) are
shown for trees ≥10 cm in
diameter for the drought in-
terval relative to pre-2005 as
a linear function of drought
relative intensity, weighted
by monitoring effort (20).
Change in drought intensity
is measured by change in
maximum climatological wa-
ter deficit (MCWD, accounts
only for rainfall). Uncertainty
in precipitation is included in
the bootstrapped estimates
of the relationship of dif-
ference in biomass change
versus difference in MCWD
and confidence intervals (20). Plots known to have different 2005 interval MCWD are treated as independent; values are otherwise averaged across contributing plots.
Alternative models that account for variation in soil properties, evapotranspiration, and plot definitions give very similar results (20). Polynomial or break-point
functions do not provide closer fits.
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DROUGHT	
  	
  
=	
  	
  

TREE	
  DEATH	
  

As drought 
increases, live 
trees decrease. 



Nutrient	
  Cycles	
   Biodiversity	
  

A M A Z O N I A 	
  




